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Abstract: In this research, the optimization of energy consumption of zero-energy buildings using
PCMs in the two study cities of Vancouver and Dubai and its energy supply with a multi-generation
geothermal system is discussed. PCMs used in the walls and roofs of designed buildings are
of two types, namely PCM (solid) and PCM (liquid). By optimizing the energy consumption of
the residential complex in two study cities, it is finally possible to choose the best mode in optimal
conditions to reduce energy consumption in the residential complex, reduce the costs of the residential
complex, and reduce the environmental pollution. The results showed that the amount of electricity
consumption, heating, and cooling of the residential complex during the year in the city of Vancouver
is 8493.55, 7899.1, and 1083.97 kWh, respectively, and in the city of Dubai, the values are 9572.1, 8.99,
and 18,845.44 kW, respectively. Also, by optimizing the energy consumption of residential complexes
in Vancouver and Dubali, it is possible to reduce CO, emissions by 2129.7 and 2773.2 kg/year,
respectively. The electricity consumption of the residential complex in Dubai is 11.26% and the carbon
dioxide emission is 23.20% more. In the end, a multi-generation system is proposed to meet the
energy consumption of a six-unit zero-energy residential complex with 120 m? and two bedrooms
in Vancouver, Canada. By setting up the study system in the city of Vancouver, 237,364.6 kWh of
electricity, 425,959.4 kWh of heating, and 304,732.8 kWh of electricity can be produced in one year.
According to the investigation, the geothermal system can easily provide the energy consumption
required by residential buildings.

Keywords: residential complex; PCM; heating; cooling; electricity; multi-generation system; geothermal

1. Introduction

Zero-energy building or zero-output building refers to buildings that are powered by
renewable energy. The production of carbon pollutants in them is zero. These buildings are
modern. A zero-energy building is a building that emits zero or negative carbon dioxide
annually [1].

Zero-energy buildings combine energy efficiency and renewable energy production to
consume only as much energy as is produced on-site through renewable sources in a given
period [2].

There are many long-term benefits of moving towards energy buildings [3], which
include lower environmental impacts, lower operating and maintenance costs, better
resilience to power outages and natural disasters, and improved energy security. Reducing
building energy consumption in construction can be achieved through various methods,
including integrated design, retrofitting energy efficiency, reducing plug-in loads, and
energy-saving programs [4,5].
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PCMs are materials that can absorb and store large amounts of heat energy. Thermal
energy storage in these materials occurs during the phase change process. When these
materials change phase from solid to liquid or from liquid to solid, they absorb this heat
from the environment or give it back to the environment [6,7].

A phase change material, if used in a building, exchanges large amounts of heat with
the environment through successive cycles of melting and freezing as a result of severe
changes in air temperature, thus providing a more balanced air temperature for the space
inside the building [8]. In several studies that have been conducted in the field of the use
of such materials in buildings, very favorable results have been obtained in connection
with the reduction in energy consumption for cooling and heating, as well as the ease of
providing comfort [9-11].

In 2023, Zhan et al. investigated the integration of PCM in buildings in hot climates and
investigated building energy and thermal comfort. One of the least-consuming alternatives
for building coating applications is the use of PCMs. PCMs addressed simulation tools,
classification, integration technologies, and impact variables, along with the advantages
and disadvantages of widespread adoption in building envelopes that were highlighted
hierarchically [12].

In 2024, Sharma et al. investigated a new retrofitting approach based on PCMs
in air conditioning systems to reduce building energy demand. Improving air quality
and reducing airborne diseases can be effectively achieved by introducing fresh air into
buildings. However, this challenges the building’s energy consumption [13].

In 2023, Assareh et al. investigated the strengthening of solar thermal collector sys-
tems for hot water production with PCMs. Energy storage and supply in solar thermal
collector systems are highly dependent on PCMs. According to the analysis of how the
inlet parameters affect the objective functions, the PCM mass is minimized, and the inlet
water mass flow rate increases under ideal conditions. The amount of energy stored in
the PCM increases when the system parameters are kept constant while the pipe diameter
increases [14].

In 2022, Abbasi et al. worked on transient energy storage by PCMs. A mathematical
model for the simulation of encapsulated PCMs as a thermal energy storage reservoir for a
building’s loads was investigated. Using a tank of PCM for daily energy storage reduces
cooling and heating loads by 22.5% and 18%, respectively [14].

In 2022, Salameh et al. investigated an energy-based absorption chiller-absorption
cooling system for the climatic conditions of the United Arab Emirates. The optimal angle
of inclination, the area of the vacuum tube collector, the volume of the hot water storage
tank, and the solar fraction were evaluated. The optimized system reduced costs by 56.8%
compared to a conventional vapor compression system [15].

In 2020, Ebrahimi-Moghadam et al. investigated the performance of light shelves to
save energy in residential buildings in Mashhad, Iran. The results showed that the use of
optimal light shelves causes an average annual improvement of 18%, 11%, and 7% in the
heating, cooling, and electricity demand of the building [16].

Behzadi and Arabkoohsar in 2020, studied a new system for building an energy supply
using solar energy. In the designed system, a solar panel was used with a heat storage
tank, and the lack of battery used in this system led to a reduction in system costs. The
results showed that the system, in addition to providing the building with annual domestic
hot water, sold 402 m? of hot water to the regional heating network with local extreme
temperatures [17].

