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The necessity for an accelerated transition of urban energy systems and, in particular, the
building sector toward energy efficiency and carbon neutrality poses new challenges to planning
and retrofitting existing buildings. To cope with these challenges, so-called urban building
energy models (UBEMs) have been introduced for quantifying the energy demand in the
building sector, identifying the hot spots of energy use and suggesting scenarios for retrofitting
the buildings. Methods for developing an UBEM vary. In this thesis, based on a comprehensive
review of the state of the art, an approach to the development of an automated simplified
UBEM using open-access data from Swedish residential buildings was taken. The developed
model makes use of building-level geo-referenced energy performance certificate (EPC) data to
automatically form simplified single-zone models of buildings which are one-by-one simulated
by the building energy simulation software EnergyPlus. The UBEM also includes energy retrofit
scenarios for improving the energy efficiency of energy-intensive buildings based on the latest
Swedish building codes, the Passive House standards as well as net zero energy buildings.

The choice of simulation software and modeling complexity was made based on the results
of this thesis proving that EnergyPlus was the most suitable software for handling large-scale
building energy models efficiently. The results also showed that the mean absolute percentage
error (MAPE) of a simplified single-zone model from a detailed multi-zone model is only 6
%. This error becomes marginal when the spatial aggregation of the results increases. With the
calibration of the model using the EPCs, the accuracy of the model improved considerably.
The MAPE of the simulated annual energy demand from the actual energy performance of the
buildings was reduced from 78 % to 26 %, for the case study city of Borldnge. The validation of
the model for independent sources of hourly, and monthly energy measurement data as well as
EPCs proved the reliability and applicability of the model for being used for other cities or other
temporal resolutions than those that it was calibrated for. Implementation of the UBEM and the
energy retrofit scenarios in the city of Varberg, Sweden, resulted in improved energy efficiency
of the city, i.e., the residential building sector, to the extent that the minimum requirements for
net zero energy were met for several city districts.
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"Everything should be made as simple as possible,
but not simpler."
Albert Einstein
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Abbreviations

Asemp Heated floor area
BBR The Swedish building codes (in Swedish, Boverkets byggregler)
BEM Building energy modeling

CTF Conduction transfer function
DE Direct electric

DH District heating

EPC Energy performance certificate
EUI Energy use intensity

FEBY The Swedish Forum for Energy-Efficient Buildings
GHG Greenhouse gas

GIS Geographical information system
GUI Graphical user interface
HP Heat pump

HVAC  Heating ventilation and air conditioning
LiDAR  Light detection and ranging

LoD Level of detail

MAE Mean absolute error

MAPE  Mean absolute percentage error

MFB Multi-family building

NMBE  Normalized mean bias error

NZEB  Net zero energy building

NZED  Net zero energy district

PE Percentage error
PV Photovoltaic
R-C Resistance-capacitance

RMSE  Root mean squared error

RMSPE Root mean squared percentage error
SFB Single-family building

STD Standard deviation

™Y Typical meteorological year

UBEM  Urban building energy model/modeling
WWR Window-to-wall ratio






1. Introduction

Undoubtedly, cities are one of the main contributors to climate change. More
than 75% of greenhouse gas emission in the world originates from urban ac-
tivities and associated energy use. With globally increased urbanization at an
unprecedented rate, from 56% in 2022 to 68% in 2050 [1], there is less chance
of reducing global emissions to a safe level unless new and expanding cities
prioritize sustainable and low-carbon urban development paradigms [2, 3].

Worldwide, cities adopt different approaches to the style and structure of
their climate actions [2]. Many cities and municipalities undertake these ac-
tions even in the absence of national policies [4]. Interestingly, these am-
bitious city-level climate-conscious policies can considerably reduce carbon
emissions globally while delivering enormous benefits to the cities [2, 5].
From another perspective, cities can serve as policy laboratories for actions
on climate change that help national governments understand the opportuni-
ties while designing effective policies [6]. In summary, urban or local policies
can contribute to the global climate agenda to a large extent.

Addressing the complexity of climate change, local governments and mu-
nicipalities require a systematic approach that identifies problems, formulates
possible strategies, and evaluates resulting benefits [7]. In this context, urban
planning and, in particular, urban energy planning typically seems as a pivotal
approach that can be moved to the forefront of the transition to sustainability
and carbon neutrality [8, 9]. Urban energy planning is an inclusive concept that
targets many individual components of urban energy systems contributing to
the interactive process of using and supplying energy [10]. Thus, in managing
the transition of urban energy systems, it is required to target these different
components, from generation to transmission and consumption, individually
or in unison with each other [11].

With buildings being one of the most energy-intensive components of the
urban energy system, opportunities for accelerated transformation towards
sustainability are significant, and can be realized if best practices in energy
efficiency and integrated renewable energy technologies in buildings are effi-
ciently used [12]. However, in order to plan for a more resource efficient built
environment, understanding of flows of energy in buildings and synergies be-
tween buildings and the other components of the urban energy system is cru-
cial. Historically, translation of physical systems into mathematical equations,
i.e., mathematical models, has paved the way for an improved understanding
of systems and have given precision to formulation of ideas and identifica-
tion of solutions. In other words, mathematical models, if properly calibrated,
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are key tools in understanding and explaining the function and dynamics of
energy systems and predicting their behaviour in response to internal and ex-
ternal changes.

An Urban Building Energy Model (UBEM) is a bottom-up engineering-
based model of energy use in large sets of buildings within a specific geo-
graphic area such as an urban district or a whole city. This is a relatively new
concept that has been developing during the last two decades [13]. An UBEM
is an analytical tool that simulates and visualizes spatio-temporal patterns of
energy use in buildings, in both existing and planned urban areas [14]. How-
ever, using a broader definition, the UBEM not only illustrates the current sta-
tus of the urban energy system but also foresees the results of any changes in
the components of the system, e.g., buildings and renewable energy systems.

In brief, UBEMs aid in designing and investigating both new and existing
urban areas and systems, identifying energy saving potentials, incorporating
large-scale energy retrofits, and improving the energy efficiency of cities, as
well as evaluating the stability and reliability of energy grids [15]. These qual-
ities of UBEMs make them attractive tools for urban energy system designers,
city planners and policymakers.

It is generally recognized that the development of an UBEM is a challeng-
ing task that requires handling big data, automated procedures and high com-
putational power [13]. To overcome these challenges, choosing the right sim-
ulation core for the purpose, deciding on a suitable level of model complexity,
and utilizing openly accessible national and municipal datasets, are key points
in UBEM development that have not been systematically addressed and scru-
tinized previously, but will be so in this thesis.

Moreover, the UBEMs are multi-dimensional in terms of time and space.
This is an aspect that makes UBEMs different from traditional building or
city level studies. This means that to ensure the accuracy of UBEMs, they
have to be validated for different spatial and temporal scales [16]. In this
thesis, a systematic evaluation of the accuracy of the UBEM at different spatio-
temporal resolutions and the effect of aggregation will be discussed in detail.

1.1 Aim of this thesis

The principal aim of this thesis is to improve the field of urban building energy
modeling and its contribution to future low energy cities. More precisely, the
intention is to develop a method for a simplified and yet accurate UBEM of
the residential building stock from open source data, that can be utilized for
evaluating the energy use and energy efficiency potential in cities. The follow-
ing precise goals of the thesis were formulated in order to reach this aim:



i Undertake an extensive survey of the existing scientific literature on UBEMs
in order to identify the state of the art and best practices in the field.

ii Evaluate the applicability and accuracy of existing building energy model-
ing (BEM) software to be potentially used as simulation core in the UBEM.

iii Determine a suitable level of complexity for the thermal building models
in the UBEM.

iv Analyse the possibility of using available national datasets for geographi-
cal and property information as well as building energy performance.

v Based on the results for the goals i-iv, develop, calibrate and validate
an UBEM for residential buildings using available and completely open
datasets.

vi Apply the developed UBEM in scenario planning for large-scale energy
efficiency improvements.

1.2 Overview of thesis and appended papers

This thesis is structured as follows: In Chapter 2, theoretical background and
overview of important aspects of the field of urban building energy modeling
are provided. A review of previous research and identified research gaps are
also presented in this chapter. Chapter 3 is a summary of the data and methods
for the development and implementation of an UBEM. In Chapter 4, the main
results from carrying out the developed methods are presented. Chapter 5 in-
cludes further discussion on the findings and an outlook towards further work.
Finally, Chapter 6 draws the final conclusions. Overall, this thesis summarizes
the work that has been done in the following appended papers:

I Paper I provides a comprehensive state-of-the-art literature review of multi-
scale bottom-up engineering-based UBEMs. This paper aims to highlight
the main approaches, persistent challenges and possible opportunities for
the current research. Additionally, it suggests a new perspective on inte-
grated modeling that includes different elements of urban energy systems,
more specifically buildings and their energy systems, urban microclimate,
district energy systems and, most importantly, urban human mobility, in
one interactive model.

IT Paper Il is a systematic comparison of four BEM tools that could po-
tentially work as UBEM simulation cores, namely, the indoor and climate
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energy simulation software IDA ICE, the transient system simulation soft-
ware TRNSYS, and the two building energy simulation tools EnergyPlus
and VIP-Energy. This paper compares the modeling procedures, inputs,
and outputs these tools. The main focus of this paper is to investigate
the accuracy and suitability of these tools for large-scale application in
UBEM simulation.

III Paper III investigates the trade-off between the complexity and accuracy
of the intended building models for UBEM. By evaluating the most com-
mon zoning configurations and levels of detail at the building and district
levels, this paper aims at finding a suitable level of complexity for the
building models, which should be simplified but still accurate enough for
the scope of UBEM.

IV Paper IV delves into open-source national data in Sweden that could be
used for the development, calibration and validation of an UBEM and es-
timation of spatio-temporal patterns of energy use in Swedish cities. This
paper, firstly, proposes a method for extraction of geometrical and non-
geometrical information of buildings from the national GIS-based and
energy performance certificate (EPC) data. Then, it discusses the con-
struction and simulation of building-by-building energy models in an au-
tomated procedure in a tool based on Python and EnergyPlus. This paper
also highlights the importance of the available data, in particular EPCs, in
the calibration and validation of the developed UBEM.

V Paper V evaluates the applicability of the of the developed UBEM in Pa-
per 1V in improving the energy efficiency of a Swedish city. In this paper,
a set of energy retrofit scenarios according to the Swedish building codes,
i.e., BBR29, the Passive House standards and the net zero energy build-
ings are disused and evaluated on the city scale. The subsequent influence
of these scenarios on the low-voltage electricity grid is also another point
that is investigated in this paper. In addition, due to the availability of
hourly energy use data, the credibility of the UBEM is established further.

A visual presentation of the thesis overview and appended papers is shown
in Figure 1.1.
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2. Background

In this chapter, the background of this thesis and the state-of-the-art of urban
building energy modeling are presented as follows. In Section 2.1, urban en-
ergy systems and the necessity of their transition towards sustainability are dis-
cussed. The aim of this section is mainly to shed light on the role of buildings
and urban building energy models in sustainable urban development. Section
2.2 presents an introduction to the field of urban building energy modeling and
discusses possible opportunities and persistent challenges during the develop-
ment of a reliable model. Finally, in Section 2.3 a number of research gaps are
identified and it is explained how these gaps are intended to be filled by the
thesis and its appended papers.

2.1 Urban energy systems in transition to sustainability

The transition to a sustainable urban energy system is an integral part of lo-
cal or municipal climate actions. The urban energy system is a broad concept
that includes many components that interactively contribute to the process of
supplying and using energy. Understanding the urban energy system may pro-
vide a useful perspective for well-informed and inclusive policies that are cus-
tomized to the cities’ specific conditions. This section draws boundaries on
the definition of the urban energy system and discusses one of the most im-
portant components of the system, buildings, and their role in transitioning to
sustainability.

2.1.1 Urban energy systems

There is no doubt that the future of sustainable urban development and climate
change mitigation is linked with urban energy systems and their characteriza-
tion [17, 18]. In the literature, the urban energy system is given different def-
initions encompassing the processes and infrastructure involved in supplying,
managing, and utilizing energy resources in cities. For instance, Grubler et al.
[19] define the urban energy system as

"a composition of all components related to the use and provision of energy
services associated with a functional urban system, irrespective where the
associated energy use and conversion are located in space" .



Unlike this, Castan Broto [17] emphasizes the spatial organization of urban
energy systems and describes them as

"an organization of multiple energy services depending on how people use
energy (for lighting, thermal comfort, communications, cooking,
transportation), and how energy services are provided (whether this is for the
generation of electricity, gas provision or for the direct use of fuels for heat
or mechanical power)".

However, the most inclusive definition of urban energy systems is provided
by Keirstead et al. [20, 21] who define the urban energy system as

"a formal system that represents the combined processes of acquiring and
using energy to satisfy the energy service demands of a given urban area".

According to the definition given by Keirstead et al. [10], it can be con-
cluded that the transition towards more sustainable urban energy systems re-
quires coordinated energy planning including the whole chain from primary
energy extraction, through energy conversion, transmission, distribution and
use [22].

Given the importance of urban and regional energy planning, Asarpota and
Nadin [23] highlight the components (or the areas) of urban energy systems
that can be instrumental in urban energy transitions into sustainability and
carbon neutrality. Transport and accessibility are two the main components
of urban energy systems that show a potential role in spatial planning and
low-emission energy strategies, as argued in [24], for example. Energy in-
frastructure is the other key component of the urban energy systems which
includes the technologies in district energy systems such as district heating
and cooling networks, multi-energy systems and energy hubs, and renewable
energy generation at district scale [25] as well as electricity network and smart
grids [26]. The other energy-related component which plays an important role
both in the supply and use of energy is the building stock [23]. From design to
systems, buildings suggest a wide range of opportunities for energy efficiency
and integrated renewable energy strategies [10].

2.1.2 Role of buildings in urban energy systems

Among the different components of the urban energy systems, the building
stock has the greatest contribution to energy use and, thus, greenhouse gas
(GHG) emissions. It is estimated that buildings account for 40% of energy use
in the EU [27] and similarly in Sweden (cf., Figure 2.1). At the same time,
the building stock provides a great opportunity for renewable energy integra-
tion, such as solar systems [28]. In this respect, to cope with future impacts
of climate change and to move towards a more sustainable future, national, re-
gional, and local authorities deploy a wide range of building-oriented policies
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Figure 2.1. Total final energy use by sector over a period of 50 years in Sweden.

and building codes which mainly aim at the following:

* Improved energy efficiency in buildings through design, construction,
and renovation of buildings and their heating ventilation and air condi-
tioning (HVAC) systems.

* Increase the share of renewable energy resources through on-site and
decentralized energy systems, such as building-integrated or building-
applied solar technologies.

Building codes are general rules and regulations for the construction, op-
eration and maintenance of buildings. The building codes are tailored to the
local conditions and can vary from country to country or even city to city. The
obligation on following the codes is also dependent on the local policymakers
who decide to adopt these codes into law or keep them as a set of recom-
mendations without imposing any legal obligation. In Sweden, the national
building codes and regulations are the primary means for increasing energy
efficiency in buildings [29]. These building codes which are mandatory to fol-
low for new constructions, sometimes are complemented by more ambitious
voluntary standards such as Passive House and net zero energy building. The
following sections discuss these regulations and standards in more detail.

2.1.3 Swedish regulations for energy-efficient buildings

In Sweden, the National Board of Housing, Building and Planning, Boverket,
is a central government authority for optimizing and issuing building codes
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and regulations that are customized to the country’s climate policy frame-
work. The building codes are referred to as "BBR" which is an abbrevia-
tion for "Boverket’s building codes", in Swedish "Boverkets Byggregler". The
BBR includes both mandatory rules and general recommendations associated
with construction and material, noise and fire protection, health and comfort,
energy and environment, etc.

Focusing on the energy efficiency in buildings, the BBR advise that all new
buildings must meet the minimum requirements for primary energy use, in-
stalled power for space heating, overall heat transfer coefficient, and air tight-
ness. According to the latest version of the codes, BBR29, in a normal year
[29], the maximum allowed use of primary energy is set to 90-100 kWh/m?y
for single-family and 75 kWh/m?y for multi-family buildings. In addition, the
installed power for space heating is limited. For example, for a building lo-
cated in Uppsala, the installed power must stay below 4.5 kW. The overall heat
transfer coefficient, i.e., U-value, of the building envelope is estimated to be
0.3 W/m?K for single-family and 0.4 W/m?K for multi-family buildings. The
air leakage from buildings should also be kept as low as possible. Table 2.1
presents the requirements in brief.

2.1.4 Passive House standard

The Passive House is one of the most well-known standards for the construc-
tion and design of low-energy buildings. The concept, which originated from
the idea of ultra-low-energy buildings, was later refined to a more inclusive
definition for an energy-efficient, comfortable, and affordable building [30].
According to the International Passive House Institute [31], the main criteria
for a building to be certified as a Passive House are: an energy demand for
space heating (and cooling) that is less than 15 kWh/m?y, a primary energy
use that does not exceed 120 kWh/m?y, an infiltration of maximum 0.6 air
change per hour (ACH), and in a year, a room temperature that stays below 25
°C for 90% of the time.

In the Swedish Passive House standard, established by the Swedish Fo-
rum for Energy-Efficient Buildings (FEBY) [32], the specifications of a Pas-

Table 2.1. The BBR29 requirements for new single-family and multi-family buildings.

Building Heated area  Primary energy Installed power Overall U-value

(m?) (kWh/m?y) (kW) (W/m?K)
SFB >130 90
90-130 95 4.5+1.7 0.3
50-90 100 X (Fgeo' — 1)
MFB - 75 0.4

! The geographical adjustment factor.
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sive House are more customized to the country’s specific conditions. The
main goal of this standard is to limit the heat losses and therefore, minimize
the space heating and, accordingly, the energy demand of a building. The
heat losses from the building basically include the thermal transmission losses
through the building envelope as well as infiltration and ventilation losses,
when the indoor temperature is set to 21°C. Therefore, a Swedish Passive
House is a low-energy building that is air-tight, well-insulated and has an op-
timized ventilation system. In addition, it has a very low primary energy use.
The main specifications of the Swedish Passive House standard are summa-
rized in Table 2.2.

