energies

Article

A New Modeling Approach for Low-Carbon District Energy
System Planning

Abolfazl Rezaei, Bahador Samadzadegan

, Hadise Rasoulian, Saeed Ranjbar, Soroush Samareh Abolhassani,

Azin Sanei and Ursula Eicker *

check for

updates
Citation: Rezaei, A.; Samadzadegan,
B.; Rasoulian, H.; Ranjbar, S.; Samareh
Abolhassani, S.; Sanei, A.; Eicker, U. A
New Modeling Approach for
Low-Carbon District Energy System
Planning. Energies 2021, 14, 1383.
https://doi.org/10.3390/en14051383

Academic Editor: Russell McKenna

Received: 1 February 2021
Accepted: 26 February 2021
Published: 3 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Canada Excellence Research Chair Next Generation Cities, Gina Cody School of Engineering and Computer
Science, Concordia University, Montréal, QC H3G 1M8, Canada; abolfazl.rezaei@mail.concordia.ca (A.R.);
Bahador.samadzadegan@concordia.ca (B.S.); Hadise.rasoulian@concordia.ca (H.R.);
saeed.ranjbar@concordia.ca (S.R.); soroush.samarehabolhassani@mail.concordia.ca (5.5.A.);
azin.sanei@mail.concordia.ca (A.S.)

* Correspondence: ursula.eicker@concordia.ca

Abstract: Designing district-scale energy systems with renewable energy sources is still a challenge,
as it involves modeling of multiple loads and many options to combine energy system components.
In the current study, two different energy system scenarios for a district in Montreal /Canada are
compared to choose the most cost-effective and energy-efficient energy system scenario for the
studied area. In the first scenario, a decentral energy system comprised of ground-source heat pumps
provides heating and cooling for each building, while, in the second scenario, a district heating
and cooling system with a central heat pump is designed. Firstly, heating and cooling demand are
calculated in a completely automated process using an Automatic Urban Building Energy Modeling
System approach (AUBEM). Then, the Integrated Simulation Environment Language (INSEL) is
used to prepare a model for the energy system. The proposed model provides heat pump capacity
and the number of required heat pumps (HP), the number of photovoltaic (PV) panels, and AC
electricity generation potential using PV. After designing the energy systems, the piping system, heat
losses, and temperature distribution of the centralized scenario are calculated using a MATLAB code.
Finally, two scenarios are assessed economically using the Levelized Cost of Energy (LCOE) method.
The results show that the central scenario’s total HP electricity consumption is 17% lower than that
of the decentral systems and requires less heat pump capacity than the decentral scenario. The LCOE
of both scenarios varies from 0.04 to 0.07 CAD/kWHh, which is cheaper than the electricity cost in
Quebec (0.08 CAD/kWh). A comparison between both scenarios shows that the centralized energy
system is cost-beneficial for all buildings and, after applying the discounts, the LCOE of this scenario
decreases to 0.04 CAD/kWh.

Keywords: energy system modeling; district heating network; levelized cost of energy; automatic
urban building energy modeling

1. Introduction

With the dramatic increase in the world’s population in the last two centuries, the
energy demand has also increased [1]. The U.S. energy information administration reported
that the contribution of heating and cooling buildings to the total energy consumption is
40%, and mostly depends on fossil fuels [1]. Utilizing renewable energy resources leads
to a decrement in the consumption of fossil fuels and, thus, the related emissions. Facing
climate change, the general attitude toward energy consumption is to lower it, and also
to reduce the emission of greenhouse gases. For example, the European Council decided
to reduce the EU’s energy consumption by 32.5% in 2030 compared to the 1990 levels by
increasing energy efficiency [2].

Integrating renewable energy resources with different energy systems is one of the
leading solutions to changing energy production systems [3,4].

Energies 2021, 14, 1383. https:/ /doi.org/10.3390/en14051383

https://www.mdpi.com/journal/energies


https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-3048-3608
https://doi.org/10.3390/en14051383
https://doi.org/10.3390/en14051383
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/en14051383
https://www.mdpi.com/journal/energies
https://www.mdpi.com/1996-1073/14/5/1383?type=check_update&version=2

Energies 2021, 14, 1383

2 0f 22

Ground-source heat pumps (GSHP) use the renewable energy stored in the ground
to provide heating, cooling, and domestic hot water in a clean and energy-efficient way
for various buildings. Since the ground environment provides a higher temperature for
heating and a lower temperature for cooling, GSHP systems’ efficiency is higher than
conventional heating and cooling systems. The electricity demand for driving GSHP could
be supplied by renewable sources [5,6].

GSHP systems can provide heating and cooling for a single building or can be used in
a district heating system to respond to a set of buildings’ energy demand. District heating
systems supply the energy demanded by either a single building, for instance, a mall or
an industrial building, or a district in a city. These systems are in service in several cities,
including New York, Moscow and Vienna. Four generations have already been introduced:
(1) first-generation systems (1880-1930) use steam boilers with coal as the fuel and steam
as a heat carrier, (2) second-generation systems (1930-1980) use pressurized hot water with
temperatures more than 100 °C as a heat carrier, (3) third-generation systems (1980-2020)
use large-scale combined heat and power (CHP) systems and also pressurized hot water,
with a temperature lower than 100 °C, and (4) fourth-generation systems (2020-2050) use
low-temperature water as a thermal carrier and renewable energy sources [7,8].

A district energy system comprises supply units, distribution networks and sub-
networks, and demand or users. A distribution network is required for delivering cooling,
heating, and hot water demand through a pipeline network to a district [9-11]. Having a
network with long distances ultimately leads to heat losses and pressure drops, affecting
the overall performance of the heating system [12].

