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Abstract

Net zero energy buildings have captured the attention of many researchers and
governments due to high energy consumptions by traditional buildings. The design stage
of a net zero energy house is the most crucial and cost effective step to focus on. The
orientation of the building, proper insulation, high-efficiency windows, natural
ventilation and other techniques are used to curb down heat transfer from and to the
building. These robust energy measures combined with using highly efficient domestic
appliances, lighting fixtures, seasonal air-conditioning equipments with high coefficient
of performance (COP) and thermal heating techniques reduce energy to the level where
the remaining electricity required to power the building can be produced by renewable
energy systems.

This PhD research aims at designing and assessing the performance of net zero
energy house (NZEH). Three novel multigeneration energy systems are developed, where
renewable energies will be the prime sources to supply electricity, fresh and hot water,
seasonal heating and cooling.

In order to achieve NZEH, the study starts by choosing the right orientation of the
house, selecting the building materials and fixtures that would save on energy, and then
optimizing the thicknesses of the acoustical and thermal insulation materials used and
followed by heat load calculations. After which, the total connected electrical load to the
house is determined and the power system is optimized and selected. Moreover,
thermodynamic modeling for all systems components is developed and design parameters
are varied to note their effect on efficiencies. Exergoeconomic and
exergoenvironmental analyses are performed to determine exergy destructions and
greenhouse gas emission costs. In addition, design variables are optimized to maximize
renewable energy use while reducing exergy destruction and minimizing total system

cost and greenhouse gas emissions.

The ultimate goal of this study is to produce sustainable energy options for
residential buildings with low noise pollution and very low level of greenhouse gases

emissions. In this regard, three new systems are considered.


http://en.wikipedia.org/wiki/Building_insulation

System | is composed of a photovoltaic (PV) system, wind turbine, diesel generator,
battery bank and an electrical control system that supply power to the house, while solar
panels power absorption and liquid desiccant systems which provide air-conditioning and
fresh water. Hot water is produced by solar heat, photovoltaic thermal system (PV/T) and
from a ground thermal storage, where hot water from solar panels passes through during
the long summer months, raising the earth temperature, which is used in winter to heat
the cold water circulated through. The optimization results show that system | with a
net present cost (NPC) of US $56,558.00 in 2013 currency, and levelized cost of energy
$0.127/kWh satisfies the connected load requirements. A power system optimization
yields a 0.998 renewable energy penetration factor and 73 kg/yr of CO, emissions. While
exergoeconomic analysis gives a total system cost of $107,000.00 and exergy analysis
gives overall system exergy efficiency of 41 % and 26 % at 8.00 am and 2.00 pm

respectively.

System Il consists of organic Rankine cycle system (ORC) with a battery array to
supply electricity to the house, while solar panels power a liquid desiccant system and
absorption chiller system that provide the house with air-conditioning and fresh water.
Hot water is produced by solar heat. The optimized power system with a NPC of
$52,505.00 and LCE of $0.118/kWh, renewable energy fraction of 1.00 and zero kg/yr

CO, emissions provides for the house.

The overall system exergetic efficiency varies between 44.76 %, 23.57 % and 36.22
% at 8.00 am, 2.00pm and 5.00 pm, due to solar energy changes, while the overall system
efficiency varies between 60 %, 36.62 % and 53.95 % at 8.00 am, 2.00 pm and 5.00 pm.
While exergoeconomic analysis gives a total system cost of $117,700.00 compared to
$128,500.00 after running the multiobjective optimization.

System |11 consists of hydro turbine system, PV and battery systems with electrical
control mechanism that supplies power to the house. A ground source heat pump
integrated with a heat exchanger provides seasonal air-conditioning and part of the hot
water. A heat transformer powered by solar energy combined to a distillation system
provides the house with fresh and hot water. Hot water from the separation unit of the



distillation system heats earth soil in a ground thermal storage where cold water will be
heated in the winter.

