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The growing urban population globally leads to higher greenhouse gas (GHG) emissions
and stress on the electricity networks for meeting the increasing demand. In the early
urban design stages, the optimization of the urban morphology and building physics
characteristics can reduce energy demand. Local generation using renewable energy
resources is also a viable option to reduce emissions and improve grid reliability.
Notwithstanding, energy simulation and environmental impact assessment of urban
building design strategies are usually not done until the execution planning stage.
To address this research gap, a novel framework for designing energy systems for
zero-carbon districts is developed. An urban building energy model is integrated with
an urban energy system model in this framework. Dynamic prediction of heating and
cooling demand and automatic sizing of different energy system configurations based
on the calculated demands are the framework’s primary capabilities. The workability of
the framework has been tested on a case study for an urban area in Montreal to design
and compare two different renewable energy systems comprising photovoltaic panels
(PV), air-source, and ground source heat pumps. The case study results show that the
urban building energy model could successfully predict the heating and cooling demands
in multiple spatiotemporal resolutions, while the urban energy system model provides
system solutions for achieving a zero-carbon or positive energy district.

Keywords: urban building energy modeling, urban energy system modeling, PV, heat pump, net zero carbon
districts

INTRODUCTION

Many cities worldwide have a climate strategy to become carbon neutral by 2050 (Dominkovic
et al., 2016). Currently, 54% of the world’s population lives in urban areas, and this figure will rise
to 66% by 2050 (Pless and Polly, 2018). Buildings” energy consumption account for about 30% of
the world’s energy consumption, and 60% of this is due to heating and cooling demand (Lizana
et al., 2017). Based on Natural Resources Canada’s data, the residential sector accounts for 13% of
the end-use consumption in Canada, while this share is 20% in Quebec (Government of Canada,
2020). The successful implementation of net-zero energy buildings has led to applying this concept
to a group of buildings and, finally, developing zero-carbon or even ositive energy districts. These
zero-carbon or positive energy districts have several advantages, including economies of scale, an
opportunity to use waste heat from one building in another, and sharing energy resources (Pless
and Polly, 2018).
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In the sustainable development of cities toward carbon
neutrality, municipalities’ role, efficient energy system design,
and buildings’ energy consumption should be considered
(Wiseman, 2018). Municipalities’ plans and goals define the scope
of changes and enhancements in different sectors. To evaluate
different scenarios for municipalities or private developers’
decision-making, dynamic energy demand simulation is
beneficial to optimally size the urban renewable energy system to
achieve a zero-carbon district. Urban Building Energy Modeling
(UBEM) is a physics-based approach to analyze and predict
a group of buildings’ energy consumption considering the
indoor and outdoor conditions (Hong et al., 2018). Urban
Building Energy Modeling is a novel tool to support and improve
sustainable development and energy efficiency measures in
districts or cities which considers the thermal load diversity of a
group of buildings to design on-site renewable energy systems,
estimate CO, emission, and predict building energy use (Johari
et al., 2020).

An appropriate energy system should be designed and sized to
supply those demands after calculating a building or a building
cluster’s energy demand. Utilizing renewable energy systems is
a solution to decarbonize buildings’ consumption and reduce
the urban ecological footprint. There are several tools under
development to ease the process of modeling multiple buildings.
City Energy Analyst is a modeling framework to integrate the
spatiotemporal analysis of building energy performance, local
energy potential assessment, and energy system optimization
and analysis in neighborhoods and city districts for urban
planning and policymaking (Fonseca et al., 2016). TEASER
is a design-driven reduced-order UBEM platform for energy
performance analysis on network efficiency and management on
different spatial scales (Remmen et al., 2018). Besides, TEASER
is integrated with the urban energy systems design to optimize
energy systems and networks for both building and urban scales
(Ferrando and Causone, 2020).

A reliable and accurate energy system modeling framework
can help compare different technical and environmental
indicators of the proposed energy system alternatives. Due to
the uncertainties, modeling renewable urban energy systems,
whether in a standalone configuration or hybrid mode, is a more
complex procedure than conventional energy systems. According
to Yazdanie and Orehounig (2021), many studies in urban energy
system modeling (UESM) suffer from the lack of detailed input
data. Therefore, there is a need for a comprehensive and detailed
UBEM to provide load input data for UESM. Many detailed
UBEM software such as UMI and City Energy Analyst are
developed and available, but they do not contain comprehensive
UESM, nor are they explicitly designed for such purpose (Fonseca
et al., 2016; Reinhart and Cerezo Davila, 2016).