Heat losses through the distribution network play a significant role in designing an
optimal district heating system. Thus, researchers have focused on the optimal simulation
of distribution networks. Larsen et al. [13] presented a simple model for district heating
network simulation by reducing the physical complexity of such systems. They used
a network which was equivalent to the original one but with fewer branches. In other
words, they removed some of the internal nodes. Furthermore, a paper focusing on the
dynamic characteristic of district heating networks was published, presenting a model for
calculating the lag time and the attenuation degree of a system [13]. Hassine and Eicker [14]
proposed a cooling and heating network model, employing a graph-theoretical method
and the Newton algorithm for solving the equations. Flow and pressure equations were
solved statically in their work, while the temperature field was calculated dynamically.
The Newton—-Rophson algorithm is also used in a study conducted by Fedorov [15], in
which a steady-state thermal and hydraulic model are employed in parallel to reduce the
computational costs. Moreover, they studied the effect of the average distance between the
power plant and consumers on heat losses.

In addition to the losses within the distribution network, predicting consumers’ energy
consumption (energy demand of end-users) plays a remarkable role in designing efficient
energy systems. Therefore, researchers have widely focused on this issue by considering
various influential parameters. The end-users” demands are chiefly related to three factors:
(1) physical and environmental features of buildings, (2) the behavior of the occupants, and
(3) uncertainty factors [16]. Dotzauer [17] developed a simple model for predicting heat
demand in a district energy system, based on the outdoor air temperature and the behavior
pattern of consumers. In 2015, Monsalvete et al. [18] presented a modular dynamic model
for predicting the energy demands of cities. Moreover, recently, a method for predicting
the end-users’ consumption pattern was proposed [19]. Their methodology is based on the
distinction of the users’ profiles by finding deviating profiles from the typical ones using
clustering. Another method was also presented, on the basis of the available mass flow
and temperature data from the smart meters [20]. In addition to its high accuracy and low
computational cost, the method is suitable for districts with a large number of buildings.
That being said, providing an automated solution for energy demand calculation and
energy system design is of great importance.
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Following many cities’ sustainability goals, the share of renewable energy, especially
in district heating, is growing [21]. Besides environmental aspects, the economic feasibility
of energy systems is a crucial factor [22]. Tanguay [23] analyzed the economic perfor-
mance of residential GSHP in North America’s market. The study includes comparisons of
equipment and energy costs in four provinces: Quebec, Manitoba, British Colombia, and
Ontario. Results show that the average cost of GSHP for residential buildings in Quebec is
164 CAD per square meter of surface area. Aditya et al. [24] conducted a cost comparison
of using GSHP compared to other technologies. An essential parameter in this study is
the climate. Montreal, London, Singapore, and seven Austrian cities were chosen as case
studies to show the effect of climate. A two-bedroom residential building was chosen as a
case study and modeled in different cities. The results show that, due to the high heating
demand in Montreal, and its low electricity costs, the city ranks as the cheapest city for
GSHP installation among nine other case studies [24]. Furthermore, a comparison between
Levelized Cost of Energy (LCOE) and Energy System Analysis (ESA) methods was made
for decentralized heating and district heating systems [25]. Both methods show similar
ranking results for district heating networks, whereas the results of decentralized heating
systems vary.

Centralized district heating and distributed renewable energy systems have been
widely studied in recent years. Dolla Rosa et al. [26] studied the effect of human behavior on
load patterns in a low-temperature district heating. They also carried out a socio-economic
comparison between district heating and distributed GSHP for a low-heat-density area.
They showed that the low-energy district heating’s levelized cost of energy is competitive
with the GSHP-based scenario for low-heat-density areas. Moreover, according to this study,
the optimal design of the network is of the utmost importance, since an optimal design
decreases the average pipe size required, reducing the costs. Rimd and Mohammadi [27]
studied centralized and distributed solar collectors in an existing district heating system.
The showed that both scenarios are feasible; however, integrating renewable energy with a
district heating system has higher economic feasibility than the distributed one. Although
many works have been done in the field of renewable district heating and cooling networks
in urban areas, there is still a gap in integrating building energy modeling with energy
system sizing and energy distribution network design. In this paper, a novel methodology
integrating these three modules and automizing the whole process has been presented. The
current study is based on the Dominion Bridge area in Lachine-Est in Montreal, Canada.
Figure 1 shows the location of the case study and the newly proposed designs. Developers
intend to design an eco-quartier with an energy-efficient and cost-effective energy system.

Two scenarios have been considered for the energy system of the mentioned area.
Both scenarios share the same sets of buildings with the same characteristics, schedule,
usage, and material. In the first scenario, a decentral energy system comprised of GSHP
provides heating and cooling demands for each building, while, in the second scenario, a
district heating and cooling system has been designed. Automatic urban building energy
modeling (AUBEM) was used to calculate the energy demand of buildings. Then, a model
was prepared in the INSEL simulation environment and implemented to design the energy
systems for both scenarios. This model provides heat pump capacity and the number of
required HPs, the number of PV panels, and AC electricity generation potential using PV.
After designing the piping system and calculation of the heat losses for the centralized
scenario, an economic assessment was carried out to choose the most cost-effective energy
system scenario for the studied area.
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Figure 1. The study area: (a) and (b) The location of the Lachine-Est quartier in the formal Dominion

Bridge Area; (c) bird view of buildings distribution in the newly proposed design.
2. Methodology
2.1. Automatic Urban Building Energy Modeling (AUBEM)