As seen in Table 2.2, the Passive House standard in Sweden is categorized
into three levels, namely, gold, silver and bronze. For buildings with larger
heated areas (Asenp), the maximum allowed heat losses from the building
range from 14 to 22 kWh/m?y. For smaller buildings, with a heated area of
less than 600 m?, a correction factor is added to the set values. It is also no-
ticeable that if a building is heated by an electric heating system, an additional
criterion for limiting the primary energy use has to be met. For buildings with
other types or mixes of heating systems, however, no limit other than what is
recommended by BBR is imposed.

2.1.5 Net zero energy building

A net zero energy building (NZEB) is a relatively new concept referring to
a low-energy building that over a certain period of time, e.g., a year, uses
as much energy as is available on-site [33]. This means that the total energy
used by the building offsets the energy that is supplied by an on-site renewable
energy system, such as solar photovoltaic (PV) systems. According to this def-
inition, a NZEB is not necessarily an energy-autonomous or off-grid building
but rather a building that stays connected to the energy grid. A NZEB imports
energy from the energy grid when the demand exceeds on-site energy genera-
tion and exports excess energy back to the energy grid when it generates more
than it needs.

According to these definitions, the first and one of the most important prin-
ciples for a NZEB revolves around reduced energy demand and improved en-

Table 2.2. The Passive House criteria in Sweden.

Heat losses Primary energy
(kWh/m?y) (kWh/m?y)
Aremp >600m? Ay, <600 m?  Electric-heated  All others
Gold 14 144 S0 fem 26 BBR
Silver 19 19 4 S0 fem 32 BBR
Bronze 22 224 W reme 38 BBR
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ergy efficiency of the building. Although no criterion for the maximum energy
use or the minimum energy efficiency of the building is set, in [34], the Passive
House and the EPC standards are introduced as bases for designing a NZEB.
The second primary principle highlights the necessity for on-site or nearby
renewable energy for covering the building load. A solar PV system is the
most common example of on-site renewable generation. Additionally, solar
thermal, geothermal and biomass systems as well as wind turbines are other
renewable solutions that contribute to the balance of energy in NZEBs [35].
To trigger the effectiveness of the NZEBs in tackling the energy and climate
crisis, the European Commission advocates for a shift from individual NZEBs
to net zero energy districts and cities [36]. A net zero energy district (NZED)
is expanded around the main principles of NZEB where the energy demand is
low and the share of renewable energy is high. Additionally, in the concept of
NZED, energy grid optimization and sharing of energy is the third principle.

2.2 Urban building energy modeling

For years, dynamic building energy modeling was widely used in the planning,
demonstration, and evaluation of energy conservation measures and thermal
comfort improvement in individual buildings. However, considering the inter-
action between buildings and the urban environment, their role in renewable
resource envelope solutions, and the dynamic influences of buildings’ energy
use on district energy systems, the focus has begun to shift from individual
building energy studies to district and city-level solutions.

This section summarizes the approaches to city-wide energy modeling and
more specifically, bottom-up engineering-based energy modeling of buildings,
referred to as urban building energy modeling (UBEM). This section in most
parts is a short summary of the most important findings from the review of the
field in Paper I.

2.2.1 City-scale energy modeling of buildings

City-scale dynamic energy modeling of buildings is highly dependent on the
availability and granularity of input data and can vary from top-down to bottom-
up models [37, 38]. Top-down models approach the aggregated energy use
data and tend to find its interconnections with end-use-related variables. Based
on this terminology, top-down models determine the long-term transitions in
urban energy data and do not focus on individual end-users [39]. As re-
gards the emphasis on socio-econometric and socio-technical factors, most
top-down models are primarily based on the correlations between energy and
variables such as income, employment rate, energy price, population, house-
hold size, and appliance ownership [38]. However, despite being a straight-
forward method for analyzing overall urban energy use, top-down models are
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inherently unable to capture the dynamics in individual-level data. They also
lack any technological and physical details. Thus, they are less suitable for the
identification of improvement areas in existing buildings and scenario plan-
ning of future buildings [38, 40].

Bottom-up models, on the other hand, are developed based on disaggre-
gated data which are then used for aggregation or extrapolation to the district
or city level. In bottom-up models, the description of individual buildings is
based on the type of input data, i.e., dwelling properties, building physics and
energy use [37]. Accordingly, bottom-up models can be categorized into three
distinct methods: statistical, engineering (or physical) and hybrid models [41].
Statistical or data-driven bottom-up models rely on the analysis of time-series
or cross-sectional actual energy use data with respect to end-use information
and give an estimation of energy demand. This means that similar to top-down
models, statistical models are also capable of capturing consumption patterns
based on end-use-related variables. However, the dependency of statistical
models on historical measurement data makes them less useful for studying
technological changes and future developments [42, 43].

In engineering (or physical) models, however, the approach is to establish a
close-to-reality description of a building and its HVAC system using math-
ematical modeling. This means that in engineering techniques, individual
building-level energy use is solely estimated from the physical and techno-
logical characteristics of buildings and, thus, no previous knowledge of con-
sumption patterns or demographic factors is necessary. However, the required
level of detail in the data on the physical properties of the building and its
systems is quite extensive [13, 40].

Although these engineering models are practical representations of build-
ings, they cannot be reflective of the uncertain variables of the building mod-
els, such as occupants’ behavior. In addition, they are unable to handle the
systematic uncertainty of the simplified modeling techniques. Thus, the third
type of models, the so-called hybrid models, has gained increasing popularity
among model developers. A hybrid model is a collection of both statistical and
engineering models with all their respective advantages. In the hybrid models,
while the building is modeled using engineering methods, the uncertain pa-
rameters of the model are approached by statistics and statistical models [13].
Table 2.3 summarizes the strengths and weaknesses of these three modeling
techniques in brief.
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Referring to Reinhart and Cerezo Davila [13], bottom-up models that ben-
efit from engineering models of buildings are referred to as "urban building
energy models (UBEMs)". This means that depending on the approach to
excluding/including statistical analysis in the model, an UBEM can be catego-
rized under engineering or hybrid models. However, in the existing literature,
the term "UBEM" has been used not only for engineering and hybrid models
but also for statistical models.

2.2.2 UBEM workflow

As in individual building energy modeling (BEM), in UBEMs every part of
the model is shaped around geometrical and non-geometrical information, i.e.,
construction, materials, systems and occupancy, which are then imported to a
simulation engine where the energy performance of buildings is calculated un-
der specific weather conditions and then analyzed. Nonetheless, considering
the scope of urban building energy modeling, following the same procedure
as for BEM is impractical. Successive modeling of hundreds or thousands
of buildings with the same level of detail and model complexity as for BEM
requires endless effort and large sources of information that are not available
[13, 14]. To overcome these issues, UBEM developers rely on a multi-step
procedure, as illustrated in Figure 2.2, with steps that are conducted in se-
quence or simultaneously.

In UBEM, the geometry of buildings is extracted from simplified shoebox
models of buildings, known as 3D city models (Section 2.2.3). For outlin-
ing non-geometrical properties of buildings, conventional building archetypes
are adopted to UBEM (Section 2.2.4). In addition, occupancy and related
energy use are other non-geometric parameters that are defined for build-
ings, or archetypes (Section 2.2.5). Once the 3D city model and the build-
ing archetypes are available, they, together with occupancy and the prevalent
weather data, are imported into an UBEM simulation engine where the build-
ing models are implemented and the energy demand is calculated in the out-
put (Section 2.2.6). To increase the accuracy and reliability of the results, as
in BEM, the UBEMs also need to be calibrated and validated against actual
energy use data (2.2.7). A validated UBEM is later can contribute to the im-
provement of energy efficiency in cities (Section 2.2.8).
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2.2.3 3D city model

A description of the geometries of buildings and their surrounding objects is
first obtained from a pre-processing step for generating 3D models of buildings
in a city, referred to, in the following, as a 3D city model [51]. In the 3D city
model, building footprints (2D polygons) are extruded from buildings’ height
and elevation information acquired from national geo-datasets, photogramme-
try or laser scanning, i.e., light detection and ranging (LiDAR) data [52]. This
virtual extrusion of buildings based on their height (2.5D massing) results in
shoebox models of buildings corresponding to what is called Level of Detail
1 (LoD1) [14], as seen in Fig 2.3. However, to give an accurate estimation
of the thermal energy performance of buildings and to investigate the solar
potential on rooftops, a higher level of detail, e.g., LoD2, was used in some
studies [49, 52, 53].

In addition to building geometries, the other advantage of a 3D city model
is that it can be used to identify adjacent buildings, which generally escapes
the attention of model developers in the absence of any 3D city model. Adja-
cencies of buildings can impact the thermal energy balance of buildings to a
large extent [54]; adjacent walls of buildings influence the heat transmission
and adjacent buildings can be used in shading analysis and calculation of solar
irradiance availability on buildings.

Figure 2.3. 3D city model with LoD1 for a district in Uppsala generated from extru-
sion of building footprints based on estimated height from LiDAR data.
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2.2.4 Definition of building archetypes

Acquisition of non-geometrical information about buildings, e.g., material and
construction, HVAC systems, and in some cases even occupancy, is a challeng-
ing task, specially when accessible sources of information are limited [55].
As an alternative, model developers commonly focus on reference or repre-
sentative buildings instead. These representative buildings, known as building
archetypes, are commonly used in the field of construction to generalize the
building stock into a lower number of buildings while maintaining their diver-
sity. By adopting the archetype approach to the field of UBEM, it is expected
to moderate modeling complexities to some extent.

To define building archetypes, the building stock is first classified based
on common characteristics that are likely to affect the energy performance of
buildings. With a deterministic approach, it suffices to classify the buildings
based on a collection of features such as their use, type, year of construc-
tion, HVAC system, or heated floor area [56, 57]. However, the simplified
deterministic approach may lead to a misconceived classification of buildings.
More precisely, by systematic classification of buildings based on generalized
features and unrelated to energy use values, distinguishing between variations
or similarities in the energy performance of buildings could be hard, especially
when the building performance does not follow its characterizations such as
type of use and year of construction [48]. This stresses the need for the sec-
ond method of building classification in which adopting influential features
and classifying buildings are conducted with respect to their energy use [58].
Applications of probability classification using the probability distribution of
a set of building’s common features and supervised learning have been proven
to be successful [59, 60]. Recently, attention has moved to a third classifica-
tion method using unsupervised learning and cluster analysis. The advantage
of clustering over the other methods is its approach in not only classifying but
also finding the most representative buildings, to be the building archetype,
from each class or cluster of buildings [50, 61].

After the classification of buildings and identification of building archetypes
are completed, non-geometrical characteristics are collected either for a real or
a virtual building. Using this information, building models can be developed
not only for the building archetypes but also for all similar buildings in every
class. Nevertheless, due to the diversity of buildings and their characteristics,
calibration of the models for building archetypes is often necessary [56, 62], in
particular when the archetypes are chosen from the deterministic classification
methods. Methods for calibration and validation of models and archetypes are
presented in Section 2.2.7.

18



2.2.5 Occupancy

Given the uncertainties of occupants’ behavior, at the building level, a variety
of occupancy models, from deterministic to stochastic have been developed
that can generate a close to reality occupancy profiles, as found in Widén et
al. [63], Fisher et al. [64, 65] and McKenna et al. [66]. For urban level
studies, however, the urban occupancy modeling is still uncertain. Based on
a review article by Happle et al. [67], clearly in almost all existing UBEMs,
the urban building occupancy is assumed to be similar to that of individual
building archetypes. Besides, due to the complexity of stochastic models, it
can be seen that the deterministic models are dominant.

To solve the uncertainties of simplified treatments on urban building oc-
cupancy, a new generation of studies started to evolve from urban mobility
models. At the time when the review article was written by the author, except
[10, 20], and [68] in which the utilization of agent-based transport models in
capturing the diversity of individual activities was conceptualized, no remark-
able example has been found in this area. However, since then, several studies
are taking the approach to integrate transportation and human mobility models
into UBEMSs. Barbour et al. [69] and Wu et al. [70] estimate the absence or
presence of building occupants from cellphones and mobile positioning data.
Based on overall information about individuals, e.g., students and teachers,
Mosteiro-Romero [71] suggests a population-based model and assigns a daily
schedule to individuals in order to reach occupants’ presence. Happle et al.
[72] make use of web mapping services, i.e., Google Maps and Facebook, to
statistically prepare a schedule for occupancy in commercial buildings, e.g.,
retail and restaurants, at their locations. There is no doubt that integrating
mobility models into UBEMs can solve the question of urban building occu-
pancy, yet, all these studies still struggle to approach the stochastic nature of
human activities at buildings. As suggested in Paper I, it is still a research gap
in addressing occupancy profiles in UBEMs.

2.2.6 UBEM simulation engine

In BEM, the simulation engine is where energy models of buildings are con-
structed and simulated [73]. In UBEM, the primary approach is to model and
simulate buildings as done in BEM. However, considering the scale of a city,
the procedure needs to be extended over hundreds or thousands of buildings.
For this purpose, traditional methods and step-by-step modeling techniques,
as in BEM, seem not to be working efficiently.

Many model developers rely on the validity of BEM software and intend to
upscale its capability for UBEM. In this case, a BEM software is placed in the
main core of the simulation engine while a set of algorithms handle the auto-
mated procedure for the whole city. The approach to BEM-based simulations
is found in many studies such as [48], [74], [47] and [75]. Although these
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types of models deploy the resources and capabilities of BEM simulation soft-
ware to accurately estimate the energy use in buildings, their use comes with
increased complexity and computation cost of the model.

Describing buildings through the resistance-capacitance (R-C) analogy is
not a novel approach. It has been around since the early 1970s when the very
first energy models of buildings came into being. BEM simulation tools also
use this approach in their internal calculations, although the level of complex-
ity might be different. Developing tailor-made algorithms based on the R-C
analogy and on simplified heat balance equations helps modelers to consider-
ably reduce the computation time as well as the complexity and level of detail
in UBEMs. The models developed by Robinson et al. [68] and Fonseca et al.
[76], are some well known examples of this modeling approach.

In addition to the type of simulation core, i.e., BEM software or tailor-
made algorithms, the UBEMs may differ in considering single or multi-zone
building models. Traditionally, depending on the boundary conditions and
variations in the internal heating, ventilating and air conditioning of a building,
the thermal model is designed to have one zone or multiple zones. However,
in UBEM, in the absence of detailed building-level information, it is assumed
that all buildings can be defined through similar zoning configurations. Thus,
the UBEM simulation engine is also responsible for the implementation of the
predefined zoning configuration.

Overall, the UBEM simulation engine is capable of executing simple to
complex models of buildings and their energy systems. In some cases, it
can also handle interconnections of buildings with their urban environment
directly [77], or through co-simulation with other tools [47]. Nevertheless,
not every UBEM simulation engine is comprehensive enough to include dif-
ferent models of not just buildings but also energy systems and their compo-
nents such as district heating and electricity distribution. In this respect, co-
simulation [47] and modular [49] approaches seem to open new opportunities
for more advanced UBEMs.

2.2.7 Model calibration and validation

UBEMs rely heavily on the physical and operational characteristics of build-
ings. However, access to such data is often restricted, and the existing gener-
alized methods add to the uncertainties of the model [78]. Furthermore, some
of the model parameters, such as occupancy, are inherently uncertain and no
model is able to fully capture their variations in time [79]. On the other hand,
to reduce the associated complexities of UBEMs, simplification is a common
method that also increases the performance gap between the model and real-
ity. To reduce the input data uncertainty and optimize the performance gaps,
model calibration becomes an important part of the UBEMs [78, 80, 81].
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The approach to calibrating and refining the model varies in existing re-
search, but two common methods can be distinguished. An iterative process
of adjusting the model parameters and comparing the results with energy use
data is commonly used in many studies. Due to the simplicity of the method
and its flexibility in adapting data with various spatial and temporal resolu-
tions, it seems a straightforward approach to use. This method can be found in
the studies conducted by Heiple and Sailor [82], and Leroy et al. [80]. The sec-
ond approach applies statistical methods, in particular, Bayesian statistics and
Bayes’ theorem to predict the uncertain parameters and calibrate the model ac-
cordingly [81, 56, 83, 57]. In an attempt to infer the parameter values from the
posterior distributions of uncertain parameters, Nagpal et al. [84] suggest an
auto-calibrated model to reduce the manual effort in calibrating the UBEMs,
while Kristensen et al. [62] implement a hierarchical setting to propose a mul-
tilevel parameter assessment which forms an optimal solution. However, all
the methods of calibrating UBEMs cannot fit into these two categories; other
different methods can be found in [85] and [86].

Nevertheless, complementary model calibration methods do not suffice for
judging the reliability of an UBEM. In general, the calibration is done to im-
prove the performance and accuracy of a model compared to a reference,
e.g., a building, archetype, etc. To assess the performance and reliability of
a model, it has to be compared with real-world data, e.g., measurements for
energy use in buildings. Validation of the model against actual energy use data
may confirm the validity and superiority of a model. However, in many cases,
UBEMs are not validated at any spatial or temporal level at all. Except for a
few examples, limited information on model validation is provided in existing
studies. An example of a validated model is found in Cerezo Davila et al.
[48] in which they reported a 5-20% error when comparing the average simu-
lated energy use of each building archetype with the reported average energy
from the U.S. Commercial Building Energy Consumption Survey 2003. Other
examples of validated models are found in [87, 88].

2.2.8 Applications of UBEM

The key application of UBEMs is to assess the energy performance of build-
ings at both the building as well as district and city levels. As an example,
Cerezeo Davilla et al. [48] addressed the estimation of energy use intensity
(EUI) in buildings using an UBEM for the city of Boston, US. In addition to
the calculation of energy demand in buildings, some studies provide insight
into other performance indicators, such as thermal comfort and carbon emis-
sions. In [89], the authors made use of a district-level UBEM to not only
evaluate the energy use but also study the indoor thermal comfort in residen-
tial building blocks, in Spain. An example of the use of UBEM, and in this
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Table 2.4. Applications of UBEMs.

. Example
Application Comment studies
Assessment of energy Evaluation of energy performance,

. [48, 89,

performance of thermal comfort, and carbon emissions 90]
buildings in buildings/districts/cities.

Defining baselines and energy
Energy retrofit scenario  efficiency measured for energy and [91, 92,
planning carbon reduction in 97]

buildings/districts/cities.