Numerous studies are focusing on integrating different energy
sources, including renewable energies, into energy system design.
To name a few, Petkov and Gabrielli (2020) developed a
framework to design, select, and size a low carbon Multi-Energy
System. Their objective was to minimize the annual costs and
emissions. They showed that emissions could decrease by 90%
if a renewable energy system with short-term storage is used.
The same objective functions were used by Tabar et al. (2021)

to use waste heat recovery, power to gas, and carbon capture
technologies in an energy system framework. In simulation
models, the aim is to predict the energy system’s performance,
such as TRNSYS (Li et al., 2015; Soutullo et al., 2016). Yuan et al.
used TRNSYS to design and assess a distributed energy system
serving a University campus (Yuan et al,, 2020). The proposed
system consisted of an internal combustion engine, absorption
chiller, thermal energy storage unit, heat pump (HP), and boiler.
They realized that integrating thermal storage and distributed
energy system leads to higher primary energy efficiency.

Furthermore, Hsieh et al. used quasi-steady state simulation
models to study short-term and long-term TES integration
with solar collectors in different scales from single buildings to
neighborhoods (Hsieh et al., 2017). They reported that using
decentral short-term and long-term storage for each building
has the best performance, with 48% of the energy being
covered by solar energy. Dominkovi¢ et al. (2016) investigated
a methodology in the transition to carbon-free and 100%
renewable energy in South-Eastern Europe. Their results show
that a single renewable energy source typically has no more than
30% share in an energy system. Usually, a variety of technologies
is needed to supply the demand. Pilpola et al. developed a
techno-economic model at the national and city-level scale to
investigate the possibility of using different renewable energy
systems to achieve low and zero-carbon goals in Finland and
specifically the town of Helsinki (Pilpola et al., 2019). After
coupling multiple technologies, each scenario’s cost efficiency is
discussed and considered as a variable to compare the proposed
scenario’s overall efficiency.

Also, there are studies trying to point out the required
framework and features of a suitable workflow. Eicker et al.
discussed the required concepts of an urban energy modeling
platform to model the energy demand and intricate urban
renewable energy systems design (Eicker et al, 2020b). The
platform will include models of buildings, transportation, energy
and distribution systems, food, and water infrastructure to
compare different energy system operation scenarios. In another
study, Weiler et al. proposed an automated method to calculate
central energy generation and supply scenarios using the
simulated heating demand based on a CityGML-based model
(Weiler et al., 2019). Although several UBEM models have been
proposed, they are mostly still in prototype status, and a reliable
urban energy simulation model is still a challenge.

For the current study, the role of energy system design and
UBEM in the transition to energy-efficient districts are studied.
This paper aims to investigate the challenges of a developed
integrated UBEM and energy system design workflow. A novel
automated framework combining a Python-based UBEM model
with a renewable energy system model is developed to calculate
and predict new or existing districts’ energy demand and then
design a renewable energy system. In this work, photovoltaic
panels (PV) have been coupled with ground source and air source
HPs for covering the heating and cooling demands for a district.

This work uses a detailed UBEM workflow based on 3D
urban geometry with different energy-related data from various
sources with different formats to calculate the heating and
cooling demand. The developed UBEM is highly flexible in
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providing relevant input data for energy system sizing in any
spatiotemporal scale from a thermal zone to a district and hourly
to annual results. This allows combining the building demand
modeling with international database sources on construction
or occupancy, which is often a limitation in urban modeling
tools. Furthermore, designing energy systems with considering
component-level details has added a higher value to the proposed
UESM’s flexibility as well as accuracy. Introducing a sufficiently
detailed and comprehensive model as a substitute to the high-
level energy system design in an urban context increased
modeling resolution by capturing the impact of components’
performance on other components and the system’s efficiency.
In addition to the detailed design of a PV system, HPs have been
modeled with varying coeflicients of performance (COP) to cover
the gaps in many previous studies (Rinne and Syri, 2013; Lund
et al., 2016), that have considered a fixed monthly or annual
value COPs.

METHODOLOGY

The following sections describe the integrated workflow of
the UBEM and UESM. Figure 1 illustrates an overview of the
methodology used in this paper.

From Architectural Design to Urban

Building Energy Demand Simulation

The importance of a correct pre-design process for a successful
design at the building or city scale is undeniable. Overviewing
the site’s limitations and the client requests cannot be executed
without a feasibility study. The feasibility study shows what is
possible for the project based on the site, existing conditions,
zoning, building codes, local regulations, and other legal
restrictions (Green, 2018). The site and climate analysis are
also part of the pre-design process. These analyses focus on
potentials and conditions around the site (Spreiregen and Beatriz,

2007). The site analysis aims to provide external information
about the site, limitations, and assets and connect them to
the design’s internal needs (Halil et al.,, 2016). Looking at the
neighborhood context, vegetation, climate, historical factors,
and many others is part of this process. Spatial design or
building massing helps to make a better connection between the
site and future buildings. Early-stage building shadow studies,
wind flow or radiation analysis, and any other analysis related
to urban comfort and fagade control, can be executed in
this stage. Then the process continues reaching the building
design. In this stage, the buildings location, orientation,
and massing form are defined, so the project reaches to
more detailed design like adding fagade detail, form detail,
or shading properties.