The power scheme is optimized to the total NPC $40,420.00 and LCE 0.091$/kWh
with 1.00 renewable energy fraction and zero kg/yr CO, emission. The overall system
exergetic efficiency varies from 50%, 37% and 51% at 8:00 am, 2:00 pm and 5:00 pm
respectively, while the overall system cost is $68,192.25 compared to $74,384.00 after
running the multiobjective optimization.
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Chapter 1: Introduction

Energy supply is crucial to world development and energy shortages are forecasted to
mount due to population growth and increased industrial activities. Our dependence on
fossil fuels is ending soon because, after the maximum rate of overall oil extraction is
reached, a decline in the supply occurs, resulting in significant increase in oil prices and
their byproducts and causing worldwide socio-economic implications. Delaying the time
of peak oil, can be achieved by finding other alternatives for producing energy such as,
nuclear, renewable and unconventional oil resources like oil shale and oil sands and by
producing hydrogen fuel from electrolysis of water. Moreover, fossil fuels are a major
contributor to pollution and global warming. Hence, reducing the usage of petroleum and
most fossil fuels is important as much as achieving sustainable energy supply.
Sustainability is therefore, a key to solving current societal, environmental, economic and
technological issues [1]. Switching to renewable energy and reduction of carbon dioxide
emissions is an ultimate global goal for sustainability [2].

Most renewable energy resources are driven directly or indirectly by the sun or from
heat generated by the earth core, like the wind, hydro [3, 4], and biomass energies. Ocean
energy is somehow affected by the sun while geothermal energy is independent of its
influence. In short, all energy sources that are none fossil are renewable energies. Hybrid
renewal energy systems are a useful tool to supply electricity on continuous basis while
providing thermal needs of space heating and cooling, hot and fresh water. As important
as these multigeneration systems to sustainability, efficiency of these systems stands tall
in adding to the positive merit of the socio-economic standards of humans. Nothing more
than exergy is substantial in addressing “energy destruction, chaos reaction, resource
degradation and waste-exergy emissions and their impact on the environment” [1].

In the following sections, some of the renewable energy resources are introduced and
discussed in brief:

1.1 Solar energy

Solar radiation is a short wave-length radiation in the range of 0.3 to 3um and the planet

earth absorbs about 3850 ZJ/yr (zetta Joule or 10**2. Absorption of solar energy raises
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the atmospheric temperature as well as the water and land regions causing evaporation
and moist warm air to rise and condense when it hits lower temperatures and falls as rain.
This movement of warm air and the heat released by condensation are responsible for
creating winds [5]. Figure 1.1 shows many factors that affect the quantity of solar
radiation that reaches us and in particular clouds and hazy conditions [6].

EARTH'S ENERGY BUDGET

. Reflected by Reflected Reflected from
atmosphere by clouds earth's surface
6% 20% 4%

Incoming Radiated to space
solar energy from clouds and
100% atmosphere

Absorbed by

atmosphere 16% Radiated

directly
to space
from earth|

Absorbed by
- e clouds 3% Radiation

- absorbed by

Conduction and g atmosphere
rising air 7% 15%

Absorbed by land
and oceans 51%

Figure 1.1: Earth’s energy budget [5].

Solar energy is a clean, abundant and everlasting energy resource to humans. This
energy warms our planet and powers all life. Solar energy is transformed by
photosynthesis into organic matter which is the food we eat. Even fossil fuels, are
actually stored solar energy. Solar energy provides our day light, shapes our weather
patterns, generates solar electricity and provides heat.  Solar energy maps have been
developed recently to predict the solar radiation for a particular location in order to assess
the feasibility of using solar to produce energy for that particular location. Further studies

have evolved solar exergy maps [7] to improve the choices of locations for using solar
energy to produce electricity and heat.