In 2021, Arabkoohsar et al. studied a new system for building an energy supply
based on the use of renewable energy to create zero-energy buildings in Denmark. The
comparison results showed that the proposed solution is the most cost-effective scenario,
with the lowest initial cost of about USD 457,000 and a payback period of 6.6 years [18].

In 2022, Ang et al. investigated hybrid renewable energy systems with urban building
energy modeling, for example in coastal communities. While different combinations of
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renewable energy systems can be viable, optimization for cost, energy consumption, and
power shortage can be increasingly challenging [19].

In 2023, Lu et al. addressed renewable energy sources and multi-energy hybrid
systems for urban buildings in the Nordic climate. This research examined the feasibility of
multi-energy systems for a northern Finnish climate city to address the issues of replacing
fossil energy with renewable energy sources to achieve zero carbon emissions. The results
show that the system can flexibly meet the energy demand for heterogeneous buildings [20].

In 2022, Zhong et al. discussed the feasibility of producing clean electricity from
a geothermal system. In this study, based on available geological data, an advanced
geothermal system with a vertical well was investigated to investigate the potential for
clean electricity production. The feasibility of power generation at depths between 2900 m
and 3300 m was reasonably predicted over 30 years at a production rate of 40 kg/s [21].

In 2022, Jiansheng et al. investigated the power generation performance of advanced
geothermal systems with horizontal wells. A combination of underground heat extraction
and underground electricity generation systems was proposed in this study. The power
generation system consisted of ORC, and R245fa was used as the working fluid [22].

In 2023, Dezhdar et al. used a renewable solar and wind system to provide fresh water,
electricity, heating, and cooling for a residential apartment. A photovoltaic panel was used
to absorb solar energy and a wind turbine was used to absorb wind energy [23].

In 2024, Nizovtsev and Sterlyagov investigated the effect of PCM on the thermal inertia
of walls in lightweight buildings. The results showed that the use of PCMs in buildings
helps to better save energy [24].

In 2024, Dezhdar et al. investigated a renewable system for providing energy to
the residential complex. The energy supply of 100 residential units during the year was
investigated using thermal photovoltaic panel units, wind turbines, steam turbines, fuel
cells, and batteries. The energy produced by the system during the year was 425,690.937
kWh/year [25].

In this study, the optimization of energy consumption and its energy supply with a
geothermal system of multi-energy production consisting of a modified organic Rankine
cycle and a compression chiller has been discussed. This research aims to reduce the
emission of environmental pollutants and, at the same time, increase the performance of the
system. The energy and environmental crisis is one of the issues that have been considered
as one of the most important concerns of mankind today. One of the solutions to deal
with this crisis is to turn to clean and renewable energies, among which geothermal energy
plays an important role. For this reason, multi-production systems based on geothermal
energy are a suitable idea for providing energy consumption. One of the new solutions to
reduce the energy consumption of residential buildings is the use of PCM. Using PCM in
buildings has a significant effect on improving thermal comfort conditions and reducing
energy consumption.

2. Research Innovation

In this research, a residential complex including two three-story buildings with one
unit per floor and a total of six units in Vancouver and Dubai is simulated in two hot and
cold areas to investigate different building materials and the use of PCMs. By using BEopt,
energy consumption optimization of residential buildings in two cities in America and Asia
with hot and cold climates is carried out. Finally, the best materials for use in buildings
are introduced, and then the system designed to calculate the required load of residential
buildings is analyzed. The city of Dubai is a very hot city, and the city of Vancouver is
a very cold city; thus, the amount of energy consumption in these two cities is different,
and phase change materials can be effective in reducing energy consumption. Nowadays,
due to the increasing pollution of fossil fuels and the increase in the price of energy, the
importance of saving energy in residential complexes has become clear to everyone.

The innovations are as follows:

e  Choosing the two cities of Dubai and Vancouver as hot and cold climates.
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e Simulation of a six-unit residential complex with an area of 120 m? in Dubai and
Vancouver.
Using BEopt to analyze residential complexes in the two study cities.
Analysis of the use of PCM in residential complexes in the two study cities.
Analysis of the use of different materials in the construction of residential complexes
in the two study cities.

e  Calculation of electricity load and heating and cooling requirements of residential
complexes in the two study cities.

e  Optimizing residential complexes in Dubai and Vancouver to save energy and reduce
pollution.
Use of a multi-generation system to supply the required load of the residential complex.
Investigating the environmental performance of the geothermal system of multiple
energy production.

3. Residential Complex Design

In this research, a six-unit residential complex was designed in Dubai and Vancouver
and BEopt was used to calculate the electricity, heating, and cooling requirements of the
entire residential complex throughout the year. The view of the residential complex is
presented in Figure 1. Also, the residential complex information is introduced in Table 1.
Two buildings with three floors and one unit per floor were designed; the number of units
in the complex is six units, each unit has four people living in it, and the area of each unit
is 120 m?. For this reason, the total substructure of the building is 720 m? with a total of
24 residents, which aims to optimize the energy consumption of buildings by using PCMs
in the walls and roofs of buildings. Finally, a renewable multi-energy production system
has been presented to provide the three needs of electricity, cooling, and heating of the
residential complex.