A novel, highly flexible, and dynamic python-based UBEM
workflow is developed in the current study. The proposed model
can cover all aspects of the building energy modeling in detail
and dynamically change all input parameters based on building
use-type. Due to the massive amount of input parameters
in UBEM models, high computational cost, and considerable
uncertainty involved in simulation, it remains a challenge to
have a practical and accurate UBEM model. The energy system
sizing is highly dependent on building energy demand results
and energy demand changes based on building use-type. Thus, all
input parameters of the developed UBEM model change based on
building use-type to increase the model’s accuracy by using more
relevant input parameters for each building use-type.

Simulating the urban building energy system requires
coupling with an accurate UBEM (Hong et al., 2018). The
urban energy system sizing, especially PV system sizing, is highly
dependent on the building’s roof shape and area (Mohajeri et al.,
2018). Most previous studies simplified the building geometry
for energy demand calculation which can cause high uncertainty
in their building energy demand and energy system sizing
calculation (Strzalka et al., 2011). The roof shape and area from
the architectural design step are used for energy system sizing
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FIGURE 1 | Methodology overview.
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in the current study. It is necessary to use the same roof shape
in urban building energy demand and energy system sizing
calculation to have a compatible and accurate model. In the
developed UBEM, buildings and mostly the roofs are modeled in
detail and close to reality. The main advantage and contribution
of the proposed UBEM model is its compatibility with the energy
system sizing. Many downsides of energy system sizing in the
previous studies are studied and rectified through the proposed
UBEM model.

City Geographic Markup Language (CityGML) (Groger et al.,
2012) was used as an open data model similar to an XML
format suitable for storing the geospatial information of the
3D buildings. The CityGML files are parsed, and building
coordinates and attributes are extracted using a python code,
and the building objects are stored in a python dictionary
hierarchically based on the following order:

a) Building ID
b) Building use-type
¢) Building coordinates (x,y,z).

Using hierarchical building characteristics in the python
dictionary makes it possible to add all the other building
information based on the surface type and building use-type.
In the next step, the high performance building materials
and constructions (standard 189.1-2009) are extracted based
on the building use-type from the National Renewable Energy
Laboratory (NREL) (NREL, 2018; Building Component Library
2021) and stored in a JSON format called JCM. The JCM
file is parsed and embedded in a python dictionary called
building construction archetypes (BCA). Each polygon in the
building coordinate’s part is categorized into the wall surface,
roof surface, and ground surface and are stored as a subcategory
of building 3D coordinates (Figure 2). The construction and
material archetypes are assigned to each surface based on its
type (roof, ground, or wall) and related building use-type.
Consequently, each surface can be added to the building energy
simulation software with its construction and material features
automatically using python code.

EnergyPlus is used as the building energy simulation program
to simulate the energy demand considering the effect of the built
environment, the interaction between buildings, and internal
gains (Chowdhury et al, 2016; Rao et al,, 2018). By iterating
through the building characteristics dictionary (BCD), the first

Building ID
Building use-type
- Wall
Building Coordinates [——: >  Roof
Ground
FIGURE 2 | The building characteristics dictionary (BCD).

item (building IDs) is used for defining building zones. In the
next step, the building surface information should be added to
EnergyPlus. Hence, the surface coordinates are the successive
objects that should be added to EnergyPlus. The coordinates
of each building surface are mapped, and the coordinates’
connection leads to the creation of the 3D model of buildings
and, subsequently, the 3D urban building model in EnergyPlus.
Next, the construction and material are assigned to each surface.
As each surface is connected to a building use-type in the BCD,
a python code is written to search for each surface based on
the building use-type related to the surface type in BCD. The
information is extracted from the JCM based on surface building-
related use-type and surface type obtained from the BCD search
in the last step. Finally, each surface construction archetype
obtained from the NREL JSON search is assigned to each surface
and are added to EnergyPlus.

The urban buildings’ geometry enriched with materials and
construction features is only part of the urban building energy
analysis and energy system sizing. To improve the accuracy of
the urban building energy demand calculation, building usage
schedules need to be considered as follows:

1) Occupancy schedule

2) Lighting schedule

3) Electrical equipment schedule
4) Ventilation schedule.

These schedules significantly affect energy demand and,
consequently, on energy system sizing (Happle et al., 2018);
however, most of the time, a fixed schedule for different building
use-types is used, which increases the uncertainty of the urban
energy demand calculation. Hence, it is necessary to define
the schedules based on the building use-type. Usage schedules
(e.g., occupancy parameters, lighting, electrical equipment, and
ventilation) have been created by the Department of Energy
(DOE). They are available for 16 different building use-types on
the DOE website (US DOE, 2013). All schedules are extracted
from the EnergyPlus IDF files provided on the DOE website
for four different building use-types, including large office,
secondary school, small office, and midrise apartment.