Solar energy is used in many aspects of our lives either passively or actively:

a. Active solar energy



Active solar energy is a most significant form of solar option, and it is essentially
meaning that solar radiation is captured by a device and converted into forms of usable
energies. The following are some of the usable energies produced actively:

e Electrical production

Electricity is produced from solar energy when two layers of a semi-conducting material
are combined and exposed to sun light. It works when one layer has a depleted number of
electrons that gets excited by absorbance of sun light photons and cause electrons to jump
from one layer to the other causing electric charge. The photovoltaic material is silicon
cut into very thin wafers and undergoes, contamination by doping, to create electron
imbalance. These wafers are joined together to form a solar cell and many cells are

connected in series and laminated between clear glazing and an encapsulating substrate.
e \Water heating

Active solar heating uses mechanical equipment to convert solar energy to heat. Solar hot
water systems use either flat plate or evacuated tube solar collectors to heat water. These

collectors are directed toward the sun to collect as much radiation heat as possible.
e Seasonal air-conditioning

Solar energy can be used to power absorption heat pumps to cool or heat a space or by
directly heating a space by circulating hot water to a radiant floor unit.

e \Water treatment

Solar energy can be used to distill salt or murky water for producing fresh water or treat
waste water to make it suitable by using solar nano- photocatalytic process.

e Hydrogen production

Solar concentrators can be used to separate oxygen from hydrogen at high temperatures

which can be used in energy storage and other applications.
e Hybrid solar lighting

Interior illumination is caused by sunlight tracking concentrating mirrors which direct the

light inside the space.



b. Passive solar energy
Solar energy is not converted into another form but rather used naturally. Some usage is

listed below:
e Day lighting

Interior illumination is provided by natural lighting through proper design of windows
and shades and should be integrated with decisions about the building architecture,

location and exposure to sunlight, climate and lighting design controls.
e Greenhouses

Solar radiation is used directly as heat and trapped in a green house or green solarium

which enables year round plantations.
e Ventilation

Solar energy can passively ventilate a space through using a solar chimney where warm

air raises upward and cooler air flows downward.
1.2 Wind energy

Wind energy is renewable because it is naturally replenished, since it undergoes an
endless cycle, caused by the effect of sun light, evaporation of water and pressure
differences. Wind is well explained as the movement of huge amount of air with relative
velocity to the forces causing this movement and the region where they happened. It is
this bulk movement of air particles that create energy. Wind energy is also affected by the

movement of earth around its axis.

Humans have used wind energy to power their sail ships since far back in history.
The wind wheel in the first century AD was used to power a machine [8, 9] while the first
windmills were used as early as the 7" century in Iran [10]. Poul la Cour built wind
turbines in 1890 to generate electricity, and these were used to electrolyze hydrogen and
oxygen where a mixture of the two gases was stored for use as a fuel [11].

Wind power is the conversion of wind energy into useful form. Power produced

from wind energy can surpass all power generated as of today from all other sources [12].


https://en.wikipedia.org/wiki/Poul_la_Cour
https://en.wikipedia.org/wiki/Hydrogen
https://en.wikipedia.org/wiki/Oxygen

Table 1.1 shows the major producers of wind power from wind energy and the total

world output.

Table 1.1: Top ten countries by name plate wind power capacity.

Country

New 2012 capacity

Wind power total

Percentage of World

(MW) capacity (MW) Total Wind Power (%)
World total 44,799 282,587 100
United States 13,124 60,007 21.2
United Kingdom 1897 8,845 3
Spain 1122 22,796 8.1
Portugal 145 4,525 1.6
ltaly 1273 8,144 2.9
India 2336 18,421 6.5
Germany 2145 31 11.1
France 157 7,564 2.7
China 12960 75,324 26.7
Canada 935 6,200 2.2
Rest of the World 6737 39,853 141

Source: [13]

Several types of wind power options are discussed briefly in the following sections:

a. Wind turbine

Electricity is produced by converting wind kinetic energy into mechanical energy to drive

an electrical generator. At the end of 2009, 159.2 GW electrical powers of wind-powered

generators were produced worldwide which is about 2% of global electricity usage.

Several countries have achieved relatively high levels of wind power penetration. As of

May 2009 eighty countries around the world were using wind power [14].

Wind turbines rotate on either horizontal axis or vertical axis. Horizontal-axis wind

turbines have the main rotor shaft and electrical generator at the top of a tower while

vertical-axis wind turbines have the main rotor shaft arranged vertically.