BEopt software 3.0.1 is a building energy optimization tool used to evaluate buildings.
In BEopt, simulation is performed based on a building’s dimensions, architecture, number
of residents, location, and facilities.

In Table 1, the information on the residential complex is presented. This information
includes the size of the residential complex, the number of units, and the number of
residents.

Table 1. General information on the residential complex.

Information Value Description
The infrastructure of 120 m2 -
each floor
The 1nfrastr}1ct'ure of 360 m2 .
every building

The .mfra.structure of all 720 m2 )
residential complexes

Number of buildings 2 buildings -

Number of floors 3 floors In addition to the foundation of the building
Number of units per floor 1 -
The total unit number 6 -

The type of foundation of the
residential complex

The foundation is the lowest part of any building that has direct
contact with the soil and supports the entire weight of the structure
Pier beam and transfers it to the ground. Foundation beam bases are long and
narrow structures of different materials that sink into the ground
and transfer the weight of the building into the ground.

Number of inhabitants

4 people per unit A total of 24 people
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Figure 1. View of the residential complex.

Figure 2 shows the residential complex analysis flowchart for the design and load
analysis of the residential complex, including the required electricity load, the heating load
of the residential complex, and the cooling load of the residential complex.

For the design of the residential complex in two study cities, different sizes and
types of buildings have been chosen for the construction of buildings, with the purpose
of introducing the best structure. It should be noted that the direction of the residen-
tial complex is towards the north. Figure 3 presents the main materials examined in
this research.
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Figure 2. Residential complex analysis flowchart.
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Figure 3. The structure of the residential complex for the selection of materials.
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In Tables 2-5, the materials investigated to optimize the energy consumption of the
residential complex to save consumption have been discussed.

Table 2. Window materials of the residential complex.

Option 1 2 3 4 5 6
Clear, double, Low-E, triple, Low-E, triple, Low-E, triple, . Low-E, double,
. . . Back windows .
Windows non-metal, air, insulated, Arg, Insulated, Arg, non-metal, Arg, . non-metal, air,
. . X . = High-SHGC .
H-gain L-gain M-gain H-gain L-gain
. 18% F25 B25 15% F25 B25 50 sqft, all
Window areas  F18 B15 L15 R15 F15 B15 LO RO 125 R25 125 R25 F15 B15 L15 R15 facades
Door Wood Steel Fiberglass - - -
Door Areas 10 f2 20 ft2 30 ft2 40 f2 - -
Table 3. Wall materials of the residential complex.
Option 1 2 3 4 5 6
Wall sheathing OSB R-15XPS R-6 Polyiso R-5XPS OSB, R-15*PS OSB, R-12 Polyiso
Exterior finish me dsizlric/oéark Brick, light Wood, light Aluminum, light Vinyl, light :j:sir;;f%e;i
Interzonal walls PCM (liquid) PCM (solid) - - - -

R-13 fiberglass

Uninsulated, 2*6,

Uninsulated, 2*6,

R-13 cellulose,

R-13 opened cell

R-15 fiberglass

Wood stud batt, 2*4, 16 in o.c. 24 in o.c. 16 in o.c. 2*4,16 in o.c. spre;}é g(r)\aénc’ 24, batt, 2*4, 16 in o.c.
R-33 fiberglass R-33 fiberglass R-45 fiberglass R-39 cellulose, R-45 Cellulose, R-39 fiberglass
Double wood batt, Gr-1, 2*4 batt, Gr-1, 2*4 batt, Gr-1, 2*4 Gr-1,2*4 Gr-1,2%4 batt, Gr-1, 2*4
stud centered, 24 in staggered, 24 in staggered, 24 in staggered, 24 in staggered, 24 in centered, 24 in
o.c. o.c. o.c. o.c. o.c. o.c.
Uninsulated, 2*6 R-11 fiberglass R-19 fiberglass R-25 fiberglass R-19 cellulose, R-30 fiberglass
Steel stud 24 in o.c. batt, 2*4, 24 in o.c.  batt, 2*6, 24 ino.c.  batt, 28, 24 in o.c. mérl: d’i‘;'c" batt, 2*6, 24 in o.c.
Table 4. Roof and floor materials of the residential complex.
Option 1 2 3 4 5 6
Interior shadin Summer = 0.7, Summer = 0.5, Summer = 0.7, Summer = 0.6, Summer = 0.5, )
& winter = 0.7 winter = 0.95 winter = 0.95 winter = 0.7 winter = 0.7
Eaves 1 ft. 2 ft. 3 ft. 4 ft. - -
Overhanes 2 ft., all stories, 2 ft., first story, 2 ft., first story, 2 ft., first story, 2 ft., first story, )
& all windows all windows back windows left windows right windows
Floor mass Wood surface 2in. gypsum - - - -
concrete
. PO e G-
Exterior wall 2*1.2in. 5.8 in. drywall 12 in. drywall 2*5.8 in. ) .
mass drywall drywall
. 1 o e G-
Partition wall 2*1.2 in. 5.8 in. drywall 12 in. drywall 2*5.8 in. ) ;
mass drywall drywall
- 2*5.8 in. . . 2*1.2 in.
Ceiling mass drywall 5.8 in. drywall 1.2 in. drywall drywall - -
Carpet 20% 40% 60% 80% 100% -
Finished roof ~ 10 fiberglass R-30+R-19 R-38 fiberglass R-47.5 SIPs R-37.5 SIPs fiberR _legaggbatt
batt, 2*4 fiberglass batt batt, 2*10 ’ ’ %*1 0 ’
Roof Material PCM (liquid) PCM (solid) - - - -
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Table 5. Other characteristics of the residential complex.
Option 1 2 3 4 5 6 7
N 100% o o o o o o
Lighting . 40% CLF 60% CLF 80% CLF 60% LED 80% LED 40% LED
incandescent
. Ceiling R-38  Ceiling R-19  Ceiling R-13  Ceiling R-38  Ceiling R-13  Ceiling R-19  Ceiling R-30
Pier and . ! .
fiberglass fiberglass fiberglass opened cell closed cell opened cell closed cell
Beam
Batt Batt Batt spray foam spray foam spray foam spray foam