Reducing the energy demand of
Renewable energy buildings/districts/cities using [48, 94,
integration building-integrated renewable energy, 95, 96]

i.e., PV and battery systems.
Urban energy planning Estimation of energy demand in new [47]

and planned city districts.

case, a web-based UBEM framework, for the calculation of carbon emissions
and accordingly carbon reduction strategies are also found in [90].

The UBEMs also support scenario planning and energy retrofit of buildings.
The engineering-based approach used in the development of UBEMs makes it
possible to test the effects of different energy retrofit scenarios on improving
the energy performance of buildings. The examples of energy measures for
improving the properties of the building envelope, and HVAC systems are
found in [91, 92]. In these studies, by defining a baseline, the energy-intensive
buildings are identified and retrofitted. Later, the effect of different retrofit
scenarios on buildings is evaluated from different perspectives, e.g., carbon
emissions or cost. However, not every UBEM is capable of these building-
level analyses, and instead lower spatial resolutions are used. For instance,
Pasichnyi et al. [93] studied the effect of retrofit scenarios on the archetype
level which has been generalized to all the buildings categorized under the
archetype class.

The UBEMs can be also used for the integration of renewable energy, in
particular, on-site solar PV, and battery systems into buildings. In [48], the
possibility of mitigating the energy demand of the city was tested for a sce-
nario when 50% of the rooftops were covered by PV panels. A similar analysis
of the integration of PV systems to the buildings’ energy systems is found in
[94, 95]. In Ref. [96], in addition to PV, applications of the battery systems
in increasing self-consumption and self-sufficiency at the community level are
discussed.
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The application of UBEM in urban energy planning and estimation of the
energy demand in the planned city districts is a topic of discussion in the exist-
ing research. In a study conducted by Nageler et al. [47] the energy demand of
two planned city districts in Graz, Austria was calculated from UBEM meth-
ods. In this study, where the building designs were unknown to the authors,
instead of shoebox models, the buildings were replaced by cross-shaped cuba-
tures.

In addition, other examples of the applicability of UBEMs are found climate
adaptation [98], energy forecasting [88] and demand response control [99].
Table 2.4 summarizes the domain applications of UBEMs in brief.

2.2.9 Existing UBEMs

The very first studies on building energy models and dynamic simulation
of buildings emerged during the 70s and early 80s, such as Clarke [100].
Nonetheless, by doing a systematic review it is noted that the modern urban-
scale building energy studies based on engineering methods can not be found
until the early 21st century. Some of the examples of these early-stage engi-
neering models were published by Huang and Broderick [101] in which dy-
namic energy simulation of prototype buildings (or building archetypes) was
conducted by DOE [102] and extrapolated over the whole stock, and Parekh
[103] that specifically focused on establishing certain criteria in defining build-
ing archetypes. However, it was only after the development of SUNtool [104]
and its successor CitySIM [68] that the attention moved to the usability of
urban models of buildings as a tool to support the increasing demand for sus-
tainable urban planning. In this respect, SUNtool and CitySIM [104] can be
regarded as pioneering models (or tools) in the field of urban building energy
modeling.

Developed at the Swiss Federal Institute of Technology of Lausanne (EPFL),
CitySIM is a simulation tool for the analysis of energy demand in buildings
with respect to occupants’ behavior, HVAC systems and urban microclimate
and at different scales, from building to district and city. By receiving ben-
efits from the graphical user interface (GUI) in Java, CitySIM calculates the
building-related energy flows using a C++ solver in the background. Ther-
mal models of buildings in CitySIM originated from the R-C network analogy
where the conducting walls transfer the heat between temperature nodes. On
external surfaces, the temperature nodes are affected by microclimatic condi-
tions, in particular solar radiation, and the internal nodes, are designed to be
reflective of the occupants’ behavior and its stochastic nature. Based on the
availability of geometrical information and individual building characteriza-
tion, CitySIM seems to produce reasonable results [68, 105, 106].

Generally speaking, CitySIM can be regarded as a simulation platform that
only handles dynamic simulations of buildings when the required information
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is given as input. Yet, this data is not always available. To round this problem,
SimStadt [49], developed at the University of Applied Science Stuttgart, pro-
poses a new modular workflow based on third-party software, e.g., CitySIM,
for conducting a multi-scale urban energy and environmental (CO, emission)
analysis. To solve the complexities of handling data, using its pre-processing
modules, the missing data is deduced from available information on typology
and usage (archetype) or from probabilistic methods of interpolating from ag-
gregated level data. In other words, it utilizes CitySIM while suggesting new
methods to overcome its shortcomings. Furthermore, SimStadt makes use of
the other already established tools to consider not only the buildings but also
the energy systems. For instance, it makes use of the network analysis tool,
Stenet [107] to evaluate the district heating and cooling networks and associ-
ated distribution losses. With the same approach, PV potential and renewable
system integration are also considered in the tool. However, the main novelty
of SimStadt, as compared to similar studies of the time, is its approach to using
a modern GUI for conducting fast and parallel calculations when computation
power and power limitation were a big issue for many model developers.

However, SimStadt is not the only successful example of UBEMs that have
been developed based on modular workflows. The integrated framework for
analysis and optimization of buildings, developed by [76, 77], known as City
Energy Analyst (CEA) is another example of such terminology that incorpo-
rates six different modules for building demand forecasting, resource avail-
ability assessment, simulation of conversion, storage and distribution tech-
nologies, bi-level optimization, and multi-criteria assessment. In terms of
building-specific calculations, CEA takes an analytical approach to the phys-
ical description of dynamic heat and mass transfer along with buildings, sys-
tems, users, and the surrounding environment which is then corrected through
statistical analysis with annual specific values for consumption in buildings,
and classified using k-means clustering and illustrated in the output. This tool
utilizes an innovative 4D interface in ArcGIS to facilitate visualization and
dissemination of the results. Unlike SimStadt, CEA is developed in a single
interface and a series of tailor-made models in Python.

Not every UBEM is based on simplified mathematical models. Some UBEMs
take full advantage of the validity and reliability of building simulation soft-
ware in calculating energy demand in buildings. With a similar approach as
SUNTtool, the urban modeling design platform called umi [108] is an UBEM
with capabilities to evaluate operational building energy use, sustainable trans-
portation choices, day-lighting and outdoor comfort at the neighborhood and
city level. In this tool, Rhinoceros 3D CAD environment and its integrated
visual programming environment, Grasshopper, are used as the modeling plat-
form while EnergyPlus handles the subsequent dynamic simulation of build-
ings in the background. umi forms the basis for the UBEM for the city of
Boston [48]. The Boston UBEM is a city-wide model that captures the energy
flows of more than 83000 buildings in the city of Boston. Due to the spa-
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tial scale of the model, it is not comparable with other similar models. Using
available datasets on building information and specific definitions of building
archetypes, the building stock is modeled from characteristics of 52 use/age
archetypes. As mentioned, umi [108] handles building-by-building modeling
and simulation of thousands of buildings in 60 hours.

These are some of the examples of the developed UBEMs, more are pre-
sented in Paper I as well as in [109].

2.3 Research gaps

In an attempt to achieve a close-to-reality estimation of spatio-temporal en-
ergy use in cities, and to improve the energy efficiency of the building stock,
the field of urban building energy modeling has experienced considerable im-
provements, during the last decade. Despite this, there is still a great deal of
uncertainty about the choice of building simulation tools to be used for large-
scale studies, the level of complexity of the models, and the availability of
good quality data on which to build the model. The validity and reliability of
the model in estimating the demand and later its applicability in urban energy
system analysis is also a topic of discussion. For these reasons, the existing
research gaps in the field have been identified as follows:

* Relying on the maturity of individual building energy models and the re-
liability of established building energy simulation tools, a large number
of UBEM studies make use of one of the common BEM tools in their
models. Although these BEM tools should be possible to use in large-
scale studies, there is no comprehensive study that investigates their ad-
vantages and disadvantages as UBEM simulators. Paper II, therefore,
aims to present a clear response to these questions by comparing some
of the most common simulation tools with each other, all of them ap-
plied to the same case, and validating them against measured data.

* Due to the large number of buildings included in UBEMs, traditional
multi-zone building models that are used in BEM studies are not appli-
cable in UBEMs. While some model developers considerably reduce
the complexity of the models to simplified single-zone models, others
follow the ASHRAE guidelines in multi-zoning configuration, i.e., one
core zone and several perimeter zones for each floor. Yet, there is no
clear prescription on the proper level of complexity of the building mod-
els in an UBEM. This issue is the basis for Paper III, in which different
zoning configurations and levels of model complexity are simulated and
their effect on the resulting energy use is analyzed and compared be-
tween the most common simulation tools.
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* Data collection is one of the biggest challenges in UBEM. In the ab-
sence of detailed information on buildings, the UBEMs are developed
from a series of assumptions and simplifications that are made based
on limited data. These data are mainly extracted from different sources
and are not necessarily available for any districts or cities. This makes
the accuracy and applicability of the models questionable. In Sweden,
the national datasets for building-related information are largely open.
The availability of these data is expected to decrease the uncertainties
and facilitate the modeling procedure considerably. For this reason, Pa-
per IV aims at analyzing the possibility of developing an UBEM using
available national databases for geographical and property information
together with energy performance certifications.

* It is commonly accepted that the accuracy and reliability of UBEMs are
associated with the calibration and validation of the model. The calibra-
tion/validation procedure is dependent on measurement data which are
not available in many cases. The Swedish energy performance certifi-
cates contain the annual delivered energy for space heating and domestic
hot water, ventilation, and comfort cooling. For some buildings, it also
includes annual data for household electricity use. In Papers IV and V,
the annual energy data reported in the EPCs are used as the basis for the
calibration of the model and validation of the results at different spatial
resolutions. In the case where monthly and hourly energy use data is
available, the validation procedure is done using independent sources of
measurement data and for higher temporal resolutions.

* UBEMs not only estimate the energy demand in buildings/districts/cities
at their existing conditions but also determine how different energy effi-
ciency measures can affect the magnitude of demand at different spatial
and temporal scales. Despite this capability of UBEMs, not many of the
developed models have been used for further energy efficiency analysis.
A number of studies elaborating on large-scale energy retrofit of build-
ings also overlooked the possibility of setting baselines for comparison
and prioritizing buildings for efficiency measures. In these papers, the
assumptions are generic and applied to either all the buildings (in case
the model is run on buildings) or just archetypes. In Paper V, the main
objective is to prove the applicability of the model in identifying the
hotspots of energy use in the city and implementing energy efficiency
measures where it is necessary. The possibility of achieving net-zero
energy districts when solar PV systems are installed on the rooftops is
also investigated.



3. Methodology and data

The methodology in this thesis is comprised of a series of interconnected steps
that draws upon the findings in Papers I, II, III, IV, and V. An illustration of
the methods and achieved outcomes are presented in Figure 3.1. The first
step in this thesis was to conduct a review of the state of the art. The choice
of the modeling approach, i.e., hybrid UBEM based on available BEM tools,
was made from the findings of this review. The major part of this review was
presented in the background of this thesis (cf., Section 2).

After choosing the general modeling method, an evaluation of some of the
commonly-used BEM tools enabled the identification of the most suitable tool
for the development of the UBEM. Section 3.3 describes the fundamentals of
BEM and a method for the comparison between the BEM simulation tools.
In addition, using a systematic comparison of the tools, the proper level of
complexity of the building model in terms of zoning configuration and level
of detail was chosen. Section 3.4 presents the method for analysis of model
complexity in brief.

With knowledge about the modeling approach, the choice of tool and the
level of complexity, an UBEM customized to the Swedish residential building
stock was developed. In Section 3.5, the suggested method for developing this
UBEM from open data in Sweden is outlined. To improve the performance
of the model, it was calibrated with available EPC data in Sweden. The cali-
bration was done for two case study cities located in the middle and southern
parts of Sweden. The method for the calibration of the UBEM is found in
Section 3.6.1.

The calibration step improved the accuracy of the UBEM considerably. The
subsequent step was to test its validity when applied to other cities and time
resolutions than calibrated for. Therefore, the calibrated UBEM was validated
against independent sources of measured energy data at different spatial and
temporal scales and for different cities. The validation of the UBEM is detailed
in Section 3.6.2.

Finally, the calibrated and validated model was adopted for analysis of
large-scale energy retrofit of buildings and their effects on the district energy
systems. Section 3.7 discusses the application of UBEM for scenario planning
and energy retrofit of buildings.

Considering the importance of data to proceed with the methodology of this
thesis, this chapter begins with an overview of different datasets used for the
development of the UBEM (Section 3.2) and continues with the method.
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Figure 3.1. Overview of the methods and their outcomes for this thesis and the ap-
pended papers.
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3.1 Overview of case studies

To implement the developed methodology of this thesis several case study
cities and districts located in Sweden were chosen. Figure 3.2 shows where
in the country they are located. More information about these case studies is
found in the following subsections.

Grasloken
(-]

Borlange / Gottsunda g
@]

o
_Uppsala

Varberg“
o

Figure 3.2. Location of the case study cities of Borlinge, Uppsala and Varberg in
Sweden. The case study districts of Grisloken and Gottsunda located in the city of
Uppsala are also labeled in the map.
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3.1.1 Case study districts

In Paper 11, a district in Uppsala, Sweden, called "Gréasoken", with 32 build-
ings of two different types (defined as types A and B) was chosen for modeling
and validation of the respective BEM tools when applied to UBEM simula-
tion. These buildings are connected to the city’s district heating (DH) sys-
tem through a local substation and a secondary heat distribution system, from
which the thermal energy is transferred to the buildings. A detailed description
of the buildings and the distribution systems is given in [110].

The buildings in this area are multifamily buildings with two heated floors
and an unheated attic. However, for the sake of simplicity, in this study, the
unheated attic was not considered as a part of the building model and rather
merged with the external roof. The buildings of type A have an average heated
floor area of 906 m? and window area of 102 m?, while the buildings of type
B have 1019 m? heated floor area and 109 m? window area.

In Paper III, to complete the study of the modeling complexity on the dis-
trict and building levels, a district in the Southern part of Uppsala, called
"Gottsunda", was chosen. This district includes the typical Swedish district-
heated residential multifamily buildings constructed during the early 1970s.
According to the characteristics of these buildings (found in detail in Paper
III), they are divided into three main types that are presented in Table 3.1. Out
of 30 buildings found in the district, 5 were categorized as type A, 20 as type
B and 5 as type C.

Table 3.1. Summary of the main properties of three building types in the case study
district of Gottsunda, Uppsala.

Building type Floors Heated area  Energy performance
(m?) (MWh/y)  (kWh/m?y)

A 2 699 109 157
B 3 1498 235 157
C 8 5197 896 173

3.1.2 Case study cities

In Papers IV and V, three case study cities were chosen for completing the
objectives of the study. The choice of these cities was made based on the
availability of the data for calibration and validation of the model. In Paper
IV, the cities of Borldnge and Uppsala, located in mid-Sweden and with more
than 240 000 and 50 000 inhabitants and approximately 40 000 and 21 000 res-
idential building blocks were chosen for implementing the model. In these two
cities, the majority of the buildings (=~ 60%), in particular MFBs, are district
heated and the rest are mainly supplied by electricity and the electric-heating
systems.
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Table 3.2. General information about the case study cities.

City Population Building stock Residential share

Uppsala 240000 46700 86%
Borlidnge 50000 23700 89%
Varberg 35000 25600 89%

In Paper V, the case study city of Varberg, located on the West coast of Swe-
den, was selected. This city, similar to Borlidnge, is a mid-size city with around
35000 inhabitants residing in 22 000 residential building blocks. Unlike Bor-
lange and Uppsala, the coverage of district heating is not that high (only 25%)
and most buildings are dependant on electric-based heating systems.

3.2 Overview of data

UBEMs rely heavily on building-specific data. In the appended papers to this
thesis, to proceed with the development of the UBEM, various sources of data
were explored. An overview of these datasets is presented in Table 3.3 and
briefly described in the following sections.

3.2.1 Building drawings

Due to the smaller spatial scale in Papers II and III, the largest share of data on
buildings was collected from the building blueprints. The data used in paper
IT came from a previous study by Aberg et al. [110]. These detailed building-
level data were already provided by the housing association company, HSB
53 BRF Grisloken. In Paper III, the municipality-owned housing company
Uppsalahem provided the buildings’ constructions and blueprints to the study.

Table 3.3. Summary of the datasets used in each paper.

Paper Modeling' Simulation® Calibration? Validation®
1I Drawings Historical - Hourly DH
I Drawings T™MY - EPC
v GIS, EPC  TMY, Historical EPC EPC, Monthly DH
A" GIS, EPC TMY, Historical EPC Hourly electricity

1. The data used for defining geometrical and non-geometrical information.
2. The prevailing weather data used for the simulation of the model.

3. The data used for calibration of the model.

4. The measurement data used for validation of the model.
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3.2.2 GIS data

The Swedish Mapping, Cadastral and Land Registration Authority, Lantmi-
teriet [111], owns the real property register that provides an overview of real
estate in Sweden. This real property register consists of a collection of ge-
ographical information system (GIS) data on buildings and land use. This
information builds the foundation for the developed UBEM and the method
elaborated in Papers IV and V.

In general, five layers out of many layers of data were found to be practical.
The first layer of data, the property map for the built-up area, here referred to
as the building polygon layer, includes information on building footprints, and
building types. The types of buildings explicitly portray the purpose or use
of buildings, e.g., residential-detached single-family, residential multi-family,
heating plant, school, etc. In total, 49 different building types are identified in
this data layer, six out of which are residential buildings.

The second layer informs about the real property boundaries and land parcels.
This layer of data mainly contains the real property polygons and the designa-
tion names, i.e., a unique designation that is assigned to each property. How-
ever, similar to the building polygon data, in the property polygon data layer,
each property is also labeled based on its type.

The other layer was specifically used for extracting the year of construction
or re-construction (if any) of buildings. However, this layer presents a wide
range of additional information about buildings, from their types to their share
of residential or non-residential area, taxation year, etc. Here, each building is
represented by a GIS data point with given XY coordinates.

The fourth layer contains comprehensive data on several properties such as
address place points and designated postal addresses. The address point of a
building is a GIS point with given coordinates. This address point is reported
for either the exact or approximated entrance of the building/property. Similar
to the previous data layers, this data also includes more than just the addresses
which have not been used in this study.