One way to store the detailed geometrical information of buildings so that it is read-
able by computer programming is to structure the data into the City Geography Markup
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Language (CtiyGML) format [28]. CityGML is a text-based format similar to the XML for-
mat, which uses the hierarchal structure to store objects and attributes related to buildings.
Since CityGML is readable using Python programming language, a CityGML file of the
new design is used in the present study. In the current study, the term automatic UBEM
refers to our software workflow that carries out the whole process of 3D building modeling
for the energy demand analysis and the entire process of energy system modeling in an
automatic manner. A Python code was written to perform the following tasks:

e  Extracting the building coordinates and building characteristics (building use-type,
year of construction, etc.) from CityGML format;

e  Merging the building surface coordinates with their related characteristics in the same
list and organizing the data to be suitable for energy simulation software;

e  Assigning the building materials and constructions to each surface based on building
use-types and surface types, whether they are walls, roof surfaces, or ground surfaces;

e Reading and organizing the occupancy, electrical equipment, lighting, and ventilation
schedule and assigning them to each building based on building usage;

e  Feeding the data into EnergyPlus [29] for energy demand calculation.

Figure 2 shows the AUBEM system workflow. The CityGML is parsed through Python
to extract each building’s ID and their related information and organizing them with regard
to a hierarchical structure which is callable in the next steps. The hierarchical structure
starts using building IDs as a root, followed by the building use-type and then their surface
information as a subcategory. This hierarchical structure paves the way for accessing
detailed building geometry and attribute information in the next steps for each building.

PolyiD1
Functionality

Coordinates

PolylD2

Functionality

Coordinates

python

PolylD3

Functionality

Coordinates

Figure 2. Automatic Urban Building Energy Modeling System.

EnergyPlus is a physics-based model that captures the full dynamic of the building
performance to provide a detailed analysis of buildings [29]. Due to the sufficient flexibility
and accuracy of EnergyPlus, it is used for building energy demand calculations.

EnergyPlus first defines the building zones and then creates 3D building models.
Building IDs are used to name the zones. It is necessary to assign each building’s surface
to its related building zones. Therefore, each surface has a zone name which is defined
based on the building ID and should be defined automatically before adding the surface
coordinates into EnergyPlus.

The building materials and constructions are extracted from the National Renewable
Energy Laboratory (NREL) website [30] and stored in a JavaScript Object Notation (JSON)
format. The JSON format is parsed, and the building constructions and materials are
categorized based on the building use-type, stored in a Python dictionary, and named as
NREL building construction archetypes. The building construction archetypes are assigned
to each building’s surface based on the building use-type. Building use-types are extracted
from CityGML. The occupancy, electrical equipment, lighting, and ventilation schedules
are extracted from the Department of Energy (DOE) building archetypes website [31] for a
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large office, secondary school, small office, and midrise apartment buildings. Since DOE
has limited building archetypes, we had to consider the most similar building archetype
for each building use-type in the Lachine district. The large office archetype is considered
for the Civic Center building type, the secondary school for school, the large office for a
commercial, the midrise apartment for a residential, and the small office for office. The
extracted archetypes are stored in a text file and are read through Python to be assigned
to each building. In the last step, each surface, with all its related information, along with
the building occupancy, electrical equipment, lighting and ventilation schedules, are fed to
the EnergyPlus to calculate the heating and cooling demands. EnergyPlus positions the
surfaces in their specific location and connects them to form a 3D building urban model.
The other parameters used in the EnergyPlus model are summarized in Table 1. Moreover,
the building surfaces are categorized into three groups, walls, roof surfaces and ground
surfaces, and their related archetypes are assigned to each group accordingly. The other
required parameters for accurate building energy demand calculation, such as occupancy,
electrical equipment, lighting, and ventilation schedules, change dynamically based on
building use-types, and are all automatically assigned to each building.

Table 1. EnergyPlus setting parameters for Urban Building Energy Modeling.

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

Heating, ventilation and air
conditioning (HVAC)
Templates

Ideal loads air system

Solar distribution

Full interior and exterior

Shading calculation

Calculation method Average over days in

frequency
Calculation frequency Every 20 days
Maximum figures in shadow 15,000
overlap calculations
Polygon clipping algorithm SutherlandHodgman

Sky diffuse modeling . . .
algorithm Simple sky diffuse modeling
External shading calculation Internal calculation
method
Surface convection algorithm: TARP
inside
Surface convection algorithm: DOE-2

outside

Heat balance algorithm

Conduction transfer function

Sizing period: design day

Winter design day

Summer design day

Solar model indicator

ASHRAE clear sky

Occupancy

Number of the people

calculation method People/Area

People per zone floor area 0.05 people/m?
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Table 1. Cont.

Parameters Settings
Design level calculation Watts/Area
Lighting method
Watts per zone floor area 10 W/m?
Design level calculation Watts/Area
Equipment method
Watts per zone floor area 5W/m?
Residential:
Design flow rate calculation Flow/ExteriorArea and
method Commercial:
Infiltration Flow/ExteriorWall Area
. Residential: 0.0002 m3/s-m?
Flow per exterior surface area
Commercial: 0.0005 m3/s-m?
Outdoor air method Flow/Area
HVAC Outdoor airflow rate per zone

3 /o-m?2
ﬂOOI' area 0.00043 m /s m

Occupancy, electrical equipment, lighting, and infiltration values are collected from [32-34].

2.2. Energy System Model

A model for designing an energy system is prepared using INSEL 8.2. which is a simulation
environment using a flexible graphical programming language comprised of ready-to-use
blocks. The former INSEL distributor doppelintegral GmbH is liquidated and further de-
velopment of INSEL is now pursued at Concordia University, Montreal, Canada. Moreover,
new extensions or completely user-defined blocks can also be added and used. INSEL's
main functionalities are meteorology, building modeling, and renewable energy systems’
modeling [35,36]. The proposed energy system model obtains an hourly energy demand
for both cooling and heating, the geometry of building (exclusively the roof dimension)
and temperature as an input and provides heat pump capacity and the number of HPs re-
quired to best fit the demand curve, the number of PV panels and AC electricity generation
potential using PV.