Table 6 shows the introduction of PCMs. The main use of PCMs in buildings is
to encapsulate the building, and in other words, the use of these materials in the walls
and roof prevents the increase in the temperature of the environment inside the building
and keeps the temperature balanced. The efficiency of PCM walls depends on several
factors, which include the melting temperature of PCMs, the range of wall temperature
changes, heat capacity per unit of wall surface, how PCMs are applied inside the wall, and
weather conditions.

Table 6. Properties of PCMs [26,27].

Thermal Specific . Latent
PCM Conductivity Heat (yv-/‘lﬁlzl?lz) ](iel;rs;?)’ Heat

(W/mK) (kJ/kg K) 5 (KJ/kg)
Solid 0.3 2.75 46.9 878 100
Liquid 0.1 1.848 15.6 898 100

In this research, various features and materials for the construction and design of the
proposed six-unit residential complex have been investigated, and the aim is to introduce
the best features and materials to be used in the construction of the residential complex to
save energy. The solution information for the residential complex is presented in Table 7.

Table 7. Residential complex solution information.

Parameter Dubai Vancouver
Time to solve 14h45m39s 14h23m12s
Number of repetitions 81 81
Software version BEopt 3-0-1 BEopt 3-0-1

Dubai is one of the emerging cities in the world that is expanding. Dubai is one of the
most important commercial cities in the world and is one of the most modern cities in Asia
and the world. The population of Dubai in 2023 was estimated at 3.6 million people.

Vancouver is an important coastal and port city in Canada, with an estimated pop-
ulation of 3 million people, which makes it the third largest city in Canada. Vancouver
has always been chosen as one of the top five cities in the world in terms of quality and
livability, making it one of the best cities in the world to live in.

In the following study, the changes in climate parameters and environmental condi-
tions of the two cities of Dubai and Vancouver have been investigated. It should be noted
that the environmental parameters throughout the year are the main factors of energy
consumption in buildings.

In Figure 4, hourly changes in ambient temperature (8760 h) are plotted for the cities
of Dubai and Vancouver. The temperature changes in Vancouver are between —10 °C and
25 °C, and in Dubai the temperature is between 0 °C and 50 °C.

Also, the hourly changes in the dew point temperature of Vancouver and Dubai have
been plotted during the year. The results show that the dew point of Vancouver is between
—15 and 15 °C, while in Dubai it is between 0 and 25 °C. There is some moisture in the air,
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which is in the form of water vapor and a superheated state. When the air temperature
drops enough, this water vapor reaches a saturated state and is distilled, which is called
the dew point temperature of the air. The dew point has many uses in air conditioning
and meteorology. As the results show, the wind speed changes in Dubai are between 0 and

24 m/s, while in Vancouver the changes are between 0 and 18 m/s.

Figure 4 shows the hourly changes in the intensity of solar radiation in Vancouver and
Dubai during the year. As the results show, solar radiation has more potential in Dubai. In
the city of Dubai, the changes in radiation are between 0 and 1000 W /h, and in the city of

Vancouver, the changes in radiation are between 0 and 800 W /h.

i_; —= --4

i W % w"f o

T T T T T T T T T T v T T T
0 1000 2000 3000 4000 5000 6000 7000 8000

)

M n‘ W "
| | WPJJM i Al W

% T 2 T o T = T s T " T . T ks T
0 1000 2000 3000 4000 5000 6000 7000 8000

ht : \le M\.

i "

! WM» i “. i J il \;‘ W J M by ’l s J

-I—-dqg

0 1000 2000 3000 4000 5000 6000 7000 8000

Figure 4. Cont.



Buildings 2024, 14, 477

10 of 29

1200

1000

800

600

400

Global Horizontal (W/m?)