The laser data, known as light detection and ranging (LiDAR) data, is an-
other layer of data that is used in this study. The LiDAR data include a point
cloud with classified points captured from airborne laser scanning of the ter-
rain corresponding to tiles measuring a minimum 2.5x2.5 km. Coverage of
the so-called low-resolution point clouds with a point density of 0.5-1 point/m>
is widespread over the whole country. Each point in the low-resolution data
is classified as ground, water, bridge, or unclassified. Using this dataset it is
possible to get an overview of the building topography.

3.2.3 EPC data

The Swedish Energy Performance Certificate (EPC) database is open-source
data that is collected by the National Board of Housing and Planning in Swe-
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den, Boverket [29]. This certification system was introduced to the Swedish
housing stock in 2007 in order to highlight the energy performance of build-
ings.

The EPC data in Sweden contain information on the heated area of the
building, delivered energy use for heating, comfort cooling, and domestic hot
water for actual and normal years, household and operational electricity, en-
ergy performance and energy class of the building, as well as types of heating
and ventilation systems and ventilation flow rate. Further information on the
solar energy systems, both PV and thermal, including system area and esti-
mated on-site energy generation is found in the EPC data. Additionally, some
of the key attributes of buildings, such as type and use, year of construction,
number of heated floors above and below ground, number of apartments, and
complexity of the constructional shape, are also found in the EPC data.

The requirement for establishing an EPC is not effected unless the building
is sold, rented, newly built, or visited frequently by the public. This means that
the coverage of the EPC data is not complete. An analysis of the data (version
2022) shows that approximately 65% of the residential building stock (30% of
SFBs and 90% of MFBs) was issued an EPC.

In Paper 111, the use of EPC data is limited to the validation of the model
for a district where the EPC coverage was full. In Papers IV and V, however,
the EPC data is the main source of data for modeling, calibration and even
validation.

3.2.4 Validation data

The availability of the measurement data depends on a set of factors, such as
integrity and confidentiality of the data. In this thesis, different sources of
measurement data were used to accomplish the validation of the developed
UBEM at different spatial and temporal resolutions.

In Paper II, with the building owner’s consent, the hourly heat use on the
substation level was obtained from the district heating utility company Vatten-
fall Heat AB [112]. This data was measured on the supply side and includes
the total thermal energy used, flow rate, and inlet and outlet temperatures for
the year 2015. More information about the data is found in [110].

The validation data for Paper IV consisted of monthly heat use for a group
of municipality-owned distinct-heated MFBs scattered around the case study
city of Borlinge, Sweden. The data were collected on the substation level
and primarily included the monthly district heating data in 2018 for 105 sub-
stations. The data were made available by the housing association company,
Tunabyggen, and later processed in [113]. After post-processing the data to
match the EPCs, only 12 substations serving 40 buildings were left for further
validation of the model.
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In Paper V, the validation of the models was done using hourly electricity
use data for the city of Varberg. The data was recorded at the household level
and for the year 2021. After pre-processing the data to match the spatial and
temporal resolution of the simulation results, the validation was done on 2955
buildings.

3.2.5 Weather data

In Papers 1I-V, the choice of weather data was dependent on the aims and
objectives of each study. In general, the chosen weather data were historical
data and/or typical meteorological year (TMY) data. Historical weather data
refer to the past observations of the climatic parameters in a given location and
over a specific period of time, e.g., a year [114]. On the other hand, TMY data
are representations of the typical climatic conditions in a specific area. TMY
data are also generated from observation data recorded over a sufficiently long
period of time, e.g., 10 to 30 years, and averaged out or condensed to one year
[114]. Both historical and TMY data have an hourly time resolution.

In Paper II, to make the simulation results comparable with the energy data,
the historic weather data for the year 2015 was collected from the Swedish
Meteorological and Hydrological Institute (SMHI) [115] for the city of Upp-
sala, Sweden.

In Paper III, following the recommendation from the Swedish National
Board of Housing, Building and Planning [29], the energy performance of
a building has to be calculated for a normal year. A normal year is defined as
a year with averaged climatic conditions. This definition can be interpreted as
a TMY. Therefore, TMY data for the city of Uppsala, where the case study
buildings and district is located, was obtained from ASHRAE’s International
Weather for Energy Calculations IWEC) [116].

Paper IV incorporated a calibration/validation procedure of the model ver-
sus EPCs. Similar to Paper III, the energy performance of a building was the
basis for this procedure and hence, for the sake of comparability, the TMY
data for both case study cities of Borldnge and Uppsala were collected from
the PVGIS online tool [117]. Furthermore, in this paper, the method included
validation of the model against measurements. The corresponding historical
data for the city of Borlidnge and the observation year of 2018 were obtained
from the Swedish Meteorological and Hydrological Institute (SMHI) [115].

The developed methodology in Paper V was used for calibration of the
model using the EPC data and validation of the model based on energy mea-
surement data for the case study city of Varberg. Accordingly, the TMY data
were obtained from the PVGIS online tool [117]. Due to the unavailability of
downloadable observation data for Varberg from SMHI [115], instead of actual
data, the modeled data for the year 2021 was obtained from ERAS (ECMWF
Reanalysis version 5) weather data available on [118].
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Figure 3.3. Tllustration of the heat balance on building surfaces exposed to the ambi-
ent.

3.3 Overview of BEM and simulation

As already discussed in Paper I and Section 2.2, the BEM-based urban build-
ing energy modeling forms a major part of the existing UBEM research. To
decide on the choice of the proper BEM tool, to be used in UBEM, in Paper
II and Paper 111, different tools were analyzed. A summary of this analysis is
presented in the following.

Traditionally, the BEM tools such as EnergyPlus, TRNSYS, or IDA ICE,
take full advantage of physical modeling and numerical simulation of heat
and mass transfer throughout buildings. To be more focused on the thermal
performance of a building, it can be stated that the core of these simulations
is based on heat balance principles for every surface of the building. Figure
3.3 shows a simplified illustration of the components of the heat balance on an
exposed surface of the building.

In general, the heat balance of the building consists of three parts, includ-
ing the heat balance on the external surfaces, the heat conduction through the
building envelope and the heat balance on the internal surfaces.
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3.3.1 Outside heat balance

An external surface, i.e., the external surface of a wall or roof, basically incor-
porates the measures for heat exchange with the ambient,

Qo = Qups + Oconv + Qi (3.1)

where Q, is the conduction heat into the surface, Q, is the absorbed solar
radiation on the external surface, Q. is the representative for convective heat
exchange with the air, and Q,, is the long wave radiation exchanges between
the external surface and the surroundings.

3.3.2 Heat conduction through building envelope

Fourier’s law specifies that heat conduction is proportional to the magnitude
of the temperature gradient,

q= —ké;T, (3.2)
X

where ¢ is the conductive heat flux, & is the conductivity of the material and %—i
is the temperature gradient in one-dimensional form [119]. In order to capture
the heat conduction through the building envelope, e.g., walls, and solve the
partial equations, the conduction transfer function (CTF) and response factor
methods are the dominant methods for estimation of transient heat transfer
in most BEM tools [120]. In the response factor method, the material ther-
mal response is a linear system that is related to time series of current and
past temperature and heat flux. In CTF, additionally, the current temperature
and heat flux is connected to the past outputs which considerably reduces the
computation time [121].

3.3.3 Inside heat balance

As for the outside, the inside heat balance is calculated on the internal surface
of the walls, roofs, and floors as

Qi = Qabs + Qconv + QlW7 (3-3)

where Q; is the conduction though the surface. Due to the contribution of
internal sources of energy, e.g., lighting, Q. is the absorbed short-wave ra-
diation from diffused solar as well as internal sources. In this equation, Q;,,
refers to the long-wave radiation exchange between internal surfaces of the
building as well as internal sources of energy, e.g., occupants, equipment and
lighting. Finally, Q,ny is the heat convection to the air flows in the building.
Methods for calculating each component of the heat balance in buildings
differ between tools. Besides systematic differences in the way a simulation
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tool conducts the energy simulation of a building, these differences in the fun-
damental heat balance equations contribute to variations in the results that can
be obtained from each tool.

3.3.4 Comparison of simulation tools

Among various BEM software, only some are compatible with the scope of
UBEM. In general, there are technical barriers to the application of some of
the tools that limit them to individual building modeling and make them unable
to cope with urban energy studies. An overview of BEM tools that could po-
tentially be used for UBEMs and, their most relevant features from an UBEM
point of view, is presented in [25, 122]. Nevertheless, it seems that only a
few are actually capable of handling UBEMs with all their complexities. An
overview of the most feasible tools, IDA ICE, TRNSYS and EnergyPlus, that
have been used in Papers II and I11, is given as follows.

EnergyPlus [116] is an open-source building energy simulation software
that estimates the need for heating, ventilation, and air conditioning of build-
ings using a variety of systems and resources. TRNSYS [123] is a dynamic
simulation software that enables users to study the behavior of transient and
dynamic systems. Having an extensive library and an organized simulation
environment makes TRNSYS a flexible tool that can be used in many ap-
plications from building energy modeling to system energy analysis and solar
energy studies. IDA Indoor Climate and Energy (IDA ICE) [124] is a dynamic
multi-zone simulation software that accurately models buildings, systems, and
controllers in order to maintain the thermal comfort of the building occupants.

Despite the fact that these tools have many similar features, they can be very
different in their fundamentals, especially when it comes to the calculation of
the heat balance and its components.

Calculations of outside heat balance
Absorbed solar radiation, Q,, as a factor of incoming solar radiation, is de-
fined as

Quvs = AA(lp+1y), (3.4)

where « is the solar absorptance of the surface, A is the wall area, and [, and
1; are beam and diffuse solar radiation, respectively, on the wall surface. In
IDA ICE and EnergyPlus, direct and diffuse incident radiation are mainly as-
sessed based on the ASHRAE guidelines [125] and Perez model [126], while
TRNSYS gives the possibility of choosing between sets of common methods
such as the Perez model [127] or the Hay and Davies model [127].

Convective heat transfer on external surfaces, such as a wall, is determined
based on the convective heat transfer coefficient as

Qconv - hcA(Tair - Twall)7 (3-5)
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where A, is the convective heat transfer coefficient, A is wall area, T}, is the
ambient air temperature and 7,,; is the wall surface temperature. 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. By default,
EnergyPlus calculates the total convective heat transfer coefficient as the sum
of coefficients for forced and natural convection with respect to the local wind
speed and wind direction. In TRNSYS, on the other hand, the convective heat
transfer coefficient is assumed as either a user-defined variable to be static or
time-dependent or to be calculated internally. The internal algorithms calcu-
late the convective coefficient with respect to the surface inclination and heat
flux.

The long-wave radiation exchange with the surrounding environment can
be generally written as

Qlw = Qlw,sky + Qlw,ground + Qlw,aira (36)

with Oy, skys Qiw.grouna and Oy, i being the components of radiation exchange
with sky, ground and the air respectively. Generally, the radiation exchange
with the surrounding is estimated using

O = ECEA(TY — T30, (3.7)

where € is the long-wave emittance of the surface, ¢ is the Stefan-Boltzmann
constant, A is the surface area, F, is the view factor between the sky, air or
ground and 7 represents the temperature of the sky, air or ground, while 7,,,;;
is the surface temperature. Using Equations 3.6 and 3.7, the long-wave radi-
ation exchange with the surrounding is calculated accurately in EnergyPlus.
In IDA ICE, however, the long-wave radiation exchange with the air, Oy, 4ir,
is neglected in these equations. Calculation of the radiation exchange is con-
ducted slightly differently in TRNSYS, with 7 in Equation 3.7 being the fic-
tive sky temperature and representing not only the sky temperature but also the
ground temperature and the view factor between the sky and the surface. In
this method, based on the definition of the fictive sky temperature, both ground
and sky long-wave radiation exchange with the surface are combined in one
term.

Calculation of heat conduction through building envelope

Calculation of the heat transfer through opaque and transparent surfaces of
the building envelope, e.g., walls, and windows, plays a principal role in the
differences that can be seen later in the results from Paper II and II1.

In IDA ICE, the calculation of the CTF function is simplified by desig-
nating fewer thermal nodes to the heat transfer surfaces. Using an optimized
thermal-electrical analogy of heat conduction for a given thermal resistance-
capacitance (R-C) network with only three capacitances, IDA ICE conducts
an optimization method to estimate the model parameters. On the other hand,

38



TRNSYS and EnergyPlus take full advantage of CTF methods and response
factors in calculating the heat conduction through the opaque surfaces. How-
ever, each uses a distinctive solver. TRNSYS utilizes the direct root finding
methods [128] and treats the surfaces as black boxes with no need for informa-
tion on temperature variations inside the surface. EnergyPlus, however, makes
use of the state space methods in solving the analytical CTF models [121]. By
assigning multiple temperature nodes to the heat transfer surface, in Energy-
Plus the heat flux through the wall is calculated from one node to the other.
Discretizing the wall into multiple nodes is expected to reduce the length of
the CTF series, and thus the computation cost, to some extent. More infor-
mation on differences in calculation and solving the heat conduction transfer
through the building envelope is found in Paper III.

Calculation of the inside heat balance
As for the calculation of the outside heat balance, the components of the heat
balance equations on internal surfaces, Equation 3.3, are estimated differently
in each tool. The method for calculation of internal convective heat transfer
is almost similar to the method used for estimation of outside convective heat
transfer in TRNSYS and EnergyPlus. In IDA ICE, however, the convective
heat transfer is estimated from the slope of the surface and the temperature
gradient between the internal air and the internal surfaces.

The absorbed short-wave radiation is determined as a function of transmit-
ted solar radiation through windows

Qabs :deifa 3.8)

with X being the absorption matrix in IDA ICE, the transposed of Gebhart
matrix [129] in TRNSYS and the relative absorption of the surfaces multiplied
by the window area in EnergyPlus, and /;y the solar radiation transmitted
through windows.

In the calculation of the internal long-wave radiation exchange, EnergyPlus
assumes the inside air to be completely transparent to long-wave radiation, the
internal surfaces of the buildings to be grey-bodies and all the radiation to be
diffuse. Then relying on a unique coefficient for all reflections, absorptions
and re-emissions from other surfaces in the zone, EnergyPlus calculates the
radiative exchange in the building. In TRNSYS, and based on its standard-
level calculation methods, the radiation exchange is approximated from the
star method [121], for a hypothetical temperature node in the middle of the
room. In this method, not only the radiative exchange but also the convective
heat contributes to the temperature node. In IDA ICE, the long-wave radiation
is proportional to the radiosity and the properties of the black-body surfaces.

In addition to these differences in the principal methods of calculating heat
transfer, there are systematic differences in how the modeling procedure is
conducted.
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Ground coupling

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 [130],
IDA ICE calculates the heat resistance of layers below the building construc-
tion and, accordingly, the heat transfer through them. If the standard weather
datasets are used, the respective annual ground temperature is assumed auto-
matically. In TRNSYS, the procedure is not as effortless as in IDA ICE. For
this purpose, the external slab components from the TRNSYS library should
be connected to the building. Depending on the building model and desired
accuracy, ground coupling models with different levels of complexity can be
used, e.g., Type 49 for approximation of the slab on grade, or Type 77 for
calculation of the soil temperature. More components for calculation of both
slab and basement heat transfer are found in the TESS library [123]. However,
computing time is greatly influenced by choosing alternative components. In
EnergyPlus, different ground coupling concepts exist. The two associated aux-
iliary tools for basement and slab modeling in EnergyPlus, conduct an accurate
calculation of heat transfer and boundary temperatures [116].

Shading analysis

Analysis of shading from nearby buildings or surrounding obstacles and its
effects on building performance is one of the sources of differences between
the tools. Using the SketchUp [131] plugin for building form and external
shadings, TRNSYS acquires the geometrical information of the shading ob-
stacle. However, the implementation of shading analysis from SketchUp file
generator is not feasible for TNSYS 17. In TRNSYS 18, this feature has been
included, yet the building model does not consider the influences of shading
obstacles on the heat performance of the building as effectively. Instead, it is
suggested to add the external components for shading models provided in the
TRNSYS library. With the application of a similar SketchUp Plugin for En-
ergyPlus, or by determination of the geometry of the shading obstacle in the
site location, shading analysis in EnergyPlus is easily conducted. Due to the
increase in complexity of the model, the computation time increases slightly.
IDA ICE does the shadings analysis differently. By importing the site plan in
3D format or by drawing the obstacles, IDA ICE includes the shadings and
performs the simulation automatically.

Occupancy and use profile

In the calculation of the metabolic heat gain of occupants, all four tools have
the same methodology using ASHRAE standards [125] and taking just the
convective heat into consideration. However, the main challenge is to define
annual schedules for hourly-based activities and the presence of buildings’
occupants. IDA ICE can accept hourly schedules for weekdays or weekends
as well as months. However, while specifying the hourly or even daily profiles
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seems impractical, importing any external file to its database is impossible.
Thus, the only way is either to use constant or predefined schedules or just
rely on low-resolution profile development. In EnergyPlus and TRNSYS, the
procedure brings no difficulties for the user and it would be possible to import
the schedules or load profiles by just importing a text file to the programs.

Number of buildings

In TRNSYS and EnergyPlus it is impossible to model and analyze one build-
ing at a time. However, IDA ICE as a BEM tool is capable of handling the
energy modeling of buildings at larger scales e.g., district level up to a limited
number of thermal zones (300 simple zones and 70 detailed zones).

Time step and simulation

In terms of accepting sub-hourly data both in input and output, IDA ICE and
TRNSYS have no limitations, even for considerably small time steps, e.g., sec-
onds. Similarly, EnergyPlus can handle minute-based time steps, although for
receiving the best output from the tool hourly or at least a 10-minute resolution
is suggested.

Given the importance of BEM simulation tools and their usefulness in UBEM,
in Paper 1I, a comparative study on the validity of the dominant BEM tools,
i.e., IDA ICE, TRNSYS, and EnergyPlus, for being used as the main simu-
lation core of the UBEM is performed. In order to explore their advantages
and disadvantages in large-scale studies, a district-level energy model of 32
district-heated multifamily buildings was developed in the three tools.

In this study, it was tried to make the models as similar as possible in order
to be comparable. Some of the assumptions and conducted methods in Paper
Il are linked to this point. For instance, due to limitations of IDA ICE in
handling hourly load profiles input to the model, the occupancy profile, i.e,
occupant presence, household electricity and lighting as well as DHW, and its
contribution to internal heat gain was calculated separately from the models
and added to the final results later. In this study a stochastic occupancy load
generator developed in [63] was used.