The complete energy system model (ESM) includes different parts and features. How-
ever, in this study, only the heat pump section and the PV system will be discussed briefly.
The ESM workflow starts by obtaining and analyzing the heating and cooling demand
and ends with various results, including energy consumption, the system’s coefficient of
performance (COP), PV self-consumption and equipment selection. The summary of parts
related to the scope of this paper is shown in Figure 3.

Demand Analysis
;( w ( Outputs \
Sy In; : - i Energy Systems Library : i
(omme ) [emseeow] L )
: Cooling Degree Days Ground Source Heat Pump : Performance/ Efficiency
: : i : : Perfo: Dat. : :
: Geometry Data : H Sizing Rules H : SERHIRNCS AR : H A
: : > —_— AR Control Strategies
[ ] | O T
: : $ : H H : Metering System :
: Cooling Demand : i { I Inverter Database | | : :
b4 i i | Self-consumption Model |
sesssensssansecseasiacasedst Average Demand e
P S — —. L nnesnaasspasenass -
( INPUTS From Uban Building . ocooeT o e e S
\ Modeling . ) C System Design ) N Equipment Selection ) \ Results )

Figure 3. Energy System Model Workflow.
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2.2.1. Heat Pump Model

The most common HP performance indicator is COP, a unitless parameter that can be
interpreted as the thermal energy transferred by the HP to the HP electricity consumption.
Since a heat-pump COP is highly dependent on heat-source and heat-sink temperatures,
COP fluctuations during different conditions should be taken into consideration. In the case
of GSHP, the heat transfer fluid temperature leaving boreholes and going to the building is
used as a heat source input to the HP.

Based on the HP manufacturers” performance data, a correlation between HP energy
generation, electricity consumption, sink, and source temperature can be found. Usually,
reversible HPs” COP is higher than 1.0 due to the fact that they transfer heat from a heat
source to a heat sink. That being said, by referring to the Carnot theorem (theoretical
highest efficiency of an HP), it can be seen that by lowering the supply temperature or
increasing the boreholes’ return temperature, higher COPs can be achieved. In our case
study, 40 and 12 °C are used in calculations for heating and cooling supply temperatures,
respectively, which are consistent with the low-temperature heating /cooling concept.

In addition to improving COP, a lower heating supply temperature will lower heat
losses in piping and storage and enables the heating system to achieve higher exergies.
These values have been studied and investigated for low-temperature and ultra-low-
temperature district heating (DH) systems [7,37-39]. Although 40 °C is sufficient for
providing domestic hot water (directly or with supplementary heating) [40], the focus of
the study is merely on heating and cooling demand and the electricity consumption of HPs’
covering demand.

Previously, Weiler et al. [35] proposed a model for an Air Source Heat Pump (ASHP),
which uses a polynomial fit to the manufacturer’s data. In this study, the same approach
is used and further developed for GSHP. In this method, two out of three HP parameters,
including COP, electricity consumption and heat output, are defined as a function of supply
temperature and heat source temperature (boreholes to HP), based on the HP performance
provided by data manufacturers. Table 2 is extracted from Maritime Geothermal Ltd. W
series GSHP catalogue [41], which shows the W900 70-ton HP’s electrical consumption and
COP for a constant supply temperature (heating) but various source temperatures. As a
result, HP output heat can be determined, which will then be used to calculate the number
of HPs required to cover the demand in each time step (1 h).

Table 2. Maritime Geothermal Ltd. W900 model GSHP performance data.

Supply Temp (°C) Source Temp (Borehole) (°C)  Electrical Consumption (kW) COP

40 -3.9 56.63 3.04
40 —1.1 57.28 3.36
40 1.7 57.98 3.66
40 44 58.64 3.95
40 72 59.14 422
40 10 59.47 4.51
40 12.8 60.18 474
40 15.6 59.95 5.03

2.2.2. Hourly Analysis and PV System

As mentioned before, the ESM receives hourly demand data from urban building
modeling. After preprocessing the load curves, some statistical analyses, including maxi-
mum demand, average demand (non-zero values), heating and cooling degree days, and
different percentiles, will be calculated. Based on these data, the model will select a heat
pump capacity among the available HPs in the energy library, which best matches the
building load curve.

In each time-step (1 h), ESM takes heating and cooling demand (kW) as well as outdoor
temperature (°C) and solar irradiation, from an input file. The INSEL energy systems’
library offers a comprehensive list of PV panels and inverters with various specifications
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and manufacturers, from which a 300 W panel with 17.24% efficiency and an appropriate
inverter were selected. INSEL's available blocks were used to calculate direct and diffused
solar radiation on a 31 degrees tilted panel, facing south, to feed the PV block. a maximum-
power point tracker was added to ensure the system’s optimum output. Finally, DC/AC
electricity generation of PV system was used to cover HPs’ electricity demand and the
excessive portion will be exported to the grid. Figure 4 shows the setup for the PV system
in INSEL.

("X

PV + Inverter Syst

R= < S|

—_— Lu 1

—ae — Jat x/y'—'@
J(—~—< '—]_<— " '_AI—IT —

2| D
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= - =
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3

180}
[l

Figure 4. A screenshot from PV system modeled in INSEL, including weather block, PV panels. inverter and MPPT.