0

1000

2000

Dhabi
— Vancouver|

5000

3000 4000 6000 7000 8000

Hour

100

80 -

=

}

6

=
L __l__

4

<

Relative Humidity (%)

‘

20

|' I “ *iM

f\l
"

Dhabl

Vancouver

|J\ ‘ A.fl

r |

M\ n

EM |
|I \ |

|/
‘\ \

II\M ‘

\I\
(i l

Lk

i " | W

{ |
M

'| h‘l

‘ M

\

'\I" 'U

\;

w| I | "i ‘ M I

"
\V" h

lhi

\ \ ,

’/I} il

\\

10[)0

20(]0

yi‘ |

T T T T
3000 4000 5000 6000 8000

Hour

Snow Depth (cm)
= = = &= =
] - =) o =
L 1

S
=
1

— Dhabi
Vancouver

T
1000

T
2000

T T T T T T
3000 4000 5000 6000 7000 8000

Hour

Figure 4. Hourly changes in Vancouver and Dubai weather parameters during a year.

The dew point in thermodynamic science is very close to the concept of relative
humidity. Relative humidity is determined at a certain temperature. Therefore, at this
specific temperature, the ratio of water vapor pressure in a part of the air to the saturation
pressure of water vapor in the same part of the air is called relative humidity. In mechanics,
relative humidity is usually expressed as a percentage. Figure 4 shows the relative humidity
of Vancouver and Dubai throughout the year and hourly. The temperature of the air in
the room and even its humidity is very influential in our health and feeling of freshness
and vitality. The meaning of humidity is the amount of water vapor in the air. Ideally, the
relative humidity of the air in the house should be raised to 45% so that the air in the house
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becomes completely favorable. A humidity level of less than 30% turns the air in the house
into very dry air. Living or working in an environment with humidity below 30% can cause
dry skin, eye irritation, and respiratory problems. Therefore, adjusting the temperature and
humidity of the work and home environment is extremely important. Also, the amount of
snowfall in Vancouver and Dubai has been checked on an hourly basis throughout the year,
and the results show that due to the geographical location of Dubai and the hotness of this
area, the rainfall in Dubai is zero.

Figure 5 shows the temperature of the living space. The ideal temperature of the house
should be between 70 and 78 °F or 21 and 25.5 °C; so, it is important to use central heating
and other forms of temperature regulation to keep the temperature healthy and comfortable.
Also, Figure 5 shows the temperature of the cooling and heating load adjustment point of
the residential complex throughout the year to reach the temperature of the living space.
Too hot or too cold a temperature causes physical and mental discomfort and disrupts
performance. Working in a very hot environment causes fatigue, headaches, and body
numbness. The cold environment also reduces the sensitivity and tingling of the fingers.
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Analysis of Residential Complex Results

Among the selected materials and features in Tables 2-5, using the BEopt optimization
method, the best features and materials for the residential complex designed in the two

study cities of Dubai and Vancouver are presented in Table 8.

Table 8. Optimum materials of residential complex in study cities.

Optimal Choice Building (Vancouver) Building (Dubai)
Orientation North North
Wood stud R-13 fiberglass batt, 2*4, 16 in o.c. R-13 opened cell spray foam, 2*4, 16 in o.c.
Wall sheathing OSB Vinyl, medium/dark
Exterior finish Stucco, medium/dark Vinyl, light
Interzonal walls PCM (solid) PCM (solid)
Finished roof R-13 fiberglass, 2*4 R-37.5 SIPs
Roof material PCM (liquid) PCM (solid)

Pier and beam

Ceiling R-19 fiberglass batt

Ceiling R-38 open cell spray foam

Carpet

20% carpet

100% carpet

Floor mass

Wood surface

Wood surface

Exterior wall mass

2*1/2 in. drywall

2*5.8 in. drywall

Partition wall mass

2*1/2 in. drywall

2*5/8 in. drywall

Ceiling mass

2*1/2in. drywall

2*5.8 in. drywall

Window areas

F15 B15 L15 R15

F15 B15 L15 R15

Windows

Clear, double, non-metal, air

Low-E, double, non-metal, air, L-gain

Interior shading

Summer = 0.7, winter = 0.7

Summer = 0.5, winter = 0.95

Door area 30 ft? 30 ft?
Doors Wood Steel
Eaves 1 ft. 2 ft.
Overhangs 2 ft., all stories, all windows 2 ft., first story, back windows
Lighting 40% LED 60% LED

Double wood stud

R-33 fiberglass batt, Gr-1, 2*4 centered, 24 in o.c.  R-33 fiberglass batt, Gr-1, 2*4 centered, 24 in o.c.

Steel stud

R-11 fiberglass natt, 2*4, 24 in o.c. Uninsulated, 2*6, 24 in o.c.

To find the best city for setting up a renewable geothermal system, the electricity
consumption of two residential complexes in the studied cities of Dubai and Vancouver
is investigated and compared. The use of different materials in the construction of the
building, as well as the use of PCMs in the roof and walls of two residential complexes,
were used to optimize the energy consumption of the residential complex and the cost of
building the residential complex and to reduce CO, emissions. To choose the best city in
terms of energy consumption and pollution reduction, considering that the population size
of the study cities is similar and they are suitable cities for living, the effect of PCM on the
energy consumption of the buildings designed in these cities is investigated and compared.

In the following paragraphs, the load analysis of the residential complex and the
conditions of the residential complex in the two study cities will be discussed. In Figure 6,
the results of the amount of heating load consumed by the residential complex are presented
hourly for two study cities. As the results show, in the city of Vancouver, the amount of
heating load required by the residential complex is higher than the cooling load, and in the
city of Dubai, the cooling load is higher due to the hotness of the area. The annual heating



Buildings 2024, 14, 477

13 of 29

consumption of the Vancouver residential complex is between 0 and 4 kWh, and in Dubai
it is between 0 and 0.5 kWh.