3.4 Model complexity and zoning configuration

In addition to the choice of BEM tool, the complexity of the building model is
another parameter which was not chosen systematically, in the existing stud-
ies. Therefore, in Paper III the model complexity in terms of zoning configu-
ration and level of detail was evaluated.

As mentioned, to overcome the complexity of simulating a large number of
building models, in the UBEM the aim is to abstract the buildings and their
systems, and estimate their performance without having to deal with all their
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Figure 3.4. Thermal zoning configurations in UBEM: (a) single-zone model (1 zone
per building), (b) multi-zone model (1 zone per floor), (c) multi-zone model (5 zone
per floor) and (d) multi-zone model (3 zones per building: one for bottom floor, one
for top floor and one for all middle floors).

details. Some examples of such simplification are reducing the number of
thermal zones or reducing the level of detail in the building models. However,
the exact effectiveness of these alternative methods is not clear in existing
research. The risk of defining too simple models is likely to increase the un-
certainty and decrease the accuracy.

To untangle these questions about model complexity in an UBEM, in Pa-
per III, some of the most common zoning configurations and levels of detail
are systematically compared. The single-zone model is traditionally one of
the simplest ways of describing a building by a set of equations. Differences
in heating and air conditioning as well as influences of the inner walls of the
building are neglected and it is assumed that the whole building can be de-
scribed as one thermal zone. The windows are also modeled based on the
corresponding window-to-wall ratio (WWR) on every external wall. Figure
3.4(a) illustrates the single-zone model. Although a single-zone model (1 zone
per building) cannot, in most cases, be an accurate representation of an indi-
vidual building, it improves the computation cost to a large extent and might
be accurate enough on an aggregated urban scale.

The second approach is to assign one thermal zone for every floor of the
building, as shown in Figure 3.4(b) (1 zone per floor). Defining a simplified
multi-zone model is expected to slightly capture the contribution of internal
building elements, e.g., adjacent floors, but still run the simulation in an ac-
ceptable time. The third and very common method for multi-zone modeling
follows the ASHRAE guidelines for envelope setting and zoning configura-
tion. According to ASHRAE 90.1, Appendix G [125], different thermal zones
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Figure 3.5. Level of detail in building modeling: (a) LoD1, Shoe-box model of the
building with 25% window area on long walls, (b) LoD2*, Detailed building model
excluding the shading components, (c) LoD3, Detailed building model with the pre-
cise geometry of windows and shading components

are assumed for perimeter and interior spaces that are at least 4.6 m away from
the exterior or semi-exterior walls. This means, for a square base building, that
at least 5 thermal zones, i.e., one core and four perimeter zones, are required
for every floor of the building (5 zones per floor), as visualized in Figure 3.4(c)
(5 zones per floor).

In addition to these three configurations, when tall buildings are of interest,
there is another alternative in which the building is divided into three main
thermal zones. One thermal zone is assigned to the ground-coupled or the
bottom floor of the building while a second one represents the top floor that is
adjacent to the exposed roof. All the intermediate floors are considered as one
big zone (3 zones per building). Figure 3.4(d) illustrates this.

In most UBEM studies, the description of the building geometry is rela-
tively simplified and the building construction is defined through shoe-box
models corresponding to Level of Detail 1 (LoD1). This level of simplifica-
tion, however, may lead to inaccuracy of the results and, therefore, further cal-
ibration might be needed to compensate for the deviations from the measured
data. Thus, in Paper III, the LoD of the building construction and its impacts
on the simulated energy demand is analyzed in depth. In this study, three lev-
els of detail, namely LoD3, LoD2*, and LoD, are considered, as shown in
Figure 3.5. Accordingly, LoD3 implies a detailed building model with precise
components and geometries. In LoD2*, the geometry of windows is kept as in
LoD3 but the balconies and shading components are excluded from the model.
Finally, LoD1 represents a simplified shoe-box model with 25% WWR !.

Finding the most suitable zoning configuration depends not only on the
scale of the study but also on the simulation tool that is used as a main core of
the UBEM simulation engine. In this study, to validate the already mentioned
configurations, three different case study buildings are modeled and analyzed
in the three simulation tools introduced previously, IDA ICE, TRNSYS and
EnergyPlus.

'The WWR varies between 20% and 25% as a typical value for the window area in buildings of
similar type.
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3.5 UBEM development from open data

Following the simulation evidence provided by Paper II and Paper III, a func-
tional BEM tool for UBEM and a proper level of complexity were chosen. Re-
lying on these, in Paper IV, a methodology for the development of an UBEM
from available national data was proposed. Similar to the general UBEM
structure, already presented in Figure 2.2, the developed model consists of
the main components, including 3D city modeling, archetype development,
occupancy, simulation and finally calibration and validation. In Figure 3.6 the
exact overview of the UBEM developed in Paper IV is illustrated.

The functionality of this model is dependent on the building-level data, the
building energy simulation tool EnergyPlus and the programming language
Python. Further elaboration on the modeling structure and related information
is provided in the following sections.

3.5.1 3D city modeling

To construct a 3D representation of the cities, a general methodology for the
extrusion of the building footprints from open-access low-resolution LiDAR
data was adopted in Papers IV and V. This method was performed as a pre-
processing step and allowed for the creation of reasonable representations of
the buildings which were later used as an input to the developed UBEM.

In Paper 1V, the open-source tool, 3dfier [132], developed at the Delft Uni-
versity of Technology, handled the automated procedure for reading the 2D
GIS and LiDAR data and translating them into shoebox models of buildings
(equivalent to LoD1). However, due to the low resolution of the LiDAR data,
a post-processing step was added to the method in order to modify the height
of buildings that was wrongly captured from the close-by objects or faulty
points. The modification was done based on the average height of similar
building types in the area.

The 3D city model in Paper V, was obtained from the model developed by
Lingfors et al. [133]. As in 3dfier [132], Lingfors et al. [133] made use of
LiDAR data to elevate the building footprints. Additionally, they informed the
model with typical roof types and improved it with a co-classing technique that
enables the model to estimate the geometry of the segments of the roof. This
novel approach resulted in higher levels of detail (equivalent to LoD2) where
the shape, slope and azimuth of the roof were achieved from the model. With
knowledge of the height and shape of the roof, more accurate shoebox models
of the buildings were constructed and used for energy modeling. Again, if the
estimated height of buildings was determined to be inaccurate, the modifica-
tions were done accordingly.
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Table 3.4. Identified building archetypes based on type and construction year of build-
ings. SFB and MFB refer to single-family and multi-family buildings respectively.

Archetype Building Type Construction Period

1 SFB 2010-2021

2 SFB 2000-2010

3 SFB 1990-2000

4 SFB 1980-1990

5 SFB 1970-1980

6 SFB 1960-1970

7 SFB 1950-1960

8 SFB before 1950
9 MFB 2010-2021
10 MFB 2000-2010
11 MFB 1990-2000
12 MFB 1975-1990
13 MFB 1960-1975
14 MFB 1945-1960
15 MFB before 1945

3.5.2 Building archetypes

According to [134], building construction and design in Sweden typically have
a strong correlation with the construction period of the building. Unless the
building has undrgone renovation or significant changes, its construction pe-
riod is often a reliable indicator of its constructional characteristics. On the
other hand, the availability of energy use data is limited to the EPCs, which
do not have 100% coverage. Putting all this together, a simple deterministic
approach to archetype classification was preferred over more advanced proba-
bilistic classifications or unsupervised clustering (which was suggested in the
Paper I).

In Paper IV and Paper V, the classification of the building archetypes was
done based on the type of residential buildings, i.e., single-family and multi-
family, and the construction period of buildings. The initial classification of
the archetypes was primarily derived from the similar categorization found in
the two reference books [134, 135]. Later, further modifications were carried
out to be sure that the chosen archetype classes better represented the building
stock. The chosen archetype classes are presented in Table 2.2.4. In total,
15 archetype classes were chosen, with 8 archetypes representing the single-
family buildings and 7 archetypes assigned to the multi-family buildings.

Characterization of the archetypes, i.e., finding the common characteristics
of the buildings of each class, was also completed based on the available lit-
erature such as [134, 135, 136]. Here, the main objective of the identification
and characterization of the archetypes was to define construction assemblies
and materials for buildings.
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Table 3.5. Identified building archetypes and their share of heating system, namely,
DH, B, DE, and HP refer to district heating, boiler (regardless of their energy carrier),
direct electric, and heat pump systems, respectively, in percentage.

Archetype DH B DE HP

1 12 3 9 76
2 13 4 6 77
3 14 14 20 52
4 18 5 39 38
5 6 3 46 45
6 29 8 19 44
7 15 12 26 47
8 23 14 18 45
9 84 0 1 14
10 9 0 3 7
11 8 1 2 11
12 41 14 23 22
13 55 0 42 2
14 81 1 5 14
15 57 2 5 36

In Paper V, in addition to the construction and material, the heating system
of the buildings also corresponded to the archetypes. In this paper, based on
the EPC data, the share of different heating systems was averaged out over all
the buildings of each archetype class and later assigned to the buildings with
no available EPCs. The share of each heating system for each archetype is
found in Table 3.5.

The air tightness and infiltration rate of a building is another archetype-
related parameter. However, in the base definition of archetypes, it was set to
zero. Later, in the calibration procedure, it was added to the model where it
was necessary.

The window area or WWR is also another archetype-related parameter
which was set to a constant ratio for all the archetypes. According to the latest
building codes in Sweden, the window area should be at least 10% of the floor
area. It was assumed that the later standard is valid for the older archetypes as
well.

3.5.3 Occupancy and load

The occupancy and occupants’ related energy use are intrinsically stochastic.
However, in UBEM, the stochastic approach to the occupancy and load does
not seem to be well-established [109]. There is no doubt that the complexi-
ties associated with stochastic models make them impractical for large-scale
studies.
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Therefore, in Papers IV and V, fixed hourly profiles for occupancy, heat
gain from occupants, lighting, appliances and domestic hot water were used.
These profiles were constructed from averaged daily load profiles and a stochas-
tic model [63]. The resulting profiles distinguish between the main building
type, i.e., single- or multi-family, and the weekday-weekend patterns. More
information on the process of generating the profiles is found in Paper IV.

3.5.4 Modeling and simulation

In the chosen approach to UBEM (cf. Section 2), the simulation interface
and the BEM tool are the main cores of the procedure. In Paper IV, followed
by Paper V, the simulation interface was where the automated energy model-
ing and simulation of large numbers of buildings take place. The developed
interface used Python and its object-oriented properties in defining a modu-
lar method for reading the building-related information, translating them into
an IDF file, running the IDF file using EnergyPlus and reporting the results
at desired spatio-temporal resolutions. A brief description of the process is
presented in the following paragraphs.

In the model interface, the geometry and geospatial information of a build-
ing was used to define the models for the surfaces of a building, e.g., wall
and window. Depending on the type of building and the construction year, the
building was assigned to the relevant archetype class and the corresponding
construction material from the directory of materials was extracted. The loca-
tion of the building in relation to the surrounding buildings was checked for
possible adjacency and shading effects. If the building had an adjacent wall, it
was labeled as adiabatic and if the effect of shading was calculated to be high,
the shading obstacles, i.e., buildings, were identified and added to the model.

No building model is completed without defining the thermal zones. Fol-
lowing what was concluded from Paper III (discussed in Section 3.4), only
one thermal zone was assigned to each building. The zone was connected to
an ideal heating system that maintains the zone temperature at 21°C. The zone
air was also constantly ventilated at a fixed rate of 0.5 ACH per hour. In case
the EPC of a building was available, the heat recovery effect of the ventilation
was also considered in the model.

Finally, the occupancy and schedules were incorporated into the model.
The completed model was translated into IDF and forwarded to EnergyPlus
where the simulation was completed for a specific year and weather data. The
simulation results were then read from the EnergyPlus output files and saved
in the Python database. The procedure continued to the next building and was
repeated until all the buildings were modeled and the results were saved.

In a post-processing step, the contribution of the heating system to energy
use was also evaluated, in case the EPC of a building and the heating systems
were known to the model. In Paper V, if the EPC was not available, the es-

48



timated share of different heating systems was taken from the corresponding
archetype. The effects of heating systems and associated models are presented
in Paper IV.

3.6 UBEM calibration and validation

After developing the UBEM, it required calibration to reach the desired level
of accuracy and further validation to ensure its reliability. These were done in
Papers IV and V, and are presented in the following.

3.6.1 Calibration

In BEM, sensitivity analysis of uncertain parameters and calibration of indi-
vidual building models is a well-established step of the modeling procedure. In
UBEM, however, the degree of uncertainty of the model parameters is high. In
addition to occupancy and internal gain, the exact geometry, WWR, construc-
tion and material, HVAC and schedule usually remain uncertain. In Papers
IV and V, some of the uncertain attributes of the model were identified and
calibrated. The calibration was done in an iterative procedure with the goal
to reduce the deviation of the simulation results from the energy use measure-
ment data obtained from EPCs.

Calibration of geometrical parameters of buildings

It is generally recognized that building morphology has a great impact on the
energy performance of a building. Previous studies show that the higher the
shape factor! of a building, the greater the heat losses through the building
envelope and therefore, the higher the heat demand in the building [137]. In
Paper 111, a similar trend in increasing energy demand was noticed when the
building form was more complex. Therefore, the first step in the calibration
of the model was to simplify the complex building polygons. The simplifica-
tion algorithms aimed to unify the multi-polygons and simplify the complex
polygons to the extent that the footprint area was not largely affected.

The estimated building height from the low-resolution LiDAR data brings
additional uncertainty to the model [133]. Estimation of the building height
from low-resolution LiDAR data and digital elevation models is associated
with some problems including vegetation interference, shadowing and glaring,
complex and multi-level roof structures, etc. Moreover, the estimated height
of the building may not be attributed to the heated volume of buildings, in
particular when the building has a plenum or unheated attic. For these reasons,
a calibration of the height of the building based on the number of heated floors,
found in the EPCs, was done.

I'The shape factor of a building is defined as the ratio between the envelope area, where the heat
losses occur, and the heated volume of the building.
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The estimation of the heated area of the building introduces more uncer-
tainty to the model. According to Boverket [29], the heated area of a build-
ing is the sum of the internal area for each floor, attic and basement that is
heated to more than 10°C. The area occupied by internal walls, openings for
stairs, shafts and similar are included in the heated area. However, the area for
garages, within the building, or an unheated basement, attic, or staircase, is not
included. The GIS data mainly includes the footprints of buildings, including
all the heated and not heated premises. Therefore, a calibration of the building
area to match the heated area of the building was conducted based on EPCs.

Calibration of thermal parameters of archetypes

Although the archetype approach addresses part of the problems associated
with UBEM of large sets of buildings [48], it also adds to the uncertainty of
the model [57]. Using the archetype approach, the heterogeneity of build-
ings cannot be completely captured, in particular when the characterization of
buildings is done based on conventional construction trends. Therefore, cali-
bration of thermal properties, i.e., construction and material, of the archetypes
was a necessary step in the enhancement of the model. The objective for the
calibration of the thermal properties of the archetypes was to reduce the mean
error within each archetype class. More information on the method for cali-
bration of the thermal properties of building is found in Paper I'V.

3.6.2 Validation

Validation of a model is an essential step towards accuracy and approval of the
model. In data-driven models, the availability of data makes the model valida-
tion straightforward. In engineering models, however, a lack of measurement
data makes validation more complicated, in particular, if the model belongs to
more than one or a few buildings.

In Papers IV and V, the UBEM was validated mainly based on available
measurement data on different spatial and temporal resolutions. The valida-
tion of the model was also determined by common validation metrics such
as mean absolute percentage error (MAPE), and Pearson’s linear correlation
coefficient.

The validation of the aggregated annual simulation results was done against
the delivered energy to the buildings as reported in the EPCs. Therefore, the
spatial extent of the annual validation is limited to the buildings that are found
in the EPC dataset. Furthermore, the validation targeted the simulation results
for a normal year and with an average TMY weather data. This is in line with
the regulations from Boverket regarding the normalization of the delivered
energy data.

Due to the availability of data for monthly district heating use over 12 sub-
stations, the second level of validation was conducted on the monthly level.
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These 12 substations supplied 40 multi-family buildings with district heating
throughout the year. These buildings were located in 12 properties spread
around the case study city of Borlidnge.

The last step to validation of the model was completed on the hourly level,
for more than 3000 buildings located in the case study city of Varberg. The
availability of hourly electricity use data made it possible to check the validity
of the model for higher temporal resolutions than are usually readily available.

3.7 Energy retrofit scenarios

The accuracy and reliability of the developed UBEM were proven through the
calibration and validation procedures, presented in Papers IV and V, and the
previous section. This UBEM was then ready to be used for different appli-
cations. One of the most interesting uses of an UBEM is to apply different
energy retrofit scenarios and study their effects on reducing energy demand of
buildings, districts and cities. This type of analysis was done in Paper V in
which the large-scale energy retrofit of buildings was carried out for three sce-
narios based on the Swedish building codes (BBR), Passive House standards
and net zero energy buildings/districts.

3.7.1 BBR Codes

Paper V adopted the BBR to establish the first renovation strategy of buildings
on the city level. Therefore, the main renovation goal was to minimize the
primary energy use of buildings by improving the U-value of windows, walls,
roofs and floors. The rule-based decision-making algorithms evaluated the
primary energy use of the buildings and compared it to the suggested baseline
in BBR. In this study, the BBR29 method for the calculation of the primary
energy use was followed. Accordingly, the primary energy use was calculated
as,
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where Egy is the energy used for space heating, Esc is the energy for comfort
cooling, Eppw is the energy for domestic hot water, and finally Epg is the
operational electricity used for running pumps, fans, etc. In this equation, the
geographical adjustment factor Fg,, and the conversion factors for the energy
carriers F¢ are also proposed for the proper transformation of the energy use
to the primary energy for six energy carriers, such as electricity and district
heating. The exact values for each of these parameters are found in [138]. In
order to present the primary energy in kWh/m?y, the heated floor area Atemp 18
also included in the equation for the calculation of the primary energy.
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In Paper V, if the calculated primary energy use exceeded the baseline, the
building underwent renovations that involved adding a layer of insulation to
the walls, roof and floor, and replacing the windows. The estimation of the
thickness of the insulation was determined by the U-value of the building en-
velope. According to the BBR29, the U-value of the wall, roof and floor after
renovation should be lower than 0.18 W/m2K, 0.13 W/m2K, and 0.15 W/m2K,
respectively. The U-value of the new windows should be also 1.2 W/m?K and
lower.