2.3. Hydraulic and Thermal Modeling of the Distribution Network

As mentioned before, it is crucial to study the hydraulic and thermal behavior of the
distribution network to understand the effects of the heat losses and pressure drops on the
energy system. To do so, at first, a distribution network was designed for supply and return
pipes. Figure 5 shows the configuration of the buildings and the designed network system
for heating and cooling, supply, and return lines. A MATLAB code was then developed
based on the graph theory to introduce the geometry to the code. Finally, the proper form
of the related equation was derived and solved to obtain the network’s mass flow rate and
temperature levels.

2.3.1. Network Modeling Using Graph Theory

A graph represents a set of connected objects by nodes and edges. In the context of the
district heating network (DHN), edges are interpreted as pipes, and nodes demonstrate the
junctions and the consumer stations. To implement the concept of graphs in a mathematical
model, an incident matrix A is defined, whose elements are 0, +1, and —1. The incident
matrix shows the interconnection of the nodes and the edges. The rows and columns of the
incident matrix represent the number of nodes and pipes, respectively. In the incidence
matrix, +1 is assigned to the inlet node of a pipe, while —1 is assigned to the outlet node of
the pipe. 0 is assigned to the nodes that do not have any interaction with a specific pipe [42].
The incident matrix is the mathematical representation of the network’s configuration,
which can be combined with the conservation equations to calculate the mass flow rates,
and temperature distribution in the network (Equations (3) and (4)).
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Figure 5. Configuration of the buildings in the newly designed geometry and designed supply and
return network for heating and cooling.
2.3.2. Hydraulic Modeling

For a pipe in the network, connecting two junctions, the one-dimensional, steady-state
momentum equation was derived as Equation (1) [42]

(1. 8Lm 8m
Pout — Py = —m <2fD5p27'c2g + Dig2 12 ;ﬁk> + APpump @

where Py, is the outlet pressure, Py, is the inlet pressure, g is the acceleration of gravity, m
is the mass flow rate in the specified pipe, f is the friction factor, L and D are the length and
diameters of the specified pipe, respectively, and f is the total loss coefficient.

The associated equation for the calculation of the mass conservation could also be
derived. Equation (2) shows the simplified mass conservation equation [42]

Zmout - me =0— Zm1 = MMext 2)
i i i

where 11,y is the flow rate leaving each node. In consumer stations, 1.y is obtained by
Demadn of the building

CP(TsupplyfTreturn) ’
By employing the incident matrix, the above-mentioned equations will turn into the following
forms [42]

using the energy demand calculated in the previous sections (,xt =

Axm= Thgxt (3)

— AT X P = —1it x C + APy @)

where C is % f DS%'Zzg + szglnz % Br- A MATLAB code was written to solve the above

equations using the Newton algorithm to solve the system of non-linear equations.

2.3.3. Thermal Modeling

Once the mass flow rate in each pipe is determined, the mentioned code uses the
one-dimensional energy conservation law (Equation (5)) to calculate the temperature level
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in each node. The energy equation is discretized in time by the Euler backward method.
An upwind scheme translates the temperatures at the boundary to the node upstream [42]

cpiT)' = (picyiT) ™ [ SiL; , L
(pz . l) A(tpl . 1> (Z ]2]> +Z(micp,iTi)t = _Z?]Pjuj(Tjt - Tsur)/ ®)
] ] ]

where ¢, is specific heat capacity, S is the area of the pipe, L is the length of the pipe, P is
the perimeter of the pipe, and U is the global heat transfer coefficient. In order to calculate
the pipe diameters, Equation (6) can be used [42]

D=/ ©)

where v is the design velocity that should not exceed specific limits in order to avoid noise
and damage to pipes. Thus, the design velocity for the water system is considered to be
1.5 m/s for sizing calculations [42,43]. Once the mass flow rate in each pipe is determined,
the pipe sizing can be completed.

2.4. Economic Assessment

Among various cost estimation methods, LCOE is a good indicator of the cost-
effectiveness of renewable energy systems. The LCOE of both scenarios is calculated
to investigate the economic feasibility of central and decentral district heating and cooling
systems in the current study. The LCOE is defined as the total lifetime cost of an investment
divided by the cumulated energy generated by this investment. An alternative (but math-
ematically identical) approach is the definition by means of the net present value (NPV).
The LCOE is the (average) internal price at which the energy is sold to achieve a zero NPV.

The formula to calculate LCOE is shown in Equation (7)

Zn Li+M;+F
=1 (140
== 4y @)

n
=1 (140)}

LCOE =

where I; is investment expenditures in year ¢, M; is operations and maintenance costs in
year t, F; is fuel expenditures in year ¢, E; is energy generation in year t,  is interest rate,
and n is lifetime of the technology.

As mentioned earlier, the location of the current study is in Montreal, Quebec. All the
prices, including equipment and labor costs, are obtained from a local company named
Marmott Energy (7106 St-Denis, Montréal QC, H2S 154, info@marmottenergies.com), based
on their previous large-scale projects. Table 3 includes the detailed costs of different items
involved in the economic assessments.

Table 3. Costs of the items for economic assessment.

Central System Decentral System
Heat pump cost (CAD/ton) $675
Drilling and filling of the borehole (CAD/m) $18
Labor (CAD/ton) $1470
Distribution network cost (CAD/m) * $1020 -
Electricity cost (Cents/kWh) 8

* This value shows the cost of digging the trench, purchase, and installation of the pipes in there per each meter of
the trench.
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3. Results and Discussion
3.1. Demand Results

For the configuration of the buildings shown in Figure 5, the hourly heating demand
is calculated. As mentioned above, different factors affect heating and cooling demands,
such as building surface area, its application and location, etc.