[\
|

Heating (kWh)

I T | ! I ! 1 !

— Dubai

Vancouver

1000 2000 3000 4000 5000 6000 7000 8000

Hour

Figure 6. The amount of heating load consumed.

Figure 7 shows the changes in cooling energy consumption of the residential complex
hourly and monthly for one year. As the results show, in the city of Vancouver, the amount
of cooling load required by the residential complex is low, but in the city of Dubai, due to
the high solar potential and also the high temperature of the environment, the cooling load
is very high. The cooling consumption of the Vancouver residential complex is between 0
and 2 kWh, and in Dubai it is between 0 and 5.5 kWh.

In Figure 8, the results of the electricity load of the residential complex are presented
hourly for one year. The electricity consumption of the residential complex in the two study
cities is between 0.1 and 2.2 kWh during the year.

In Figure 9, the results of the reduction in CO, emissions for one year according to the
optimization of residential complex energy consumption in two study cities are presented.
As the results show, with the reduction in electricity consumption, carbon dioxide emissions
also decrease, and electricity consumption is the main option for carbon dioxide emissions.
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Figure 9. The reduction in CO, emissions throughout the year.

Dubai and Vancouver are among the cities with the greatest potential for expansion,
and are also considered a suitable place to live. With two different climates, there are
changes in the amount of energy consumption. By optimizing residential buildings in
Dubai and Vancouver, it is possible to save energy and reduce environmental pollution,
which is important because the population of these cities is high and the population of
these cities increases every year.

Table 9 compares the energy consumption of residential complexes in Vancouver and
Dubai.

Table 9. Comparison of consumption load of residential complexes in the study cities.

City Electricity (kWh) CO; Emissions (kg)  Cooling (kWh) Heating (kWh)
Vancouver 8493.55 2129.78 1083.97 7899.11
Dubai 9572.1 2773.26 18,845.4 8.99473

As the results show, the electricity consumption of the residential complex in Dubai is
11.26%, and the carbon dioxide emission is 23.20% higher. The consumption of heating and
cooling in the studied cities depends on the ambient temperature.

4. Optimum Building Analysis in the Best Study City

In this research, a six-unit residential building was designed in the two cities of
Dubai and Vancouver with different hot and cold climates, the energy consumption was
calculated in terms of electricity consumption, cooling, and heating, and the best materials
were selected for the construction. The aim was to investigate the impact of using PCMs in
the walls and roofs of buildings in Dubai and Vancouver, and finally to calculate the energy
consumption of the building when PCMs are used. It was concluded that phase change
materials can be effective in reducing energy consumption.
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To find the best city for setting up a renewable geothermal system, the electricity
consumption of two residential complexes in the study cities of Dubai and Vancouver
was investigated and compared. The use of different materials and PCMs in the roof and
walls of two residential complexes was carried out to optimize the energy consumption
and the cost to build, and to reduce CO; emissions. The energy consumption results of
two complexes were presented in Table 9, and an optimization was carried out using
BEopt. In this optimization, according to the location of the area, changes in weather
conditions, as well as the materials and sizes of the materials used, were considered as
input conditions. The optimization solutions by BEopt were obtained after analyzing
the problem with different iterations, which resulted in lower energy consumption in the
residential complex in the city of Vancouver. For this reason, the city of Vancouver was
chosen for the final study.

In Table 10, the consumption load of the residential complex is analyzed in three result
modes, including optimal, reducing the cost of building the residential complex, and also
the most saving in energy consumption. The results are presented for comparison that the
main selected scenario of this research was the optimal state. At the optimal point, the goal
is to simultaneously save all the energy of the building along with the appropriate cost and
reduce the environmental pollution of residential buildings. However, in the case of the
maximum saving in energy consumption, the only goal is to save energy consumption, and
in the case of reducing the cost of building a residential complex, the goal is to reduce the
construction costs. For this reason, in this research, the optimal mode is chosen due to the
simultaneous optimization of energy consumption, cost, and pollution reduction.

Table 10. Comparison of residential complex consumption in different modes.

Option Elflf&‘l:;ty €O 'ifgl)ssmns Cooling (kWh) ~ Heating (kWh)
Optimal choice 1 8493.55 2129.78 1083.97 7899.11
Min cost 7362.2 2016.1 958.1 7215.14
Max savings 8155.39 2076.34 1009.51 7641.29

Figure 10 shows the thermal contours of the residential complex in Vancouver. These
figures show the schematic of energy and energy distribution in an hourly manner. The
amount of energy consumption required by the residential complex in different seasons
according to the materials used in the construction of the residential complex has been
calculated in this figure. In this figure, the contours of electricity, heating, and cooling
consumption as well as CO, emissions throughout the year are shown, and the decrease or
increase in their amount throughout the year and based on the environmental conditions
affecting the residential complex is obtained.
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Figure 10. Cont.
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Figure 10. Energy consumption contour.