3.7.2 Passive House standard

In paper V, in the second energy retrofit scenario, the Passive House standard,
established by FEBY, was taken into account. By adding an extra layer of
insulation to the building envelope, i.e., walls, roof and floor, the U-value of
the enveloped was reduced to 0.1 W/m?K. The windows were also changed to
energy-efficient windows with a U-values of 0.8 W/m?K. Finally, the ventila-
tion system of the building was replaced with a mechanical ventilation system
with heat recovery of minimum 75% efficiency. The intention with all these
changes was to reduce the heat losses from the buildings to a large extent.
However, similar to the BBR scenario, the Passive House renovation scenario
was applied only to the buildings that do not already satisfy the minimum
requirements for heat losses or primary energy use.

3.7.3 Net zero energy buildings and districts

In paper V, both NZEB and NZED were investigated for the case study city
of Varberg. In this paper, the third scenario includes increasing the share of
renewable PV generation in low-energy buildings to its maximum capacity.
The choice of the low-energy building was limited to the already discussed
scenarios based on BBR and Passive House standards. The available PV area
on the rooftop was obtained from [139], where the solar potential and the
available PV area on the buildings were estimated. This study also provided
methods for estimating the tilt and orientation of the roofs of the buildings.

Together with the rest of the building-level input data, the information on
available PV area, tilt and orientation of the roofs was imported to the devel-
oped UBEM where the generation of the energy was computed for the given
simulation period. In the PV model, the power output from each module, with
approximately 2 m? surface area, was assumed to be 400 W.

A building was labeled as a NZEB (or a district as NZED) if

8760 8760
Y Eg+Epy+Epr+E =Y Ep, (3.10)
i=1

i=1
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meaning that, over a year (8760 hours), the sum of PV generation equals the
sum of energy use. In this equation, Ey, and Ej,, are the space heating and
hot water energy use which are covered by electricity or district heating (and
for some buildings by boilers). Ej.;, and E; represent the electricity use for
household appliances and lighting, respectively.

The share of operational electricity use in the energy balance of a building
was neglected. The main reason for excluding operational electricity use was
its inconsiderable share in the total energy demand of buildings. Using the
latest EPC data, it was calculated that the share of operational electricity does
not go higher than 2% for single-family buildings and 7% for multi-family
buildings. The energy for air conditioning, i.e., cooling demand, of the build-
ing was also neglected due to the fact that normally buildings are not equipped
with cooling systems in Sweden, and even if not, the cooling demand over the
year is still negligible compared to the heating demand.

3.8 Performance metrics

Performance metrics are quantitative measures used for evaluating the per-
formance of the model. In this thesis and the appended papers, to assess the
performance and accuracy of the model, some of the known error metrics were
used.

The mean absolute percentage error (MAPE) [140] is a performance metric
that shows the average deviation between the simulated data from the actual
measurements and is presented as

1 N
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where J; and y; are the simulated and measured data points, respectively. N is
the number of data points.

Furthermore, the root mean squared error (RMSE) [140] is another com-
monly used metric that is defined as
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In case the RMSE is represented in percentage, i.e., root mean squared
percentage error (RMSPE), the equation is re-written as

1Yy — 9 2
RMSE(RMSPE) = NZ(y) (3.13)
i=1 i

The mean absolute error (MAE) [140] is another metric for presenting the
absolute deviation of the simulation results from the measurements. The MAE
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Finally, the determination or goodness of fit of the model was evaluated
using R-squared which is given as

Y (i —)%)2'
Y (i—9)?

In this equation, y is the mean value of the actual data points.

RZP=1-— (3.15)
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4. Results

In this chapter, results from Papers II-V are presented in brief. The BEM-
based method for UBEM required a proper choice of BEM tool. Section 4.1
summarizes the results from the comparison and validation of the most com-
mon BEM simulation software to be potentially used as the main simulation
core of the intended UBEM. The level of complexity of the model was also
another unknown parameter. Section 4.2 provides a summary of the investiga-
tion of zoning configurations and level of detail in thermal models of buildings
and their impact on simulated energy demand. The results from the previous
sections made the development of a simplified and yet accurate UBEM pos-
sible. Section 4.3 is an overview of the simulation results of the developed
UBEM and the procedure for its calibration and validation. After calibrating
the model to increase its accuracy and validating it to prove its reliability, was
applied in scenario planning and reducing the energy demand of a Swedish
city. Section 4.4 presents the analysis of different large-scale energy retrofit
scenarios.

4.1 Comparison of simulation tools

This section summarizes the most important results from modeling and sim-
ulation of a case study area, in the BEM simulation tools IDA ICE, TRN-
SYS, and EnergyPlus and reflects on their validity and reliability in large-scale
UBEM studies. The full results are presented in Paper II. Furthermore, the re-
sults on the performance of the BEM software VIP-Energy are excluded here.
As stated in Paper II, the functionality of this tool for large-scale studies is
limited and, thus, despite its strong correlation with the measurement data, it
is excluded from this summary and from subsequent analyses.

Following the methodology in Section 3.3.4, the energy model of a district
with 32 district-heated multifamily buildings was implemented in IDA ICE
4.8, TRNSYS 17, and EnergyPlus 8-7-0. IDA ICE is capable of handling
more than one building model at once and gives the user the opportunity to
easily move from individual-level to district-level studies. This is in contrast
with TRNSYS and EnergyPlus, in which every building model is treated in-
dividually. This means that, for the latter simulation tools, in order to reach
the district-level energy performance of buildings, the obtained results from
individual buildings need to be aggregated externally.
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Table 4.1. Correlation of the simulation results with measurement data for the hourly
time step.

Tool MAE RMSE R?
(kWh)  (kWh)

IDA ICE 72 203 0.80

TRNSYS 61 130 0.83

EnergyPlus 52 117 0.83

The final results from modeling and simulation of the buildings with two
heated thermal zones and an ideal heating system' maintaining the room tem-
perature constantly at 22°C are presented in the following.

Figure 4.1(a) shows the annual heat use calculated in the three tools, IDA
ICE, TRNSYS and EnergyPlus, as compared to the measured data for the
year 2015. Overall, the simulation results from all three tools seem to be a
reasonable approximation to the measurements. It is observed that IDA ICE
and TRNSYS tend to overestimate the demand by 18% and 15% respectively,
whereas EnergyPlus results in 13% lower energy use. To be more precise,
while the actual heat use over the whole neighborhood is 3.48 GWh/y (115
kWh/m?y), it is calculated to be 4.1 GWh/y (136 kWh/m?y) for IDA ICE,
4.03 GWh/y (133 kWh/m?y) for TRNSYS, and 3.03 GWh/y (100 kWh/m?y)
for EnergyPlus.

The same conclusion is drawn from the analysis of the correlations of the
hourly simulated results from TRNSYS and EnergyPlus versus measured data,
as seen in Figure 4.1(b) and presented in Table 4.1. Yet, IDA ICE shows
a weaker correlation with measurements, in particular when the hourly heat
demand is higher than 600 kWh/h. Clearly, during heating hours, IDA ICE
highly overestimates the demand, while at low heating hours, it gives a scat-
tered profile with an overall tendency of underestimating the demand. Al-
though on an annual basis, IDA ICE and TRNSYS result in very similar num-
bers, on an hourly basis it can be seen that TRNSYS has a more consistent
profile with lower variability as compared to IDA ICE. However, it has a pos-
itive bias in estimating heat use.

Figure 4.2 demonstrates the heat use profile that is simulated in the three
tools compared to the measurements over the course of a year. Figure 4.2(a)
demonstrates the deviation of the simulation results from the measurements
(€), at the district heating substation level.

Following the results presented in Figure 4.1(b), here, the high diurnal and
seasonal variability of the simulated results in IDA ICE is also evident. On
the other hand, in TRNSYS and EnergyPlus the variability is less extreme and
more consistent throughout the whole year. While the deviation of the results

! An ideal heating system provides sufficient energy to the building to maintain the room tem-
perature at the set temperature. With the use of the ideal heating system, no system sizing and
design is needed for the model.
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Figure 4.1. Validation of the simulation results from IDA ICE, TRNSYS and Energy-
Plus against measured heat use data: (a) is the total heat used in the year 2015, and (b)
shows the scatter plot that indicates the correlations between simulated and measured
values for all 8760 hours of the year.
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from measurement data (€) can go beyond +0.5 MWh/h (£0.016 kWh/m?h)
in IDA ICE, it mainly fluctuates between £0.3 MWh/h (£0.009 kWh/m?h)
for TRNSYS and EnergyPlus. In Figure 4.2(b), a comparison of the daily heat
demand profiles from the tools with respect to actual use per day is presented.
Clearly, all three tools follow the same trend as the measurements, with En-
ergyPlus being closest to the actual data. Despite differences in magnitude,
EnergyPlus and TRNSYS behave very similarly.

Considering the similarity between simulation tools in calculating the heat
balance in the building (Section 3.3), the main reasons for the observed dis-
crepancies between the results lie in the contribution of solar energy heat gain
and thermal losses through the building envelope. As compared to TRNSYS
and EnergyPlus, in IDA ICE, simplified thermal zone models result in higher
sensitivity of the values to the ambient condition, particularly when there is
solar radiation. The same observation is reported by Nageler et al. [141]. The
second reason is related to the influence of the thermal mass of the building
envelope and thermal responses to short-term variations in the ambient con-
dition. As can be seen in the results from Paper III, reduced thermal mass of
the building in IDA ICE increases the total heat use in the building and at the
same time increases the variability of the hourly heat use profile in response
to diurnal and hourly changes in the ambient conditions. Finally, ground cou-
pling and limitations in the proper calculation of the heat exchange with the
ground lead to higher energy use in TRNSYS and IDA ICE as compared to
EnergyPlus in which the use of an auxiliary slab model improves the results.

Overall, the review of the field of UBEM includes examples of the use of
all three tools in large-scale energy analysis. However, the results of this study
prove that EnergyPlus is the most suitable BEM tool to be used in the UBEM
that was developed and will be discussed further in the following sections.

4.2 Model complexity and zoning configuration

The second step after choosing the BEM tool was to decide on the complexity
of the model. In Paper III, analysis of the different zoning configurations
and model complexity was conducted using the same three BEM simulation
tools IDA ICE 4.8, TRNSYS 18 and EnergyPlus 9.1. The simulations were
conducted for a normal year > and with hourly time steps.

4.2.1 Zoning configuration

Figure 4.3 illustrates the results from the energy modeling of building type A,
a multifamily building with two floors, with different zoning configurations in
IDA ICE, TRNSYS and EnergyPlus.

2 A normal year describes the average climate for a given place and time period, i.e., one year.
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Figure 4.3. Comparison of zoning configuration of the case study building type A in
different tools: subplots (a), (b), and (c) represent the results for daily average heat
use over the coarse of a year with a zoom-in on hourly heat use for an example day in
winter. Subplot (d) compares the results of annual heat use.
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Considering Figure 4.3(a)-(c), it can be concluded that EnergyPlus gives no
major changes in the hourly results when the zoning configuration is changed.
On the contrary, IDA ICE is more influenced by the total number of thermal
zones in the building. Almost the same trend can be seen in the case of TRN-
SYS. This means that in comparison to EnergyPlus, in IDA ICE and TRNSY'S,
there is a systematic tendency to overestimate the heat use when the simplest
zoning configuration is applied. As seen in Figure 4.3(d), on an annual basis
and with more complex zoning configuration, i.e., 5 zones per floor, all three
tools tend to produce very similar results, where the deviation between the
annual values from each tool is less than 1%. When reducing the number of
thermal zones to 1 zone per floor and 1 zone per building, the heat use profiles
start diverging from each other to the extent that in the simplest model, i.e., 1
zone per floor, IDA ICE gives 9% and 5% higher annual values as compared
to EnergyPlys and TRNSYS, respectively.

For building type B, a multifamily building with three floors, the results are
very similar to the ones for building type A and hence are not shown here, and
the same conclusions can be drawn. EnergyPlus gives the most robust results
with respect to changed zoning configuration.

Figure 4.4 shows a comparison of the simulation results for the energy
model of building type C, multifamily house with 8 floors, with different zon-
ing configurations in the three simulation tools IDA ICE, TRNSYS and Ener-
gyPlus. Here, it can also be noticed that while thermal zoning plays a insignif-
icant role in EnergyPlus and TRNSYS, in IDA ICE it still has a considerable
impact on the results, as seen in Figures 4.4(a) and 4.4(d).

As mentioned, in high-rise buildings, zoning configuration can be different
from low-rise buildings. As regards the complexity of the model and the com-
putation time associated with a large number of thermal zones, in addition to
the previous configurations, the 3 zones per building model is also evaluated
for this case, which is visualized in Figure 4.4(a)-(d). It can be seen that the
performance of a 3-zone per building model is quite similar to a 1 zone per
building model, which suggests that even a single-zone building model could
be used. A major advantage of having 3 zones per building instead of 1 zone
per building is its applicability in mixed-use buildings where lower floors have
a different user profile from the upper floors.

4.2.2 Level of detail

Figure 4.5 shows simulation results for a building model with three different
levels of detail, i.e., LoD3, LoD2*, and LoD1, in IDA ICE, TRNSYS and
EnergyPlus. The illustration of the annual heat use, Figure 4.5(d), proves that
over the year, the mean absolute percentage error (MAPE) of LoD2* and LoD 1
from LoD3 is 25% and 21% for IDA ICE and 25% and 20% for EnergyPlus,
while for TRNSYS it is only 8% and 3% respectively.
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Figure 4.4. Comparison of zoning configuration of the case study building type C in
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Figure 4.5(a)-(c) suggests that these slight deviations between the LoD2*
and LoD1 with LoD3 mainly occur during the warmer periods of the year
when the solar altitude is higher and the incident solar radiation through win-
dows is considerably reduced by the shading objects. However, in the case of
TRNSYS, as already mentioned in Section 3.3, the software does not consider
the impact of the shading obstacles on the heat performance of the building
effectively and as a result, no clear differences are seen in the result from sim-
ulation of the building with three LoDs.

Overall, based on the definition of the level of detail given in Paper III,
LoDl1, i.e., the shoe-box model of a building, can deviate by 25% from the
detailed building models annually. However, this deviation between the results
is basically seen when the heating demand is lower.

4.2.3 District level analysis

To evaluate the effect of model complexity, in particular, zoning configura-
tion, on the performance of UBEMs, the study in Paper III was extended from
the building level to the district level. With automated urban building energy
modeling of the district using EnergyPlus, it was noticed that the MAPE of
the simulation results from the measurement data, i.e., energy performance of
buildings, was not largely affected by the choice of zoning configuration. As
illustrated in Figure 4.6(a), the MAPE moves from 15.2% to 14.1% and 13.1%
for 5 zones per floor, 1 zone per floor, and 1 zone per building, respectively.
An evaluation of the variability of the error distribution proved a negligible
difference in the standard deviation (STD) of the three cases.

Figure 4.6(b) is another illustration for the comparison of the simulations
versus measurements, on both building and aggregated district levels. This
figure shows that regardless of the zoning configuration, the accuracy of the
results becomes higher on the aggregated level. Among the three zoning con-
figurations, the performance of the simple single-zone model was more af-
fected by the spatial aggregation of the results. The MAPE for this zoning
method was reduced from 13.1% to 0.1%. A summary of the recorded errors
on the building and district levels is found in Table 4.2

The computation time for modeling and simulation is another important
factor in UBEMs. Referring to Table 4.2, the complexity of the model largely
affects the computation time. While for the 1 zone per building model, it took
approximately 170 s to complete the urban building energy modeling of the
district with 30 buildings, it required 5 times more for the 5 zones per floor
models.

In summary, the results of the district-level analysis of the model complex-
ity specified that the single-zone model performs even better than the complex
models and in a reasonably shorter time.
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Figure 4.6. Analysis of the energy performance of buildings on the district level. In (a)
the distribution of the APE of the simulated energy use vs EPC, in (b) the correlations
between simulated energy use vs EPC values for the buildings as well as the district.

Table 4.2. Performance of the UBEM for various zoning configurations on building

and district levels.

Zoning configuration MAPE (%) Time (s)
Building District Building District
5 zones per floor 15.2 9.1 28.8 866
1 zone per floor 14.1 5.6 10.9 327
1 zone per building 13.1 0.1 5.6 170
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4.2.4 Main findings on model complexity and zoning

The overarching aim of this step of the study was to not only check the level
of complexity of the model but also confirm the choice of the BEM tool. The
results of this study proved that the simplified shoebox single zone model, i.e.,
1 zone per building model and with LoD1, reduces the computation cost of
the model particularly when the number of buildings is larger. On the other
hand, the deviation of this modeling strategy from more complicated models,
e.g., the core/perimeter models, was inconsiderable especially when the results
were analyzed on a higher aggregation level. Therefore, it is suggested to use
a single-zone model if the use of the building is homogeneous. Otherwise, for
mixed-use buildings, the zoning should be set according to the use.

4.3 UBEM development

Based on the method described in Section 3.5, and the findings in the previ-
ous section (Section 4.2), in Paper IV an UBEM was developed which was
applied to the three case study cities of Borldnge, Uppsala and Varberg (in Pa-
per V), Sweden. The following sections discuss the performance of the model
according to Paper IV and Paper V. In Paper IV, the model was first calibrated
based on EPC data and then validated for a number of buildings with avail-
able monthly measurements for district heating use on the substation level.
These were done for the case study city of Borldnge. In addition, to ensure the
general reliability of the model, and to check potential overfitting problems
resulting from the calibration to Borlidnge, it was validated for the city of Up-
psala. This validation was done on the building level and based on the EPC
data, i.e., annual energy delivered to the building.

In Paper V, the developed UBEM was further extended and used for the
analysis of the large-scale energy retrofit of buildings. In this paper, the model
was calibrated for the case study city of Varberg and validated based on build-
ing level hourly electricity use data for a large set of buildings in the city. The
following sections discuss the results of the model in detail.