Figure 6 shows the heating and cooling curves of the buildings in the area. Based on
this figure, building A has the highest heating and cooling demand, which is due to its
heated surface area, which is the largest of all the buildings.

Heating and Cooling Demands for Building A 00 Heating and Cooling Demands for Building B

6000 10
—Heating ——Heating
| Cooling Cooling
5000 800
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E E 600 | |
2 3000 2
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Figure 6. Cont.
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Figure 6. Heating and cooling loads for (a) building A; (b) building B; (¢) Building C; (d) Building D; (e) Building E;
(f) Building F.

To better analyze the results, Table 4 shows the maximum heating and cooling for
each building throughout the year.

Table 4. Maximum heating and cooling loads for each building.

Building A B C D E F

Maximum Heating Load (kW) 5161.5 999.7 23314 24112 516.1 785.9
Maximum Cooling Load (kW) 4608.1 940.3 1902.3 1739.1 3184 619.0
Tot. Floor Area (m?) 136,136 31,056 54,693 39,410 11,798 16,908

Figure 6 shows that, during specific periods (around 3000 or 6500 h) there is a demand
for both heating and cooling. Predefined heating and cooling and transitional seasons
method can be implemented to avoid having heating and cooling demands at the same
time, since this would not be feasible according to the high thermal inertia of the network.
In this method, two specified periods are separately allocated to cooling and heating, and
two other periods (one before autumn and one before spring) are defined as transitional
seasons, which do not need heating or cooling. In this case, optic-variable walls (OVW)
have high solar absorption during winter and low solar absorption during summer, and
can be useful for providing thermal comfort during the transitional seasons [44]. However,
in the current study, two separate distribution networks are considered for heating and
cooling, so that the heating and cooling thermal demand is answered without causing
problems. These calculated demands are the starting point for network analysis and energy
system design. The following section discusses the energy system modeling results.

3.2. Energy System Results

ESM was used for each of the six buildings in the district plus the central district heat-
ing and cooling scenario. ESM results are summarized in Table 5. It is worth mentioning
that supply temperatures for both heating and cooling are assumed to be constant, while
fluid temperature leaving boreholes are dependent on the outdoor temperature. Moreover,
ESM determines the number of HPs in each iteration that cover the maximum demand, and
the required number of required HPs is added to the results. HPs are considered to have
single-stage compressors and either work with 100 percent capacity or zero. Besides calcu-
lating metered parameters like electricity to/from the grid, only HP electricity demand has
been considered.
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Table 5. ESM result summary for 7 cases.

C
N Building A BuildingB BuildingC BuildingD BuildingE  BuildingF  Central

Heating SCOP
Cooling SCOP
Tot. HP Electricity
Demand (kWh/yr)
Electricity Exported to
grid (kWh/yr)
Electricity from grid
(kWh/yr)

Tot. PV generation
(kWh/yr)

Tot. AC electricity
generation (kWh/yr)
PV Electricity Direct Use
(kWh/yr)

PV Self-Consumption
Ratio
Number of panels
Heat Pumps in service
(Heating)

Heat Pumps in service
(Cooling)

Heat Pump capacity (ton)
Tot. Floor Area (m?2)

3.29 3.29 3.33 3.30 341 3.44 3.27
5.62 5.64 5.63 5.61 5.56 5.66 5.61
3,564,448 804,703 1,762,696 1,729,678 560,527 819,814 7,890,552
882,280 400,524 283,253 451,334 533,010 33,232 2,863,273
2,681,697 558,383 1,349,154 1,316,139 369,986 655,697 5,859,504
1,836,502 673,004 724,968 899,873 752,852 205,323 5,092,522
1,765,031 646,845 696,795 864,873 723,550 197,348 4,894,320
882,751 246,321 413,542 413,539 190,541 164,117 2,031,048
0.50 0.38 0.59 0.48 0.26 0.83 0.41
4347 1593 1716 2130 1782 486 12,054
30 6 14 15 3 5 71
20 4 8 8 2 3 42
70 70 70 70 70 70 70
136,136 31,056 54,693 39,410 11,798 16,908 290,001

Since a single COP value cannot reflect the fluctuations in COP during different weather
conditions, the Seasonal COP (SCOP) was used to understand HP performance better. SCOP
for heating and cooling seasons are defined as follows

Yi—1QH
SCOPy = =—=—, 8
H e Y En ®)
Yi—1Qc
SCOPy = =——=—, 9
m Y Ec ©)

where Qp, Qc are HP heat output (kWh) and and Ep, Ec electricity consumption (kWh)
in the heating and cooling cycle.

Since the selected HPs are single-staged and the model requires them to cover the
maximum demand, in almost all time-steps, a surplus of energy will be available. It is clear
that sizing the energy system relying on maximum demand results in an over-sized system
for most operating hours, which will lower the system’s total efficiency and lifespan by
causing numerous on/ off cycles.

Comparing the central scenario with the decentralized system output shows notable
differences regarding electricity balance and the number of HPs required. The central
scenario’s total HP electricity consumption is 17% lower than that of the decentral systems,
while the central scenario has a higher electricity export and lower import from the grid
with 10 and 18 percent, respectively. The central system requires two HPs for heating and
three HPs for cooling, less than the decentral scenario, because the demand profiles of the
buildings are not similar, and, in the central scenario, the peak demand in one building
might be covered by a simultaneous valley in another building’s demand. In some hours,
especially peak demand hours, the total amount of surplus energy of six buildings in each
hour is higher than the capacity of a single 70-ton HP (responsible for the extra number of
HPs in the decentralized scenario).
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3.3. Hydraulic and Thermal modeling of the Distribution Network Results

In this section, the calculated mass flow rate, heat losses, and the piping system are
presented. At first, the mass flow rate for each pipe is determined. Figure 7 shows the mass
flow rate of the supply line of the heating system in the network.
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Figure 7. Supply line mass flow rates for the heating system in (a) Pipe one; (b) Pipe two; (c) Pipe three; (d) Pipe four;
(e) Pipe five; (f) Pipe six; (g) Pipe seven; (h) Pipe eight.