Cooling

The influence of Vancouver’s environmental climate parameters on the residential
complex’s heating consumption is shown in Figure 11. The impact of the changes in the
weather parameters of the city of Vancouver is shown separately from the amount of

heating consumption.
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Figure 11. Load distribution of the effects of weather parameters on the heating consumption of the

residential complex.



Buildings 2024, 14, 477

18 of 29

Cooling (kWh)

Cooling (kWh)

2.5

Figure 12 shows the distribution of changes in environmental parameters on the
cooling consumption in the residential complex. The impact of the changes in the weather
parameters of the city of Vancouver is shown separately from the cooling consumption.
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Figure 12. Load distribution of the effects of weather parameters on the cooling consumption of the
residential complex.

Figure 13 shows the distribution of changes in environmental parameters on the
electricity consumption of the residential complex. The impact of the changes in the
weather parameters of the city of Vancouver is shown separately from the electricity
consumption.

Figure 14 shows the distribution of changes in environmental parameters on the
reduction in CO; emissions in the residential complex. The impact of the changes in the
weather parameters of the city of Vancouver is shown separately from the reduction in CO,
emissions.

In Figure 15, the cost of energy consumption and the amount of savings in energy
consumption can be seen, as well as the amount of emissions and the reduction in CO,
emission for one year in the building. Each point represents a state of building optimization.
In this research, the initial point where the cost of energy consumption is maximum is
considered as the reference point. Obviously, at this point, the amount of energy saving is
considered to be zero. Then, the amount of savings in energy consumption is measured for
other modes compared to the reference mode. As can be seen, at the last point, the greatest
amount of saving in energy consumption is obtained.
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Figure 15. Annual energy cost for different optimization modes.

In Table 11, the optimized points of the building’s performance have been investigated
to find the best consumption conditions, the best economic conditions, and the best envi-
ronmental conditions. The six optimal points, which are identified in alphabetical order,
pursue three common goals, including reducing building energy consumption, reducing
carbon dioxide emissions, indicating building energy consumption, and reducing building
costs. As the results show, the energy saving rate of the Vancouver residential complex is
0.01%/year, with the amount of USD 1634.06 energy-related costs, annualized.

Table 11. The most optimal values for saving energy and reducing CO5.

Optimal Point Target Value (Vancouver)

A Source energy savings (%/yr) 0.01
Energy-related costs, annualized (USD/yr) 1634.06

B Source energy savings (%/yr) 0.01
Energy-related costs, net present value (USD) 2393.81

C Source energy savings (%/yr) 0.01
Energy-related costs, lifecycle cost (USD) 59,513.3

D Site energy consumption (MBtu/yr) 61.71
Energy-related costs, annualized (USD/yr) 1634.06
E CO; emissions (Lbs/yr) 922443
Energy-related costs, annualized (USD/yr) 1634.06

F CO; savings (Lbs/yr) 5.72
Energy-related costs, annualized (USD/yr) 1634.06

In this optimization, according to the location of the area, the changes in weather
conditions, as well as the materials and the size of the materials used, were considered
as input conditions. The optimization solutions by BEopt were obtained after analyzing
the problem with different iterations, which resulted in lower energy consumption in the
residential complex in the city of Vancouver. For this reason, the city of Vancouver was
chosen for the final study.

5. Analysis Geothermal System
5.1. System Description

Figure 16 shows the proposed schematic. The system investigated in this research
consists of a geothermal system, organic Rankine cycle, and compression chiller for cooling
and heating production. Using the geothermal heat source, the thermal energy needed by
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Wells

the evaporator for operation is supplied and then transferred to the turbine to generate
power. The temperature of the fluid that this tank injects into the cycle is equal to 180 °C.
Also, the fluid mass flow rate is considered to be 1 kg/s. The organic fluid used in the
current system is R123. When it enters the evaporator, it reaches the boiling point by
absorbing minimal heat from the fluid around the tubes and evaporates, and, as a result, its
phase changes from liquid to gas.
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Figure 16. Geothermal system.

To model the system designed based on a specific framework. The methodology is

presented in Figure 17.

The summary of this method is as follows:

System modeling is carried out using EES software 10.2.

Choosing the city of Vancouver in Canada for the study system case study.
Extraction of weather information for Vancouver from Meteonorm software 8.
Environmental analysis of the geothermal system.

5.2. System Balance

Mass and energy balance is established for each control volume for thermodynamic

analysis of the study system.

The following assumptions are made to simplify the problem:
The pump is isentropic.

The turbines are isentropic.

Steady-state conditions.

The condenser and evaporator outlet is a saturated liquid [28].
Changes in kinetic and potential energy are insignificant [29].
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Figure 17. System modeling methodology.
Table 12 shows the main relations for system analysis [14,30-33].
Table 12. Thermodynamic analysis.
Relations Basic Relations
. ~ dmgy ; ;
%mi - %me = Law of survival of crime
. . ) 2 . 22 JE Law of the conservation of
— . . i L) — Ze — 4L
Exg + Y mj(ex;) = Y me(ex,) + Exy + Exp Exergy balance
i e
Exyy = Lrii((hi —ho) — To(si — 50)) Physical exergy
1
7 = ZXCREx¢ Cost rate

T n
CRE — _k1+h

T 1 Capital recovery factor

5.3. Case Study (Vancouver)

Vancouver is one of the western cities of Canada, located in the southwest of British
Columbia. This city is located between the Rang Mountains and the Pacific Ocean. Van-
couver has good geothermal potential. In Figure 4, the hourly changes in the ambient
temperature during one year in Vancouver are plotted and the effects of these parameters

on the performance of the system of multi-energy production are investigated.