In this work, a district case study in Montreal, Canada, has
been chosen. These Lachine district case study’s building use-
types are civic center, school, commercial, residential, and office,
which are not the same as the DOE building use-types. Therefore,
the chosen building use-types for extracting the DOE website
schedules are based on their similarities to the real building
use-types in the Lachine district. After extracting the schedules,
each schedule of occupancy, lighting, electrical equipment, and
ventilation is automatically assigned to each building in the
district based on the building use-types. All schedules are fed
into EnergyPlus along with the 3D urban model and construction
archetypes to calculate the heating and cooling demand in the
last step. All the other settings of EnergyPlus for the UBEM
model are shown in Table 1. Occupancy, electrical equipment,
lighting, and ventilation are set through comparison with other
studies (Kim et al., 2013; Signelkovi¢ et al., 2016; Sarfraz et al.,
2018). The simulated heating and cooling demand are input to
the UESM model.
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TABLE 1 | EnergyPlus setting parameters for UBEM.

Parameters Settings
Window to wall ratio 0.35
Constant heating set point 22°C
Constant cooling set point 25°C

HVAC templates
Solar distribution
Shading calculation

Surface convection algorithm: inside
Surface convection algorithm: outside
Heat balance algorithm

Sizing period: design day

Solar model indicator

Ideal loads air system
Full interior and exterior
Calculation method
Calculation frequency

Maximum figures in shadow overlap calculations

Polygon clipping algorithm

Sky diffuse modeling algorithm
External shading calculation method
TARP

DOE-2

Conduction transfer function

Winter design day

Summer design day

ASHRAE clear sky

Average over days in frequency
Every 20 days

15,000

SutherlandHodgman

Simple sky diffuse modeling

Internal calculation

Occupancy Number of the people calculation method People/Area
People per zone floor area 0.05 people/m?
Lighting Design level calculation method Watts/Area
Watts per zone floor area 10 W/m?
Equipment Design level calculation method Watts/Area
Watts per zone floor area 6.5 W/m?
Ventilation Design flow rate calculation method Residential: Flow/ExteriorArea and
Commercial: Flow/ExteriorWall Area
Flow per exterior surface area Residential: 0.0002 m?/s-m?
Commercial: 0.0005 m®/s-m?
HVAC Outdoor air method Flow/Area
Qutdoor airflow rate per zone floor area 0.00043 m3/s-m?
UESM UESM Platform and Workflow

Designing energy systems is of great importance for achieving
higher efficiency for a single building, let alone a district or
an urban area. Accurate demand forecasting and calculation
should be accompanied by an appropriately sized, designed, and
installed energy system to have a complete cycle of a sustainable
and energy-efficient project. The proposed energy system analysis
includes renewable energy sources to reduce carbon and
greenhouse gas (GHG) emissions, embodied carbon, and fossil
fuel usages. The positive energy concept goes further in utilizing
more renewable resources than is consumed while minimizing
demand and energy losses and maximizing energy efficiency.

Urban energy system modeling is a block-based simulation
model using INSEL 8.2. (Integrated Simulation Environment
Language), which comprises many models programmed as
independent modular such as meteorological models, PV
systems, HPs, battery and thermal storage, controllers, auxiliary
electrical heaters, and more. In this study, the general workflow of
UESM will be discussed as well as PV, HP, metering, and auxiliary
electrical heater sections. Eventually, the results of a case study
will be provided and discussed.

Integrated Simulation Environment Language (INSEL) is a
graphical programming language using blocks with a focus
on renewable energy systems. Its usage domain includes but
is not limited to building modeling and meteorology. The
graphical environment made it easy for users with limited
coding experience to implement their ideas using pre-existing
blocks to create system models or even prepare their own user
blocks. User-defined blocks can be written in different languages,
including Fortran and C, and in the next software versions
Python, which adds flexibility to the INSEL block concept (Weiler
et al., 2019; Eicker et al., 2020a). Moreover, INSEL comes with a
comprehensive library for a few energy system components such
as PV panels and inverters, which saves the time required for
gathering data from manufacturers.

The UESM workflow starts with acquiring hourly demand
(heating, cooling, hot water, and plug load) from the UBEM
section as input and calculating solar energy parameters, PV
panels potential, HP performance, HP energy output, and energy
metering. The high-level connection between different sections
is illustrated in Figure 3. Internal connections and links between
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FIGURE 3 | Modified UESM flow diagram showing categories of inputs, demand analysis, energy systems, and outputs.

FIGURE 4 | lllustrating the gap between PV rows for minimizing shadows on panels.

models and blocks are not shown for the clearance of the
general concept.

PV Systems

By taking the roof surface area information from UBEM, the
PV system model can automatically select the PV placement
(by width or length) to maximize the PV generation based on
the panel dimensions available in the INSEL PV library. To do
so0, a rectangular surface (a portion of the roof available for
PV panels, which we assumed as 65% of the total area) with a
given length and width is considered. PV panels will be placed
by both the short and long sides, and the formation with the
highest number of PV panels will be selected. The gap between
PV rows is determined with the highest strictness to minimize
PVs’ shadowing effect (Figure 4).