Vertical-axis wind turbines are advantageous for sites with highly variable wind
direction. Wind speed is slower at a lower altitude, so less wind energy is available for a

given size turbine.
b. Windmill wheel

Windmill wheel is a machine that converts wind energy into rotational energy through
vanes. Windmills were among the original prime movers as a source of power.
Traditionally, they were used for grinding grain and in some areas water wheels were
used as land drainage and water pumping machines. Windmill use became popular in

Europe from the 12" century to the early 19t"century, but thereafter declined.
c. Wind pump

Wind pumps provide high torque through a large number of sails in low wind flow and
are used mainly for irrigation purposes. A crankshaft attached at the top to a gear box and
at the bottom to a pump cylinder converts the rotary motion into reciprocating strokes

allowing water to flow.

Wind energy is pollutant free, inexhaustible source of fuel to power turbines. It is
affordable and efficient and when coupled with other renewable energy sources like
hydropower, electricity can be supplied constantly.

1.3 Geothermal energy

Geothermal energy is natural energy produced mainly from radioactive decayed minerals
[15]. The earth’s core temperature is about 5000°C which tends to melt cooler rocks that
pushes its way above solid matter and heats up water and rocks in the crust up to 370°C in
some places. Geothermal energy is best defined as thermal energy produced and stored
in the earth. The quantity of heat within 10,000 meters of earth's surface is about 50,000
times in energy content than all fossil fuels have to offer. If these resources can be
reached, they offer enormous potential for electricity production. Geothermal energy is
reliable, abundant and cost effective if it finds its way close to the earth surface. It is
environmentally friendly with far less greenhouse gases emissions than fossil fuels. The
international geothermal association predicts that 18,500 MW of electricity will be

produced in the year 2015 from geothermal energy compared to 10,715 MW in 2010[16].
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The easiest way to harvest energy from geothermal resources is to capture steam
from water sipping into earth crust, where it is heated and then rises to the surface
naturally by hydrothermal convection. In reality, most geothermal power plants drill their

own holes into the rock layer to capture steam for electricity production.
1.4 Hydro energy

Hydro energy is renewable energy. It uses the rain falling from ocean’s evaporated water
to replenish itself. It is considered a very reliable energy source, because, it has high
kinetic energy and produces electricity day and night without any harmful emissions. It is
therefore, better than all other renewable energies.

Hydropower depends on flowing water, which produces hydraulic energy as kinetic,
potential and pressure energy which can be transformed into mechanical energy by
driving a turbine. A hydro generator is driven by water that rotates the vanes of the
turbine which in turn rotates the rotor of the generator and electricity is generated through
the stator windings.

Hydro turbines are the main component of hydro energy technology and are
classified as impulse or reaction machines. Impulse turbines turn the total heads available
into kinetic energy through a number of nozzles, while a reaction turbine is encased in a
pressure casing and submerged fully with water. The Chinese Three Gorges Dam is the
world’s largest hydropower plant with 22,500 MW capacities.

Another form of hydro energy that produces hydro electrical power is tidal power
generator [17].Water pressure from tides in oceans and seas causes a turbine to rotate and
generate electricity. Tides are caused by the rotation of the earth and the gravitational

bond of the moon and sun.
1.5 Biomass energy

Biomass energy is considered renewable energy [17], because, we can grow plants if
production exceeds disposed. Biomass gets its energy from the sun. Plants store energy
by photosynthesis in their roots and leaves. Animals eat plants and other animals to

survive thus storing solar energy. In fact, biomass is anything that is alive.



Biomass is used to generate electricity from burning trees, plants and even garbage.
The estimated production of biomass is 140 billion tons per year. Biomass supplies 14%
of the world’s energy. It is usually solid but it can be liquid. It is formed of hydrogen,
oxygen, carbon and small amounts of nitrogen and other elements. If we use biomass as a
fuel to generate electricity and heat, it will emit carbon dioxide when burned. Many argue
that trees and plants after being burned emit carbon dioxide, which they consumed while
growing and that make them neutral to global warming. Indeed, this is the case but one
can argue the designation of biomass as renewable energy when we strive to reduce
greenhouse gases emissions and reproduce what we have eliminated. Biomass is a whole
lot better than fossil fuels in this regard, but still it produces harmful gases. Further issues
with classifying biomass as renewable energy have been raised by many. About 85 of
107 biomass plants in the U.S were fined for violating clean air laws over the years from
2007 to 2012 [18] .