Figure 18 shows the hourly changes in the amount of heating produced by the system
using a compression chiller concerning changes in weather parameters. An innovative
idea in this research is the use of a compression chiller, where the electricity required
by the compression chiller is provided by the electricity produced by the system, and
the compression chiller reduces system waste by simultaneously producing cooling and
heating. Because the compression chiller works with electricity to produce heating, any

change in the system’s production power will also affect the production of heating.
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Figure 18. System heating production changes throughout the year.

Figure 19 shows the hourly changes in the amount of cooling produced by the system
using the compression chiller unit in response to the changes in weather parameters. An
innovative idea in this research is to use the production power of the studied geothermal
system to supply the electricity required by the compression chiller and produce cooling.
For this reason, the changes in the amount of cooling production are the same as the
changes in the electricity production rate of the system.
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Figure 19. System production cooling changes throughout the year.
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In Figure 20, the changes in the net production power of the entire study system
are shown hourly in response to the changes in weather parameters. As the ambient
temperature increases, the performance of the organic Rankine cycle decreases, and the
best performance of the system is achieved in winter and spring.
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Figure 20. System production power changes throughout the year.

6. Analysis of the Performance of the System in Providing the Energy Consumption of
the Building

Figure 21 compares the amount of electricity consumed by the simulated buildings
in the city of Vancouver and the amount of electricity produced by the study system in
relation to the weather changes in the city of Vancouver on an hourly basis. The geothermal
system can supply the electricity needed by the building, and, in addition, the amount of
surplus electricity produced throughout the year can be sold to the national electricity grid
and used to reduce system costs.

Figure 22 compares the amount of cooling energy consumed by the simulated build-
ings in Vancouver and the amount of cooling produced by the system in response to the
weather changes in Vancouver on an hourly basis. The geothermal system can provide
the required cooling of the residential complex, and, in addition, it is possible to store the
amount of surplus production cooling throughout the year and use it for other purposes.

Figure 23 compares the heating energy consumption of the simulated residential
complex in the city of Vancouver and the amount of heating produced by the system with
the climate changes in the city of Vancouver on an hourly basis. As the results show, the
proposed geothermal system can provide the required heating for the building.



Buildings 2024, 14, 477 26 of 29

Consumption electricity (kWh)
Produced electricity (kWh)

0 T T T T T T T T T T T T T T T T ~ 20
0 1000 2000 3000 4000 5000 6000 7000 8000
Hour
Figure 21. Comparison of consumed electricity and produced electricity.
4 I I I I I 1 I I 38
g 34 - 36 _
=
< =
o i~
an =
g )
S 2
S 24 L34 8
o= o
N .=
-~ [0}
o Q
g 3
2 S
a =
o O—‘
O 1A - 32
0 . il | ‘. ‘ “ I Il |\‘ |||| ‘ LA . r l T 30
0 1000 2000 3000 4000 5000 6000 7000 8000
Hour

Figure 22. Comparison of cooling energy consumption and production cooling.
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Figure 23. Comparison of consumed heating energy and heating production.

Finally, in Table 13, the energy stored in the study geothermal system is calculated

throughout the year, which is more than the needs of the Vancouver residential complex.

Table 13. Stored energy.

Energy Electricity (kWh) Cooling (kWh) Heating (kWh)
Production 237,365 304,733 425,959
Consumption 8493.55 1083.97 7899.11
Stored 229,466 303,649 417,466

7. Conclusions

This research discussed the optimization of energy consumption of zero-energy build-

ings using PCMs in the two study cities of Vancouver and Dubai. A multi-generation
geothermal system was proposed to supply energy to the building. In this research, PCMs
are used to optimize the energy consumption of buildings in two study cities.

The summary of the results is as follows:

The consumption of electricity, heating, and cooling of the residential complex during
the year in the city of Vancouver is 8493.55, 7899.1, and 1083.97 kWh, respectively.
The consumption of electricity, heating, and cooling of the buildings during the year
in Dubai is 9572.1, 8.99, and 18,845.44 kWh, respectively.

By optimizing the energy consumption of buildings in Vancouver and Dubai, CO,
emissions can be reduced by 2129.7 and 2773.2 kg/ year, respectively.
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e  The city of Vancouver, Canada, was chosen as the most suitable city for the study due
to having more suitable weather conditions, reducing building energy consumption
and carbon dioxide emissions.

e  The multiple production system was proposed to meet the energy consumption of a
six-unit zero-energy residential building with 120 m? and two bedrooms in Vancouver,
Canada.

e  The study system can produce 237,364.6 kWh of electricity, 425,959.4 kWh of heating,
and 304,732.8 kWh of cooling in one year.

e  The results showed that 229,465.5 kWh of electricity was sold to the electricity distri-
bution network during the year and that 417,465.8 kWh of heating and 303,648.8 kWh
of cooling were saved throughout the year to compensate for the costs of the system.
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