The PV block simulates the selected PV panel’s hourly
current-voltage curve using a module-specific parameter set from
the INSEL library, with meteorological data inputs, including
temperature, global radiation, wind speed, and the user inputs
like tilt angle and azimuth for each project. It is worth mentioning

that a maximum power point tracker block is integrated into
the system to get maximum power at each time step. A selected
inverter (appropriately sized for the project) converts the PV-
generated DC power to AC and provides the PV system output
to the energy metering section of UESM. The characteristics of
the used PV panel and PV system design parameters are shown
in Table 2. The remaining parameters will be determined in each
time step and will be fed to the PV block.

HP System

Electrification of heating systems using HPs and electric boilers
has been suggested in recent years to reduce GHG emissions of
the heating sector (Thomaf3en et al., 2021). Integrating HPs with
PV or PV/T panels could enhance renewable energy utilization
in urban areas. Aguilar et al. conducted a techno-economic
assessment of a PV-HP system supplying an office building’s heat
demand in Spain (Aguilar et al., 2019). This system reduced the
primary non-renewable energy consumption and CO; emissions
by 74%.
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TABLE 2 | Selected PV panel and PV system design parameters for the Montreal
case study.

Tilt angle (degrees) 31
Azimuth angle 180
Ground reflectance 0.2
Latitude 45.5
Longitude 73.62
Nominal power (W) 300
MPP voltage (V) 53.76
MPP current (A) 5.54
Efficiency (%) 17.24
Width (mm) 1,072
Height (mm) 1,623

Heat pumps are included in many projects aiming for energy
efficiency and decarbonizing due to their high COP, the capability
of integrating into heat recovery systems (process heat or waste
heat), their flexibility in using different energy sources, including
renewables, and the availability in varying capacities and features.
The COP is a unitless HP performance indicator. The COP is
highly dependent on different parameters. It cannot be referred
to as the best and only equipment selection criteria. The COP is
determined by dividing useful energy generated (transferred) by
the HP’s electricity consumption and varies mainly due to source
and sink temperatures, resulting in different values in different
working conditions.

Researchers have made numerous attempts to determine a
correlation between each projects unique properties (heat sink
and source temperatures, demand values) and HP’s performance
to reach an acceptable range of matching results between
simulation and real-world experimental data (HPTCJ, 2010;
Arpagaus et al,, 2018; Jesper et al, 2021). The availability of
various technologies and different technical specifications and
details for HPs does not allow for a single parameter set to model
all HPs.

In the current study, a previously implemented procedure
(Weiler et al, 2019) has been used as an accurate HP
system model in different conditions. This model uses HP
manufacturers’ published performance data and interpolation
to specify a correlation between COP, HP’s heat output,
and electricity consumption in different conditions, including
additional heat source and heat sink temperatures and heat
demand levels. It is worth mentioning that the third parameter
can be derived easily in the presence of the two parameters
mentioned above. Moreover, instead of COP, which is only
accurate in a single condition, seasonal COP (SCOP) has been
used, which can be calculated as follows where Q and E are HP
heat output (kWh) and electricity consumption (kWh) and E,
and H subscripts relate to the heating and cooling cycles.

Zi:l Qu
Zi:lEH
SCOPc = Lz & (2)

Zi:l Ec

SCOPy =

Low-temperature heating is crucial for lowering energy loss
and improving systems energy and exergy efficiencies. Heating
supply temperatures as low as 30 and 35°C are shown to be
feasible for surface heating and fan coil systems (Hesaraki et al.,
2015). Furthermore, many studies have shown that a supply
temperature of 40°C is sufficient for meeting the domestic hot
water demand. At the same time, the risk of Legionella can be
eliminated via supplementary heating or point of use heating
(Lund et al,, 2014; Lee, 2018). By reviewing literature regarding
the low-temperature heating concept, supply temperatures of 40
and 11-12°C are selected for heating and cooling, respectively
(Nordman et al,, 2012; Huang et al., 2019).

In each time step, the HP model will take heating and
cooling demand (kW) from the input file provided by UBEM.
With respect to the outdoor temperature, the model interpolates
values for HP’s electricity consumption, its COP, and the HP
output energy. Then the model divides demand by HP output
and rounds the quotient up to the closest integer to obtain
the number HPs required to meet the demand in each time
step. The HP system’s electricity consumption will be scaled up
accordingly. Besides, electricity balance, PV self-consumption,
energy exported and imported from the grid, and SCOPs are
calculated in each iteration. The highest value will be reported
as the number of HPs required in heating and cooling cycles.