4.3.1 Model calibration

The calibration of the developed UBEM based on the simplification of the
building polygons, modification of the building height, considering the heated
area versus floor area of the buildings and finally changing the thermal prop-
erties as well as infiltration rate of the building archetypes, considerably af-
fected the results and accuracy of the model. A comparison of the results of
the UBEM before and after the calibration is presented in Table 4.3. The re-
sults present the deviation of the simulated space heating and hot water use
of buildings from the EPCs in a normal year. Considering the temporal res-
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olution of the EPCs, the hourly simulation results were aggregated to yearly
values.

The MAPE and RMSE of the uncalibrated model were calculated to be 78%
and 144% whereas for the calibrated model, they decreased to 26% and 30%
respectively. A closer look at the results on the archetype level highlights the
importance of the suggested calibration techniques for some of the archetypes
in particular. For archetype 9, the most significant improvement was noticed
where the error metrics dropped from 600% to only 10%. An analysis of the
model before and after calibration proved that the preliminary estimations of
the height of the buildings of this archetype class were almost fivefold com-
pared to what is estimated from EPCs. The calibration of the model on the
archetype level using EPC data and more certain numbers for the heated floors
and the height of buildings solved the major issue with the performance of the
model for the buildings of this archetype class. Likewise, for the rest of the
archetypes and buildings, the calibration of the height as well as the heated
area had the highest effect on the results.

The illustration of the distribution of the PE of the calibrated model for each
archetype class is presented in Figure 4.7. The results are presented for the an-
nual energy demand for space heating and hot water in the buildings. In gen-
eral, except for a few buildings, the results for most buildings fell in an accept-
able range. As seen in the figure, more than 80% of the buildings had an error
of less than +40% and only 18% recorded higher (£50% < PE < +100%).
The error for approximately 2% of the results exceeded £100%. Due to the
smaller number of these buildings and their spread over 15 archetypes, they
could be hardly noticed in the figure and therefore excluded from the illustra-
tions, but not from the calculations of the error.

The other observation from Figure 4.7 was that the distribution of the per-
centage error of the simulation results from EPCs was more skewed for the
single-family buildings (archetypes 2 to 8). On the contrary, for multi-family
buildings, except for the older ones (archetype 15), the variability became
lower. The calculated STD of the distribution of the single-family buildings
was 36%, while for the multi-family buildings it was estimated to be 21%.
Considering the share of single-family buildings in the Swedish building stock
and the wide variations in their construction and design, the later results were
expected.

To assess the performance of the calibrated model on different spatial ag-
gregation scales, similar to what has been already indicated in Paper III, a
comparative analysis of the MAPE of the model for four levels of aggregation
on properties, districts, zipcodes and city was conducted. Table 4.4 summa-
rizes the results of this analysis.

The model exhibits the same trend as in Paper III when increasing the spa-
tial aggregation of the analysis. While on the building level, it was already
realized that the MAPE is 26%, on the zipcode and city levels, it was calcu-
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Figure 4.7. Calculated percentage error (PE) of the simulated annual energy demand
for space heating and hot water of each building from the values in EPCs, presented
for each archetype class. To make the distribution of the PE more visible for all the
archetypes, the y-axis limits are set to the range of frequency in each archetype. The
x-axis limits are also set to £100 % although the PE for approximately 40 buildings
falls beyond this limit.
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Table 4.3. Accuracy of the simulated annual energy demand for space heating and
domestic hot water compared to EPCs before and after calibration for each archetype
class for Borldinge.

Uncalibrated Calibrated
Archetypes Population MAPE RMSE MAPE RMSE
(%) (%) (%) (%)

1 22 141 168 26 29
2 70 54 68 32 43
3 74 76 89 29 34
4 141 89 114 29 37
5 459 36 57 24 29
6 260 71 149 32 38
7 229 72 135 25 29
8 434 69 100 27 34
9 38 609 712 10 36
10 7 80 85 30 47
11 25 139 171 29 42
12 39 71 91 37 36
13 119 55 68 27 36
14 90 136 147 12 21
15 37 67 83 26 30
Overall 2044 78 144 26 30

lated to be 12% and 10%, respectively. This means that the developed model
consistently performed better on the larger aggregations.

Despite reaching an accurate UBEM in Paper IV, as justified in the paper,
the calibration of the thermal properties of the building archetypes is valid for
the building stock in the middle part of Sweden. Therefore, in Paper V, in
which the case study city was located in the southwestern part of the coun-
try, the model was re-calibrated to the case study. Similarly, the calibrated
UBEM for Varberg resulted in more accurate outcomes. The MAPE for the
calibrated more was calculated to be 26%. Further results from customizing
and calibrating the model to the case study city of Varberg are found in Paper
V.

4.3.2 Model validation

In Paper IV, the first step in the validation of the model was taken. The an-
nual results from the model were compared to the EPC data and the reported
delivered energy for a normal year. Figure 4.8 presents the building-level val-
idation results for the case study city of Uppsala. Figure 4.8(a) illustrates the
correlations between the measurements and simulations. The data points are
clearly aligned in the straight ideal line and the correlation is very high. Figure
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Table 4.4. Calculated mean absolute percentage error (MAPE) of the simulation
results of the calibrated model compared to EPC values for different spatial aggrega-
tions in Borldnge.

Aggregation level Counts MAPE (%)

Property 1710 27
District 681 21
Zipcode 49 12
City 1 10
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Figure 4.8. Validation of the simulated energy use for space heating and hot water
with the corresponding values in the EPCs for more than 3000 buildings in Uppsala.
Subfigure (a) shows the correlation between the simulation results and EPCs while
subfigure (b) presents the deviation of the two using the error metric PE.

4.8(b) representing the PE of the result confirms this observation. More than
90% of the data points have a PE of less than 30% and only 10% go beyond
50%.

The validity of the UBEM for the monthly heat demand was evaluated in
Paper 1V. Figure 4.9 (a) shows the correlation of the monthly simulation re-
sults for space heating and hot water demand versus the monthly district heat-
ing measurements for 12 properties consisting of 40 multi-family buildings
in the case study city of Borlinge. The MAPE of the property-level monthly
results was calculated to be 38%. The error ranges from 0% to a maximum of
90%. Despite the tendency for slightly underestimating the monthly demand,
on the aggregated annual level, the model reached lower errors and therefore,
higher accuracy. The MAPE of the aggregated annual demand for the 12 prop-
erties was 17%.

In Paper V, the validation of the developed UBEM on the hourly resolution
was conducted using hourly electricity use data in the city of Varberg. In Table
4.5, a summary of the validation results is presented based on the calculated
MAPE of the simulated versus measured electricity use in the year 2021. The
deviation of the model from measurements was 150% on the building level
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Figure 4.9. Validation of the simulated energy demand for space heating and hot
water use versus measured data for 12 properties in Borldnge. Subfigure (a) presents
the correlation of the monthly measured data versus the monthly simulated demand
for 12 properties, and subfigure (b) presents the correlation of the annual measured
versus the simulation energy demand for 12 properties.

and at the hourly time step. The highest discrepancy between the results was
noticed for the buildings without an EPC. These buildings lacked enough in-
formation on the building and system properties and therefore brought more
uncertainties to the model. On the other hand, for buildings with a reported
EPC, the MAPE was 89%. With increasing the spatial aggregation of the re-
sults from buildings to zipcode, area and city levels, the MAPE for the hourly
results was reduced to 52%, 48% and 26%, respectively. This descending
trend in the MAPE with spatial aggregation agrees with what was observed in
Section 4.3.1 but shows the combined impact of spatial aggregation and time
averaging.

The temporal aggregation of the results to the yearly resolution introduced a
similar decreasing trend for the buildings with an EPC. However, for buildings
without EPC data, the error hit its maximum when aggregating the building
electricity to the monthly values. Probably this is because the main deviation
between the models and the real buildings is an incorrect assignment of HVAC
systems. This mainly impacts the seasonal variations, due to an incorrectly
modeled heating demand, which should be most visible on the monthly time
scale. The main reason for this behavior can probably be explained by the
incorrect assignment of heating systems. This mainly impacts the seasonal
variations, due to an incorrectly modeled heating demand, which should be
most visible on the monthly time scale.

The MAPE of the model on a spatio-temporal aggregated level, i.e., annual
electricity for the city, was as low as 12%. This also matched findings in
Paper IV, and Section 4.2.3. More observations on the validity of the UBEM
on different resolutions are found in Table 4.5 and in Paper V.
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Table 4.5. MAPE in percentage for different spatial and temporal aggregation levels.

(a) All buildings.
Buildings Zip-code Area City
Hourly 150 52 48 26
Daily 170 39 36 17
Monthly 279 38 34 16
Yearly 106 35 35 12

(b) Buildings with EPC data.
Buildings Zip-code Area City

Hourly &9 30 32 20
Daily 76 26 24 18
Monthly 67 26 22 18
Yearly 57 22 11 16

(c) Buildings without EPC data.
Buildings Zip-code Area City

Hourly 166 72 52 36
Daily 195 55 39 26
Monthly 336 54 37 26
Yearly 119 56 40 28

4.4 Large-scale energy retrofit of buildings

In Paper V, after calibrating and validating the UBEM (described in Sections
4.3.2 and 4.3.1), it was applied in scenarios of large-scale energy retrofit of
buildings. Figure 3.2 illustrates the effect of these renovation scenarios on the
energy performance of the city of Varberg over a year. The model estimates
that the energy demand for a share of the residential building stock that was
modeled and simulated for a normal year was 193 GWh/y in total out of which
94 GWh/y was covered by the district heating system and 90 GWh/y was
supplied by the electricity grid. There is also a low demand for wood/pellets
in some of the buildings (approximately 9 GW/y), which was not illustrated in
the figure. The reason for excluding this parameter from the further analysis
was that the use of wood/pellet is not supplied by energy systems, e.g., the
district heating and electricity grid.

When renovating the buildings with a primary energy use of more than
the minimum threshold recommended in BBR29, the total energy use of the
building stock is reduced to 182 GWh/y. This was roughly 6% lower than what
the buildings were estimated to demand at their existing conditions. Despite
the fact that more than 30% of the buildings underwent energy refurbishments,
the expected outcome was not satisfactory enough.
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Figure 4.10. Annual energy demand, district heating and electricity, in the buildings
of the case study city of Varberg at their existing condition and after renovation based
on BBR and Passive House standards. Moreover, the total annual PV electricity gen-
eration is illustrated by the dashed line.

Nonetheless, renovation of the buildings according to the Passive House
standard, can considerably improve the energy efficiency of the city. In this
case, the overall energy demand of the city decreased to 110 GWh/y which
was 43% lower than the base case. This reduction in demand was observed
both for district-heated and electrically heated buildings equally. However,
even after deep renovation of the buildings, not all of them could meet the
requirements for receiving a Passive House certificate.

The last renovation scenario in Paper V included increasing the share of
on-site renewable energy which was achieved by installing PV systems on the
rooftops. In this respect, the annual generation of renewable electricity was
equal to 91 GWh/y. This was approximately balanced out by the electricity use
of the buildings over a year in the base case and the BBR scenario. However, a
combination of the PV and Passive House scenarios could considerably reduce
the energy demand of the building stock.

Figure 4.11 is a better representation of the influence of each energy retrofit
scenario on the city-scale energy status of the buildings. This figure illustrates
both district heating and electricity demand of the buildings with an hourly
time resolution, sorted in descending order. At peak hours, when the energy
demand for space heating is at its maximum, the BBR renovation scenario
did not have a substantial effect on reducing the demand. On the contrary, the
Passive House scenario had the highest contribution to the shaving of the peaks
to one-third. However, during hours of low demand, specifically when space
heating is not required, the performance of a refurbished building is roughly
comparable.

Due to the low or no PV generation during the cold hours of the year, the en-
ergy status of the buildings remained unchanged when the share of renewable
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Figure 4.11. Hourly electricity (subfigure (a)) and district heating (subfigure (b)) de-
mand, in descending order, for the city of Varberg before and after large-scale energy
retrofit, based on BBR standards and based on Passive House standards, and with and
without PV systems. In this figure, the negative values represent the excess PV power
generation.

energy increased in the buildings. As expected the contribution of renewable
electricity generation was maximal in low energy hours to the extent that in
more than 2900 hours (30% of the year), the city achieved electricity auton-
omy. However, the demand for district heating is independent of renewable
electricity generation. Therefore, as seen in the figure, the heat demand stayed
the same.

In Figure 4.11, the excess PV generation leads to negative energy hours
where the energy is not bought from the grid and rather sold back to the grid.
At peak sun hours, the excess PV electricity could reach 60 MWh/h which
is almost two times higher than the peak electricity demand. This assumption
has further consequences for the electricity grid which were discussed in Paper
V.

Figure 4.12 is another illustration of the energy demand of the city before
and after implementing the renovation scenarios. The heat maps for electric-
ity and district heating demand highlighted the hotspots of energy use over
the city which were more accumulated in the city center where the population
density is high. In certain areas of the city, i.e., suburbs, the district heat-
ing system is less likely to be present. Therefore, the electricity demand in
such areas is dominant. After implementing and testing the energy renova-
tion scenarios using the UBEM, it is noticed that the energy intensity, for both
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Figure 4.12. Spatial distribution of the hourly aggregated annual energy demand over
the residential buildings in the city of Varberg, before and after energy retrofitting
scenarios. The illustrations belong to electricity demand with and without the contri-
bution of PV, as well as district heating for the year 2021. The x and y axes represent
the coordinates of the map.

electricity and district heating use, in the city center is considerably lower for
the Passive House scenarios, with or without PV systems.

Based on Section 3.7.3, if the sum of annual energy use, i.e., electricity and
district heating use, in the building/district, equals the annual PV generation,
the building or district is called net zero. Figure 4.13 depicts the spatial dis-
tribution of NZEDs in the city of Varberg based on this definition. As already
seen in Figure 4.10, the annual energy demand over the city, i.e., the residen-
tial building sector, was reduced to a minimum of 19 GWh/y when the Passive
House renovated buildings were equipped with PV systems. The heat map of
the city, given in Figure 4.13, shows that the annual energy demand over some
areas of the city was calculated to be very low. This figure also shows that it
is possible to reach not only net zero but also positive energy in some districts
of the city (highlighted in green shades). As seen in Figure 4.12, these areas
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Figure 4.13. Reaching NZED in the city of Varberg with large-scale energy retrofit
of buildings and increased share of PV electricity for (a) buildings at their existing
condition, (b) after renovation based on BBR, and (c) after renovation based on Passive
House standards. The x and y axes represent the coordinates of the map.

are still dependent on the energy grids, i.e., electricity and district heating, but
the excess power from PV generation, over a course of a year, results in the

positive energy.
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5. Discussion and future work

This chapter further discusses some of the important findings of this thesis
and appended Papers I-V. It also provides suggestions for future work and
improvement in the field of UBEM.

5.1 Discussion

In this chapter, further reflection and discussion about the use of BEM tools for
UBEMs, model and computational complexity, the availability and quality of
data, definition and calibration of archetypes, and the accuracy of the UBEM
at different levels of aggregation. Below, each of these points is discussed in
turn, and a summary of best practices for UBEM is given, based on the insights
from this work.

5.1.1 UBEM using BEM tools

Based on the findings from Papers II, and II1, it is evident that not every BEM
tool handles the complexities involved in urban building energy modeling.
While most validated and commercialized BEM tools can generate accurate
energy models of individual buildings, when it comes to urban building energy
modeling, their capabilities become limited.

The results from Papers II and III indicated that in terms of large-scale
simulations, IDA ICE offers interesting features not found in the other soft-
ware. It can accept more than one building model in each simulation project,
and automatically calculate the influences of surrounding buildings and shad-
ing obstacles. This means that IDA ICE captures the heat performance of a
building with respect to the urban context. However, it has a limited capacity
to incorporate high-resolution occupancy profiles and occupants’ related use
patterns, which makes it biased toward calculating one of the highly influen-
tial parameters of an UBEM. On the other hand, TRNSYS provides various
opportunities in modeling district energy systems, which can be used through
co-simulation with the other tools, as it has been demonstrated in Ref [47], yet,
the building model type 56 and the building energy modeling tool, TRNBuilt
[123], is not suggested to be used for UBEM.

Considering all the features that have been discussed in Paper II and Pa-
per III, including the modeling approach, and calculations related to the heat

77



balance of a building, EnergyPlus seems the most suitable tool to be used in
simplified, but rather accurate UBEMs. The short computation time in Ener-
gyPlus is also another merit. While it only takes a few seconds to conduct a
simple single-zone model simulation in EnergyPlus, it takes some minutes for
IDA ICE and TRNSYS. Thus, the overall computation time for a large number
of buildings increases considerably in the latter tools.

5.1.2 Model complexity vs computation cost

As presented in Paper III the deviation of single-zone building models from
detailed multi-zone models can be negligible in building-level studies. This
means that, on the aggregated level and for city-scale energy modeling, the
simplified zoning configuration does not adversely influence the accuracy of
results. This being said, it is more likely to have even more simplifications
in the models and yet reach results with acceptable accuracy. In this respect,
the LoD of the building model should not be an issue on the aggregated level
although it is still possible to make use of correction factors and calibration
methods to compensate for lower LoDs. Another important factor, here, is
that the study was done for the estimation of the heating demand for a case
study located in a cold climate. However, to generalize the latter conclusions,
a detailed analysis of the effect of zoning and LoD at different climatic condi-
tions and with respect to cooling demand has to be conducted.

5.1.3 Availability and quality of data

In Paper 1, it was discussed that the UBEMs heavily depend on building-level
data. However, in the case of the availability of data, the quality of data is
also another important factor. Low-quality data lead to increased uncertainty
and inaccuracy of the model. Data quality can be discussed from different
perspectives including, completeness, consistency and accuracy.

Regarding the data used in Paper IV and Paper V, the Swedish GIS data
could be considered as good quality data although the datasets are not free
from errors. However, as compared to the extent and coverage of the data the
percentage of defective records is still negligible. Nonetheless, the quality of
EPC data has to be improved. The Swedish EPC data is neither complete nor
consistent. The accuracy of the data is not completely ensured. As stated in
Paper IV, only 30% of single-family buildings are present in the EPC dataset.
Despite the importance given to EPCs, there is no mandate for having one
unless the house is listed on the market. This under-representation of single-
family buildings might possibly bring a bias to the data. Moreover, registered
information about buildings such as heated floors and construction year, en-
ergy use and systems is found to be inconsistent and imprecise in several cases.
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These problems lead to the loss of a share of data after the data pre-processing,
meaning that the dataset became even smaller in size.