Figure 7 shows the mass flow rates in the main pipes, with pipe 1 and pipe 5 having
the highest value. Moreover, the flow rate in pipe 6, which transfers energy from the plant
to building A, has a higher value compared to the other pipe, because building A has
the highest energy demand in the configuration. This is also true for the cooling system
operation. After calculating the mass flow rate in the system, the size of the pipes can be
determined. Table 6 shows the piping results for the heating and cooling systems. The
results will be used for the economic assessment.

Table 6. Pipe sizing results.

Cooling Heating
Length (m) Diameter (in) Length (m) Diameter (in)

71 16 71 16
53.25 8 53.25 8

71 6 71 6

35.5 8 35.5 8
159.75 12 159.75 12
17.75 12 17.75 12

71 4 71 4

35.5 6 35.5 6

After obtaining the flow rates and sizes of the pipes, it is possible to calculate the
temperature levels in the network. This calculation helps to evaluate the heat losses in the
grid and, more importantly, to make sure that the demand will be properly responded to
by the system. Figure 8 shows the temperature variation of the heating system in building
A’s consumer substation. The temperature setpoint for heating in Montreal is 22 °C,
and Figure 8 shows that this energy system scenario can properly respond to the energy
demands of this building.
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Figure 8. Temperature variation of the heating system supply line in building A’s consumer substation.

The minimum temperature of the supply line for the heating system was 28 °C, and
the maximum temperature of the supply line for the cooling system was calculated as
19 °C. Thus, the centralized scenario can properly provide energy for consumption.

The calculation showed that the heat loss for this configuration of the network is
2.15 x 10° kWh, which is 10.1% of the total demand.

3.4. Economic Assessment Results

In this section, the results of the economic assessment are presented. LCOE is used as
an indicator for evaluating the economic performance of both scenarios. Table 7 shows the
results of calculating LCOE for the first scenario, where each building has an individual
geothermal loop. The electricity cost in the province of Quebec is 8 CAD/kWh. Based on
the table’s data, the LCOE for all the buildings is less than this value. Therefore, using the
geothermal loop for buildings in the Lachine area is cheaper than using the direct electrical
heating systems commonly used in Montreal.

Table 7. Economic assessment of the first scenario (decentralized energy system).

Building Name A B c D E F
Investment Costs
Heat pump capacity (ton) 30 x 70 6 x70 14 x 70 15 x 70 3 x70 5x 70
Heat pump cost (CAD) $1,417,500 $283,500 $661,500 $708,750 $141,750 $236,250
Drilling and filling of
borehole (CAD) $1,728,216 $345,643 $806,501 $864,108 $172,822 $288,036
Labour (CAD) $3,087,000 $617,400 $1,440,600 $1,543,500 $308,700 $514,500
Total Capital Cost (CAD) $6,232,716 $1,246,543 $2,908,601 $3,116,358 $623,272 $1,038,786
Profit (%) 22.00 22.00 22.00 22.00 22.00 22.00
Total Capital Cost after
profit (CAD) $7,603,914 $1,520,783 $3,548,493 $3,801,957 $760,391 $1,267,319
Annual Capital Cost

(CAD/year) $341,085 $68,217 $159,173 $170,542 $34,108 $56,847
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Table 7. Cont.
Building Name A B c D E F
Economic Factors
Project Lifetime 35 35 35 35 35 35
Discount rate (%) 2.75 2.75 2.75 2.75 2.75 2.75
Fuel Costs
Heat pump Electricity
consumption (MWHh) 3565 805 1763 1730 561 820
Fuel cost (CAD/year) $285,200 $64,400 $141,040 $138,400 $44,880 $65,600
Energy Generation
Yearly Heating Energy
Generation (MWh) 8899 1605 4056 4352 997 1385
Yearly Cooling Energy
Generation (MWh) 2940 552 1153 863 77 356
LCOE (CAD/kWh) $0.053 $0.061 $0.058 $0.059 $0.074 $0.070
In Figure 9, the left axis and the bars represent LCOE. The right axis and the circles
represent building surface area. In addition, the size of circles represents building surface
area to show a comparison between them.
It is shown in the figure that the bigger the building is, the cheaper the system becomes.
The LCOE for building E, the smallest building, is 0.07 CAD/kWh, while this number for
building A, the biggest building in the area, is 0.05 CAD/kWh.
Building Name Building Surface Area (m2)
Building Name
oA
(T mc
° E .
_ . D
S £ :
5 L
< 4 &8
E/ .~
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- 3
35
[
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Figure 9. Surface area and Levelized Cost of Energy (LCOE) for each building.

Table 8 shows the results of the economic assessment of the centralized system under
two different sets of assumptions. In the first case, the system’s detailed costs are equal
to the values used for the distributed system. The cost of heat pump, labor, and borehole
drilling and filling are the same as the ones used for the decentral system. In the second
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case, the economies of scale are considered. Hence, either a discount on different items has
been received and/or the project is subsidized. The results show that, in both cases, the
LCOE is lower than the electricity price in Quebec, which proves that using a geothermal
district heating and cooling network is cost-beneficial when compared to direct electrical
heating. Moreover, in both cases, the LCOE of the central system is lower than or equal
to the LCOE in decentral system. In the unsubsidized system, only for building A, the
LCOEs of both central and decentral systems are the same, while, for all other buildings,
the LCOE decreased. This reduction in LCOE is more significant in smaller buildings. On
the other hand, in subsidized cases, the LCOE for all buildings decreased which proves
that the heating cost could become even cheaper in case of governmental support.