APPLICATION OF THE WORKFLOW TO A
CASE STUDY

As the second-largest municipality in Canada, Montreal has
provided an action plan that includes goals, challenges, and
requirements needed to become more sustainable. In the pathway
toward sustainability and carbon mitigation goals, the city
has three main sustainable development challenges, which are
(Montr, 2020):

e Reduction of GHG emissions by 80% (3,003-kilo tons of
CO; equivalents) by the year 2050 compared to the year
1990 baseline.

e Enhancing access to services and facilities among different city
neighborhoods and the ethical distribution of resources for
every dwelling.

e To become an exemplary model for other cities by integrating
sustainability plans into all aspects of the city.

The developed workflow was applied to a district development
called Dominion Bridge in Montreal’s Lachine East borough.
Lachine-East is a former industrial hub bordered by the Lachine
Canal on its southern part, 6th Avenue to the west, Victoria Street
to the north, and the east’s Canadian Pacific Railway line. This
project’s area is 63.8 hectares and includes two heritage buildings
that are going to be preserved.

Location is one of the main factors in this project, considered
in all design stages. The urban plan should respect the site’s
identity as the former Dominion Bridge steel bridge company
represents Canadian industry’s golden age. On the other hand,
since an urban farm will be located on the south of the site,
the entire building roof area can be considered for PV panels
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installation, as the green spaces requirements of the municipally
are already met. The 3D building geometry of the case study is
generated in the Rhinoceros 3D software with a total floor area
of 277,000 sqm. The model consists of six building blocks with
different heights and floor areas. Table 3 indicates the buildings’
geometrical characteristics. Figure 5 shows the location of each
building in the area and the generated 3D model of the buildings.

The buildings are mixed-use with residential, commercial,
civic center, and school use-types. In this massing model, 90% of
the total area is considered for residential buildings and 10% for
the rest of the buildings. The offices and retails are considered
on the buildings’ ground floor to make this design respond to
eco-district policies. The area of the office and retails are around
9,500 sqm.

New zoning is proposed for the Lachine-Est area in which
buildings with distinct shapes, sizes, and orientations and,
therefore, different demand profiles are designed. Moreover, two
options are considered for the energy systems: air source heat
pump (ASHP) and ground source heat pump (GSHP). As a
renewable source, an identical PV system, including a maximum
power point tracker and inverter, will provide electricity in both
cases. For each building, two energy systems will be selected

TABLE 3 | Case study buildings’ geometrical characteristics.

Building Floor No. of Total floor Total surface
ID area (sqm) floors area area
Building A 13,637 9 122,737 25,673
Building B 5174 6 31,044 7,434
Building C 5,469 9 49,224 12,033
Building D 7,882 6 47,292 7,266
Building E 5,890 2 11,782 2,702
Building F 1,690 9 15,210 5,166

separately regarding its demand profile to understand better and
compare GSHP and ASHP performances.

The construction and architectural features and other thermal
properties are assigned based on the building use-type. The
definition of the building use-types in this model is not
precisely the same as DOE building use-types. Therefore, the
closest similarities between the DOE building use-types and real
building use-types in the Lachine district are shown in Table 4.

RESULTS AND DISCUSSION

The developed UBEM model was used to simulate the
energy consumption of the Lachine East project based on the
assumptions listed in Table 1. The monthly heating and cooling
demand were estimated at the building and district levels. The
specific energy demand is shown in Figure 6. According to
Figure 6A, the different cooling and heating demand for each
building is influenced by the surface area to volume ratio
of buildings, which changes solar gain and ventilation. The
solar gain through the glazing and wall surface and ventilation
have a different effect on building energy demand. Increasing
the solar gain increases the cooling demand while increasing
the ventilation can prevent heat trapped in the buildings and

TABLE 4 | Matching building use-types in DOE with the case study buildings’
use-types.

Lachine building use types DOE building use-types

Civic center Large office
School Secondary school
Commercial Large office
Residential Midrise apartment
Office Small office

FIGURE 5 | (A) Master plan of the Lachine East project. (B) 3D model of the case study.
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consequently decrease the cooling demand. Figure 6A shows that
building A has the highest specific cooling demand. Figure 6B
indicates that the building D and F have the highest specific
heating demand, respectively.

Figure 7 shows the simulated monthly cooling and heating
demand of the buildings. The figure reveals that the cooling load
peak is mainly in July, while the heating load peak is between
December and January. Building C and D’s heating load, and
building B, E, and F follow a similar trend, with a slight difference.
Building A shows the highest monthly cooling and heating load
in a whole year.

The annual district heating and cooling demands are 20
and 7 GWh, respectively. The districts predicted heating and
cooling loads are used to calculate the energy system performance
using UESM.

Urban energy system modeling results for both energy
system scenarios are summarized in Table 5. As mentioned
before, energy systems are selected to be compatible with
low-temperature heating systems with high efficiency. In each
scenario, two types of HPs (ASHP and GSHP) were considered
to provide heating and cooling demands. Heat pump sizes were
selected regarding two criteria, SCOPs and demand, and to have
a reasonable comparison between two HP types, a 70-ton (245

kW) HP model is selected for each HP type. Heat pumps are
modeled using thorough performance documentation provided
by manufacturers (Trane, 2015; Maritime Geothermal, 2018).
Performance data of the chosen ASHP and GSHPs are shown in
Tables 6, 7. This data is used to simulate the HP performance in
each time step and condition precisely.