Therefore, due to the importance of EPC data, their quality needs to be
improved. The methods of collecting the data should be consistent and precise.
Moreover, a newer generation of the dataset with more parameters such as U-
values and WWR could bring a better understanding of buildings and their
behavior. A geo-spatially informed EPC is also a benefit to the field. In Paper
IV the EPC data were converted from tabular to GIS format before being used
in the model.

Finally, in Papers IV and V, the choice of low-resolution LiDAR data was
made to make the method reproducible for any Swedish city. However, the
accuracy of the model is improved if high-resolution LiDAR data are used
instead.

5.1.4 Definition and calibration of building archetypes

In Paper I, one of the conclusions of the review of the field was to make use
of a non-deterministic approach to the classification of the buildings and iden-
tification of the building archetypes. However, due to the limited coverage
of the EPC data and fewer attributes in the GIS data, In Papers IV and V, it
was decided to use a deterministic building classification method. Although
the deterministic methods do not fully represent the diversity and heterogene-
ity of the building stock, they can still provide insight into the building stock
where detailed data is lacking.

In the deterministic classification of the buildings based on construction
year and type of buildings, a further calibration step could capture part of the
variations in the building attributes and improve the accuracy of the model to
some extent. The calibration of the model based on the EPC data is a necessary
step in improving the reliability and applicability of the model. In Paper IV
and Paper V, in an iterative procedure, the thermal properties and infiltration
rate of the archetypes were adjusted to reach the least deviation between the
simulated and EPC values. However, a more advanced approach to archetype
calibration of the influential attributes of the archetypes would ensure that the
model is better aligned with the unique attributes of the buildings.

5.1.5 Level of aggregation and validity of the results

In Papers III-V, the validation of the model was done for different spatio-
temporal aggregation levels all pointing to higher accuracy of the model on
higher aggregations. This means that the model is most reliable when the
results are aggregated over the city and over a year. Referring to the valida-
tion results, it is still possible to expect an acceptable accuracy at several of
the lower aggregations. When more detailed information about buildings is

79



relatively sufficient, i.e., in the case of the availability of EPCs, a justifiable
accuracy can be achieved already on the zip-code level. However, for analysis
of the whole building stock, the spatial aggregation from buildings to the city
seems necessary.

Paper V also showed that for buildings with EPCs, on the lower spatial
resolutions, e.g., city, the effect of temporal aggregation becomes marginal,
meaning that the UBEM can be used for the analysis of hourly energy use
over the city with no hesitation. This is especially interesting as it proves that
despite calibrating the model on the annual level, not only the annual results
but also the monthly and hourly results are also accurate and reliable.

5.2 Future work

The field of urban building energy modeling is still under development and
this opens up significant opportunities for contributions to the advancement of
UBEMs. Here follow a few possible directions for future work.

* Abstracting the building stock into a few building archetypes seems to be
an optimal solution for reducing the complexity and extent of UBEMs.
Except for a small number of studies, the majority have relied on the
deterministic classification of buildings based on variables such as type
and year of construction, and so did this thesis. However, deterministic
methods cannot capture the diversity of buildings properly and thus the
outlook of this work is to make use of statistical and machine-learning
techniques to classify the building stock and find the most representative
building archetypes. In the case of the use of EPC data, certain consid-
erations regarding the lack of random sampling and uneven distribution
of single-family vs multi-family buildings need to be taken into account.

* The choice of renovation scenarios in Paper V was based on the latest
codes and standards for the design and construction of low-energy build-
ings. These general renovation scenarios are expensive to implement in
the real world. On the other hand, their effectiveness in improving the
energy efficiency of buildings is associated with different factors such
as the existing condition and use of the building. Therefore, to ensure
the effectiveness and to reduce the costs of the renovation projects, it is
recommended to define building-specific renovation scenarios. For this
purpose, in a future study, it is aimed to combine the model with smart
optimization algorithms that can suggest the best energy retrofit pack-
ages for reducing the energy demand of the buildings at minimum cost.

In addition to energy, life cycle carbon emission and life cycle cost of
cities are other important factors towards sustainability which have not
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been considered properly in the field of UBEM. The life cycle analysis
allows for an analysis of the CO, emission and energy use throughout
the lifetime of buildings. Combining the life cycle approach with the de-
veloped UBEM would advance the decision-making process of energy
retrofit of buildings.

UBEMs are powerful tools for studying and improving the energy per-
formance of existing buildings. Nonetheless, they lack components for
planning and analysis of new city districts. Therefore, another outlook
of this thesis is to develop an automated framework for planning and
design of low-energy city districts. This framework makes use of op-
timization modeling combined with the UBEM as a promising method
for minimum energy benchmarking for new city districts.
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6. Conclusion

With a focus on residential buildings, in this thesis and appended papers, the
main goal was to develop an urban building energy model that can accurately
represent the building stock in cities and simulate its energy demand currently
as well as in future scenarios. In Section 1.1, the overarching goals of this
thesis were broken down into five aims. The contribution of this thesis to
the state-of-the-art of field of urban building energy modeling and the most
important findings of the appended papers with respect to the defined aims are
summarized as follows.

6.1 Aimi

The first aim of this thesis was to undertake an extensive survey of the existing
scientific literature on UBEMs in order to identify the state-of-the-art and best
practices in the field. After conducting the review of the field in Paper I, these
conclusions were made:

* To take full advantage of possibilities and to facilitate the shortcomings
of both data-driven and physical models, UBEMs should move towards
hybrid modeling. Hybrid UBEMs include the capabilities of both data-
driven and physical models.

There is a great deal of uncertainty about the building stock, which
makes it hard to accurately identify building archetypes. From the re-
view of the previous works, it is suggested to focus, if possible, on sta-
tistical methods such as machine-learning techniques for classification,
characterization, and calibration of the building archetypes. In the case
of the availability of building-level data, the implementation of the sta-
tistical archetype development methods would reduce the uncertainty of
UBEMs considerably.

* UBEMs are computationally complex and expensive, which emphasizes
the need for parallel computing and cloud computing to accelerate the
energy simulation procedure. Improved computing power offers the
possibility of faster simulation, even for more complex models. Most
UBEM studies do not present an estimation of the required computa-
tional time for their models which makes them hard to compare.
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¢ In addition, most UBEM studies also lack validation of their models
against measured data. As regards the level of uncertainty associated
with modeling and simplification techniques, the reliability of the UBEMs
is strongly connected with the validation of results. Since not all the pre-
vious models were validated, their validity is difficult to judge.

* Asregards the buildings’ interaction with other components of the urban
environment, the possible integration of urban climate models (mesoscale
and microclimate), urban mobility models (urban human mobility and
transport) and urban energy systems with UBEMs is worth pursuing.

6.2 Aimii
The second aim of the thesis for evaluating the applicability and accuracy
of existing BEM software to be potentially used as a simulation core in the

UBEM, leading to the completion of Paper II and Paper III. The following
conclusions were made from this aim.

* On aggregated levels (district- or city-level), the models constructed us-
ing EnergyPlus give the least deviations from measured data. According
to the simulation results of an UBEM for a case study district, the RMSE
from hourly measurements was calculated to be 117 kWh for Energy-
Plus, while it reached 130 kWh and 203 kWh for TRNSYS and IDA
ICE, respectively.

* In terms of applicability, capability and computation time, EnergyPlus
has more advantages over the others when used in UBEMs. It delivered
a better performance in handling the thermal capacity of buildings, shad-
ing obstacles, responses to fluctuations in the weather data, occupancy
and load, computation complexity, and computation time.

6.3 Aim iii
The third aim of this thesis was to determine a suitable level of complexity for

the thermal building models in the UBEM. This aim was achieved in Paper
II1, in which it is concluded that:

 The deviation of single-zone building models, i.e., one thermal zone per
building, from detailed multi-zone models, i.e., one thermal zone per
floor of the building, and core and perimeter zones for each floor (based
on ASHRAE 90.1 Appendix G), is negligible. It is also proven that on
the aggregated level and for UBEM, the simplified single zone models
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do not adversely influence the accuracy of the result but also consid-
erably improve the computation time. With this being said, it is more
likely to have even more simplifications in the models and yet reach the
results with acceptable accuracy. However, in multi-use buildings, it
is still suggested to assign more than one thermal zone to the building
model.

* In colder climates, like Sweden, where the heating demand is predomi-
nant, the shoebox models, equivalent to LoD1, perform as equally well
as models with higher levels of detail, e.g., LoD3. However, in warmer
climates where the abstraction of solar radiation by architectural ele-
ments such as balconies or overhangs, influences the heating and cool-
ing demand of buildings, the effect of LoD is suggested to be carefully
evaluated. Moreover, for scenario planning and use of solar PV systems,
the knowledge of characteristics of the roof and therefore higher LoDs
is necessary.

6.4 Aimiv

Based on the results for the goals i-iii, the fourth aim of this thesis was to pro-
pose a method for the development, calibration, and validation of an UBEM
using available and completely open datasets. A summary of the main con-
clusions from Paper IV and partly Paper Romannum5 where the UBEM was
developed, calibrated and validated is presented as follows.

* The two national datasets for building property maps and energy perfor-
mance certificates facilitate the process of development, calibration and
validation of the UBEM of Swedish cities.

* The calibration of the UBEM based on the EPC data improves the ac-
curacy of the model considerably. Among the chosen parameters, the
difference between the heated and overall floor area of buildings as well
as the estimation of the height of the buildings play the most important
role.

* A comparison of the results of the calibrated model with the energy per-
formance of buildings reported in the EPC dataset of the case study city
of Borlinge shows that the mean absolute percentage error (MAPE) is
26% on the building level. However, with increasing the spatial aggre-
gation of the results from buildings to the city, the MAPE becomes as
low as 10%. This shows that the developed UBEM has a high accuracy
in estimating the urban-scale energy demand.
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The validation of the calibrated model against an independent source of
data consisting of monthly measurements of energy use in a set of multi-
family buildings in Borlinge shows that the MAPE is 29%. However,
depending on the season and type of building, the error varies from 0%
to 90%.

The validation of the calibrated UBEM against independent EPCs for
the second case study city, Uppsala, shows that the model is not over-
fitted to the first case study city and can still perform well for the other
cities in Sweden. The MAPE between the annual simulation results and
the energy performance of buildings in the EPCs is calculated to be 22%.

The validation of the calibrated UBEM for the third case study city of
Varberg proves that the calibrated model based on EPCs and annual en-
ergy measurements can still lead to accurate results on the lower tempo-
ral resolutions, especially when the spatial aggregation is high.

6.5 Aimv

The final aim of this thesis was to present the applicability of UBEMs in sce-
nario planning for large-scale energy efficiency improvements. This was con-
ducted in Paper V where concluded that:
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The large-scale energy retrofit of buildings based on the Passive House
standards considerably improved the energy efficiency of the city. Re-
gardless of the type of heating system and source of energy, i.e., district
heating or electricity, the estimated energy saving could reach 43% an-
nually in the residential building stock of the case study city of Varberg.

Renovating buildings based on the latest building codes in Sweden, known
as BBR, did not affect the energy status of the city substantially (only
6% annually). Analysis of the results proved that the criterion mandat-
ing the use of a heat recovery ventilation system brought a major benefit
to the Passive House renovation scenario. However, no recommendation
on the type of HVAC system is enforced in the BBR.

Increasing the share of renewable energy in buildings using rooftop PV
systems could also improve the energy performance of the city. With
the maximum use of the available area, i.e., the areas of the roof with
reasonably high solar potential, and having the possibility to feed in the
surplus energy to the electricity grid, almost 50% of the total energy de-
mand for electricity and district heating is covered by renewable energy.
Over the course of a year, a combination of the Passive House scenario



with the PV system scenario noticeably reduced the energy status of the
city to the extent that some areas of the city became net zero and positive
energy.
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7. Sammanfattning pa svenska

Stdders vixthusgasutsldapp utgor en av de frimsta orsakerna till klimatforin-
dringar. Over 75 % av virldens utslipp av vixthusgaser hirstammar frin
urbana aktiviteter och deras tillhdrande energianvindning. Inom urbana en-
ergisystem dr byggnadssektorn den storsta killan till energianvdndning och
diarmed utsldpp av véxthusgaser. Uppskattningsvis star byggnader for 40 %
av energianvindningen bade inom EU och i Sverige. Foljaktligen krivs en
overgang till 6kad energieffektivitet och koldioxidneutralitet, sarskilt i stider
och inom byggnadssektorn, for att mildra klimatforandringarnas paverkan.
For att planera denna omstéllning 4r det nddvandigt att forst forsta drivkrafterna
och monstren bakom energianvindningen i byggnader och dérefter foresla op-
timala strategier for okad energieffektivitet.

De senaste forsoken att uppskatta byggnaders energiprestanda har resul-
terat i utvecklingen av en serie analytiska verktyg for energimodellering pa
stadsniva, sa kallade "urban building energy models" (UBEMs). En UBEM ér
en ingenjorsmassig bottom-up-modell som beskriver energianvindningen for
stora bestand av byggnader inom ett specifikt geografiskt omrade, exempelvis
en stadsdel eller en hel stad. I korthet hjidlper UBEMs till vid utformning och
analys av bade nya och befintliga urbana omraden och system. De kan anvin-
das for att identifiera potentialen for energibesparing, integrera storskaliga en-
ergiforbittringar och oka energieffektiviteten i stdder. Dessa modeller spelar
dven en avgorande roll i utvirderingen av energinitens stabilitet och palit-
lighet. Dessa fordelaktiga egenskaper hos UBEMs gor dem till vérdefulla
verktyg for att planera scenarier for minskad energianvdndning och koldiox-
idutslédpp.

Generellt sett dr processen for att utveckla en UBEM uppdelad i fem hu-
vudsakliga steg: datainsamling, modellutveckling, simulering, validering och
tillimpning. For att utveckla en UBEM kravs tillgang till bade geometriska
och icke-geometriska egenskaper hos enskilda byggnader inom det geografiska
omrade man vill studera. En f6érenklad beskrivning av byggnaders geometri,
sasom dess geografiska "fotavtryck" och hojder, kan fas via sa kallade 3D-
stadsmodeller, tredimensionella digitala modeller av byggnaderna i ett om-
rade. Nir det giller icke-geometriska egenskaper, inklusive byggnaders kom-
ponenter, system och driftscheman, krivs individuella eller 6vergripande byg-
gnadsegenskaper. Aven om det inte finns en standardiserad metod for att
definiera dessa data, drar de flesta existerande UBEMs nytta av konventionella
metoder som innebir att man identifierar representativa typbyggnader, sa kallade
"arketyper", och overfor deras egenskaper till liknande byggnader.
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Nir data samlats in importeras det till en UBEM-simuleringsmotor, dir
byggnadsmodellerna implementeras och energibehovet berdknas. For att for-
bittra noggrannheten och tillforlitligheten maste UBEMs dven kalibreras och
valideras mot faktiska energianviandningsdata. En validerad UBEM kan sedan
anvindas for att utvirdera scenarier och planera forbéttringar av energieffek-
tiviteten i stider.

Den hir avhandlingen foreslar en metod for att utveckla en UBEM med
hjélp av Oppet tillgidnglig data for det svenska bostadsbestandet. Denna data
inkluderar GIS-baserade fastighetskartor fran Lantmiteriet och energidekla-
rationer fran Boverket. Genom att extrahera byggnadernas fotavtryck fran
GIS-datat och bestimma deras hdjd med hjélp av LiDAR-data (Light Detec-
tion and Ranging) i form av punktmoln (bada finns i fastighetskartorna) ska-
pades en noggrann 3D-stadsmodell. Klassificeringen av byggnadsbestandet
i ett fatal arketyper baserades pa byggnadstyp (flerbostadshus eller sméhus)
och byggnadsar, vilket resulterade i totalt 15 arketyper. Karakteriseringen
av dessa arketyper, inklusive byggkomponenter och material, genomfordes
baserat pa tillginglig litteratur. I de fall ddr detaljerad information om byg-
gnaders viarmesystem saknades gjordes uppskattningar baserade pa arketyp-
byggnaderna. Genom en automatiserad process Oversattes denna informa-
tion till forenklade byggnadsmodeller med en termisk zon och energibehovet
simulerades dver olika rumsliga och tidsmissiga nivaer. Modellgrinssnittet
utvecklades i Python, och byggnadsimuleringsprogrammet EnergyPlus anvén-
des for att utfora simuleringarna. Valet av programvara gjordes baserat pa
EnergyPlus fordelar vad géller anvidndbarhet, kapacitet och berdkningstid.

Modellen kalibrerades med hjilp av energideklarationerna. Detta ledde till
en betydande forbattring av modellens noggrannhet, dar det genomsnittliga
felet for den simulerade energianvdandningen jamfort med faktisk rapporterad
energianvindning var cirka 26 %, beréiknat pa byggnadsniva. Med 6kad rum-
slig aggregering av resultaten, fran enskilda byggnader till stadsniva, min-
skade felet till sa lite som 10 %. Den utvecklade modellen validerades ocksa
med hjilp av oberoende mitdata och Over olika rumsliga och tidsméssiga
nivaer. Detta sikerstiller modellens anvindbarhet i olika scenarier bortom de
som den kalibrerades for. Valideringen av modellen visade att noggrannheten
for resultaten vid hog rumslig aggregering, som pa stadsniva, stannade under
30 %.

Efter att ha bekriftat validiteten hos den kalibrerade UBEM-modellen an-
vindes den for att forbéttra energieffektiviteten i en svensk stad genom tre sce-
narier for renovering baserade pa svenska byggregler (BBR), passivhusstan-
darder respektive nollenergibyggnader. Medan omfattande renoveringar av
byggnader enligt BBR-krav inte hade en betydande paverkan pa energiprestan-
dan for bostadsbestandet, visade sig passivhusscenariot leda till en markant
minskning av effektbehovet for bade fjarrvirme och el under kalla dagar.
Genom att ka andelen solelproduktion pa byggnaderna kunde de flesta om-
raden i staden uppna nira-noll- eller positiv energibalans.
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