Table 8. Economic assessment of the second scenario (centralized energy system).

Unsubsidized Discounts/Subsidized
Investment Costs
Heat pump capacity (ton) 71 x 70 71 x 70
Heat pump cost (CAD) $3,354,750 $2,180,588
Drilling and filling of borehole (CAD) $4,090,111 $2,454,067
Labour (CAD) $7,305,900 $4,383,540
Distribution Network Cost (CAD) $1,722,589 $1,722,589
Total Capital Cost (CAD) $16,473,350 $10,740,783
Profit (%) 22.00 22.00
Total Capital Cost including profit margin (CAD) $20,097,487 $13,103,755
Annual Capital Cost (CAD/year) $901,502 $587,788
Economic Factors
Project Lifetime 35 35
Discount rate (%) 2.75 2.75
Fuel Costs
Heat pump Electricity consumption (MWh) 3565 805
Fuel cost (CAD/year) $285,200 $64,400
Energy Generation
Yearly Heating Energy Generation (MWh) 8899 1605
Yearly Cooling Energy Generation (MWh) 2940 552
LCOE (CAD/kWh) $0.05 $0.04

4. Conclusions

The present paper proposed a new method for district-scale automated building energy
modeling and energy system simulation. This method was implemented to design an eco-
nomic and efficient energy system for a Montreal case study district called the Dominion
Bridge. An automated urban building energy modeling (AUBEM) method was used to
calculate the energy demand of the buildings. This method carries out the whole process
of 3D building modeling for the energy demand analysis and the entire process of energy
system modeling in an automatic manner. Using the energy demand results from the
AUBEM, an energy system model for decentral and central reversible heat pumps was
prepared in the INSEL 8.2 simulation environment. Moreover, a heating network model
was designed and implemented for a centralized heat pump system in MATLAB. This
code provides the pipe sizing, mass flow rates, temperature distribution and heat losses
in the distribution network. Finally, LCOE was used as an indicator when evaluating the
economic performance of both scenarios.

Although the centralized scenario experienced heat losses through the grid, according
to the ESM results, this scenario required less electricity consumption and fewer HPs to
meet the demands. Moreover, the economic assessment results revealed that the LCOE of
both scenarios varies from 0.04 to 0.07 CAD/kWh, which is cheaper than the electricity cost
in Quebec (0.08 CAD/kWh). The LCOE for the bigger buildings was lower compared to the
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smaller ones. A comparison between centralized and decentralized scenarios revealed that
the centralized system is cost beneficial for all buildings. It was also shown that if discounts
are received due to the economy of scale, or the government subsidizes the project, the cost
of heating could decrease further. If the central project is subsidized and/or discounts are
received on different items, the LCOE decreases to 0.04 CAD/kWh.

The ESM results also showed that system sizing for 100% of hours (8760 in a year) re-
sults in an over-sized system for most operating hours. Adding storage, short- or long-term,
and system-sizing for lower percentiles of the maximum load (i.e., P = 0.98) will lead to a
better outcome. The optimal percentile determination requires a detailed investigation into
load profiles, peaks and valleys, and the number of hours with consecutive high demand.

Author Contributions: Introduction, A.R., H.R.; methodology, A.R., BS.,, HR., SR. and S.S.A;
formal analysis, A.R., B.S., S.R.; Geometry, A.S.; writing—original draft preparation, A.R., B.S.,, HR.,
S.R. and S.S.A.; writing—review and editing, U.E.; supervision and proof-reading, U.E. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported by NSERC funding for the Canada Excellence Research Chair
in Smart, Sustainable and Resilient Cities and Communities.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: We thank Nathalie H. Tremblay (President, Marmott Energies Inc.) for her
useful comments and providing us with the costs information. This research would not have been
possible without her support.

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature
A Incident matrix
Cp Specific heat capacity (J/kg °C)
D Diameter of the pipe (m)
Ec Electricity consumption (kWh) in cooling cycle
Ey Electricity consumption (kWh) on heating cycle
E; Energy generation
f Friction factor
F; Fuel expenditures
I Investment expenditures
L Length of the pipe (m)
M; Operations and maintenance costs
' Mass flow rate (kg/s)

m
P Pressure (Pa)

Qc HP heat output (kWh) in cooling cycle

Qu HP heat output (kWh) in heating cycle

r Interest rate

S Surface area of the pipe (m?)

T Temperature (°C)

u Global heat transfer coefficient (W/m? °C)
v Design velocity (m/s)

Greek Letters

0 Density (kg/ m?)

B Total loss coefficient
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Abbreviation

ASHP Air source heat pump

AUBEM Automatic urban building energy modeling
cor Coefficient of performance

DH District heating

DHN District heating network

ESA Energy system analysis

ESM Energy system model

GSHP Ground-source heat pump

ASHP Air source heat pump

AUBEM Automatic urban building energy modeling
cor Coefficient of performance

HP Heat pumps

HVAC Heating, ventilation, and air conditioning
LCOE Levelized cost of energy

NPV Net present value

PV Photovoltaic

SCOP Seasonal coefficient of performance
UBEM Urban building energy modeling

HP Heat pumps

HVAC Heating, ventilation, and air conditioning
LCOE Levelized cost of energy

NPV Net present value

PV Photovoltaic
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