In the present study, due to the sizeable conditioned floor
area of the buildings and limited space for PV panels as the only
local renewable power generation system, not reaching energy
positivity is a foreseeable outcome. The UESM result backed the
claim above that low roof area to total floor area ratio plays a vital
role in getting closer to energy-positive districts. Figure 8 shows
that except for Building E, which has the smallest total floor
area among all buildings, the AC electricity generated by PV is
insufficient for covering HP’s electricity demand. The higher the
floor number in a building, the smaller the relative contribution
of roof PV generation to the buildings’ energy consumption.

For the HP system, in most time steps the number of
operating HPs, consequently, the HPs heat generated is greater
than the demand values, as it was designed for maximum load
conditions. Thus, the system is not optimized regarding cost or
energy efficiency on the system level, as the paper’s focus is on
introducing an automatized simulation workflow merely.

Months

FIGURE 7 | (A) Monthly cooling loads (KWh). (B) Monthly heating loads (KWh).
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TABLE 5 | UESM results summary.

6 Large scale buildings Building A Building B Building C Building D Building E Building F
HP type GS AS GS AS GS AS GS AS GS AS GS AS
Heating SCOP 3.28 3.12 3.28 3.13 3.32 3.21 3.30 3.15 3.40 3.39 3.43 3.44
Cooling SCOP 5.63 5.05 5.66 5.04 5.64 5.05 5.63 5.05 5.59 5.05 5.68 5.05
Elec. demand (KWh/yr) 3,452 3,783 780 899 1,711 1,903 1,686 1,867 542 637 803 931
PV generation (MWh/yr) 1,836 673 724 899 752 205

PV self-consumption ratio 0.50 0.53 0.38 0.42 0.60 0.63 0.48 0.51 0.26 0.30 0.83 0.88
Number of panels 4,347 1,593 1,716 2,130 1,782 486
Number of HPs (heating) 30 25 6 5 14 ih 14 12 3 3 5 4
Number of HPs (cooling) 20 16 5 4 9 7 8 6 2 2 3 3
Cooling temp (C) 12 1 12 11 12 iR 12 11 12 1Al 12 11
Heating temp (C) 40 40 40 40 40 40 40 40 40 40 40 40
PV gen./elec. demand 0.53 0.49 0.86 0.75 0.42 0.38 0.53 0.48 1.39 1.18 0.26 0.22

Air source and ground source HPs, energy metering, and PV system output for each building.

TABLE 6 | WO00 GSHP heating performance (Maritime Geothermal, 2018).

Supply Source temp Electrical COP
temp (°C) (borehole) (°C) consumption (kW)

40 -3.9 56.63 3.04
40 —1.1 57.28 3.36
40 1.7 57.98 3.66
40 4.4 58.64 3.95
40 7.2 59.14 4.22
40 10 59.47 4.51
40 12.8 60.18 4.74
40 15.6 59.95 5.03
TABLE 7 | CMAA 070 ASHP heating performance (Trane, 2015).

Supply Source temp Electrical COP
temp (°C) (outdoor air) (°C) consumption (kW)

40 -30 100.2 2.00
40 -25 97.4 2.05
40 -5 70.2 3.01
40 0 70.1 3.43
40 7 69.9 4.09
40 10 69.8 4.42
40 15 69.8 5.01
40 25 69 4.64

Although the result of case studies are not necessarily

comparable or interchangeably usable for result validation, the
study by Xu et al. (2020), due to the similarity of context, is
interesting. They studied a 108-ton air source HP system in
China’s severe cold region (similar weather to Montreal) with
a supply temperature of 36°C. They calculated HP’s COP and
electricity demand to be 3.2 and 10.65 kWh/m?yr, respectively,
compared to 3.24 and 22.12 kWh/m?yr in this study. It should
be noted that the difference in HP annual electricity demand

is entirely compatible with the difference in the heating energy
demand of both studies (34.10 and 72 kWh/m?).

Energy-related parameters should be investigated carefully
to identify any possible barriers to achieving higher energy
efficiency. Parameters such as heating and cooling SCOPs,
HPs electricity demand, electricity to/ from grid, and PV self-
consumption ratios are considered key performance indicators
to UESM. Moreover, in some cases, there might be a restriction
that can affect the whole design concept. For instance, having an
upper limit for electricity exporting to the grid can be interpreted
as a definite need for adding battery storage.

There are some pros and cons associated with each choice
in a more focused comparison between two types of HPs.
Since the GSHPs heat is mostly provided by boreholes, wells,
lakes, or underground water, a GSHP typically has higher
source temperature levels than ASHPs. The latter depend on
outdoor air temperature, which can be as harsh as —30°C under
Canadian conditions. As a result, ASHP needs a significantly
higher compression ratio to transfer heat from the outdoor air
to the condenser, especially in cold climates such as the case
study location, leading to higher electricity consumption and
lower COP than GSHPs. The technology improvements and
innovations should not be taken for granted as a few years ago,
ASHPs could only work down to —8°C, and using ASHPs in cold
climates was not a standard option.

Air source heat pumps are generally more sophisticated
equipment, with more power and costlier. On the other hand,
there are costs associated with GSHPs such as drilling, piping,
heat exchanger, or pumps, which might change the balance of
cost between two systems. The number of ASHPs and GSHPs
required in different buildings shows that the lower number of
equipment can be counted toward ASHP systems” advantage.

CHALLENGES

Developing an integrated UBEM and UESM is a challenge due
to the difference in their spatial and temporal input, output, and
calculation process resolution. The developed UBEM model was
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designed to be highly flexible in terms of its temporal and spatial
input and output resolution. This flexibility gives the capability
to the UBEM to provide suitable input in any temporal and
spatial resolution for UESM. As the proposed UESM requires
hourly heating and cooling demand for each thermal zone
and the whole district, the UBEM can correctly provide these
inputs. The resolution of the UBEM heating and cooling demand
results can spatially alter the fine-grained resolution, such as
in thermal zones scale, to the low resolution of an entire
building or a whole district. The temporal resolution can change
between yearly to sub-hourly resolution. Although the proposed
UBEM uses archetypes for some input parameters, analyzing the
heating and cooling demand of UBEM was correlated to the real
geometry, building total floor area, and building use-type of the
district Lachine. On the other hand, using highly accurate and
the same building geometry resolution for renewable potential
calculations, the combined UBEM and UESM can calculate the
heating and cooling demand and size of different energy systems
in any spatial and temporal resolution.

In the current case study, compact, rectangular-shaped
buildings with high thermal insulation levels are an excellent
start, but not enough toward having a positive energy district.
Even though there are always site limits that constrain
architects and urban planners’ abilities, changing some buildings’
orientation so that the longer side faces south could have a
significant impact on decreasing the heating demands. Also, in

projects with large areas, it can be good practice for implementing
innovative ideas like dedicating areas to small urban farms on the
site, which reduces food-related transportation energy demands.
The residue could be used as an input for biofuel production.

From the energy efficiency point of view and considering the
proposed geometry’s size and scale, reaching the zero-energy goal
with local photovoltaics sounds unattainable, let alone positive
energy. Using 65% of the roof area for PV installation and
using HPs with high-efficiency ratings are the only measures put
into the design process. Although this paper’s focus differs from
optimization or defining a more detailed energy system design
process, a number of improvements out of many are discussed.
For instance, adding thermal storage could be beneficial for
the system due to the excessive heat generated in each time
step (referring to HP section), which lowers the number of
HPs required for meeting demands in subsequent hours and,
consequently, the HPs electricity demand. Moreover, properly
sized battery storage improves the PV self-consumption ratios.
It helps the system to meet the upper limit for electricity export
to the grid, if there are any. A cost-benefit analysis of the system
would be essential for the system, knowing the high cost of
batteries and thermal storage systems.

Regarding the energy systems design, using lower heating
temperature for heating (40°C) instead of conventional values
of up to 60°C or higher is a smart choice that not only
can meet the expectations but also increases both energy
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and exergy efficiencies and lowers heat losses. Adding heat-
recovery equipment in the ventilation process could be a
significant improvement for lowering heating and cooling
demands and associated electricity consumption. The other
point that could not go unnoticed is the HP system sizing
that needs improvement. Other than sizing based on the
maximum demand, a lower percentile like 98% could be a
smarter choice. It means that the system is currently sized for
100% of a years hours and results in the system oversizing
for 8,585h of a year. By designing for lower percentiles, which
can be done in either the demand calculation step (UBEM) or
limiting the number of HPs (UESM), considerable savings can
be achieved.

CONCLUSION

Decarbonization of the urban area acquires the maximum
renewable energy and considers the energy demand reduction
measures. This work described a novel workflow integrating
an urban building energy simulation module accompanied by
an urban energy system simulation model. Combining the
UBEM and UESM models allows this opportunity to dynamically
predict the district energy demand, calculate the renewable
energy systems capacity, and sizing energy systems. To have

a compatible UBEM and UESM, the UBEM is designed to be
highly flexible capable of calculating the heating and cooling
demand in any spatial and temporal resolution. The developed
model was tested on a case study, a future district in Montreal,
Canada. The heating and cooling demand were simulated at
the building and district levels and used as input to the UESM
model to size the energy systems. It was shown that reaching
the zero-carbon goals requires applying stricter constraints on
design parameters. Moreover, owners, planners, and designers
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