Biomass is converted to energy by thermal, chemical and biochemical methods
which is then used for producing biofuel and briefly discussed in the following section:

a. Thermal conversion

Thermal conversion depends mainly on heat to change biomass into another energy

form.
b. Chemical conversion

Several chemical processes are used to convert biomass into an energy form as briefly
outlined in the following:

e Anaerobic process produces high BTU gases like methane.
e Fermentation Process produces ethyl and other alcohols.
e Pyrolysis process produces fuels mainly syngas with high output to input ratio

which makes it the most attractive process [19].
c. Biochemical conversion

Biochemical conversion breaks down biomass by using enzymes of bacteria and other

micro- organisms.



Biofuel popularity is growing because of rising oil prices, but it doesn’t mitigate
global warming [20]. Biomass in its solid form or as biofuel in liquid form and biogas are
used mainly to produce power and heat in large plants.

Biomass is abundant, inexpensive and a dependable source of energy which can be
used with many other renewable resources to replace the diminishing supply of fossil
fuels. Biomass is used as manure to replace chemical fertilizers for agriculture purposes.
It helps in disposing of biological wastes and turns them into energy. Geographical
locations affect the type of biomass produced and this might limit energy production.
Methane and nitrous oxide, a product of biomass production may damage the ozone
layer. In conclusion, the pros of using biomass outweigh the cons.

Renewable energies are the future of humans if a sustainable, healthy and balanced

society is desired. Renewable energy will not run out and will secure our development.



Chapter 2: Literature Review

The concept of net zero energy houses is described by The U.S. department of Energy
(DOE) as:

“Net-zero-energy building (ZEB) is a residential or commercial building with greatly
reduced energy needs through efficiency gains such that the balance of energy needs can

be supplied with renewable technologies.”
Torcellini et al. [21] define four factors for zero energy as follows:

e Net Zero Site Energy: A site ZEB produces at least as much energy as it uses in a
year, when accounted for at the site.

e Net Zero Source Energy: A source ZEB produces at least as much energy as it
uses in year, when accounted for at the source. Source energy refers to the
primary energy used to generate and deliver the energy to the site. To calculate a
building’s total source energy, imported and exported energy is multiplied by the
appropriate site-to-source conversion multipliers.

e Net Zero Energy Costs: In a cost ZEB, the amount of money the utility pays the
building owner for the energy the building exports to the grid is at least equal to
the amount the owner pays the utility for the energy services and energy used
over the year.

e Net Zero Energy Emissions: A net-zero emissions building produces at least as
much emissions-free renewable energy as it uses from emissions-producing

energy sources.

They present a study case which is based on using PV placed on the roof and analyze
the performance of buildings, while implementing readily available energy conservation

measures.

They use key energy related building parameters from a survey conducted for about
5,735 buildings in 1999 [22] and create energy models to simulate the energy
performance of commercial buildings. Figure 2.1 shows the results of their analysis

where:
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Standard 90.1-1999 energy use intensity (EUI) is equivalent to 956 MJ/m’. Base
scenario represents the energy use intensity (EUI) if all buildings were built to
Standard 90.1-2004 which is equivalent to 564 MJ/m?. A reduction of 41% from
1999 Standard.

Adding a PV to the roof would reduce energy consumption by 28% to EUI of 407
MJ/m?.

Scenario LZEB 2005 is achieved by applying day lighting strategies through
establishing a non-shaded zone from any obstacles to a distance of 4.6 m of
exterior surfaces and adding overhangs to shade direct solar light, caused
reduction in lighting power density by 17.5% and decreased HVAC loads, which
resulted in 41.5% energy savings over the base scenario with the PV the EUI
drops to 176 MJ/m?.

Final scenario represents a EUI -2.8 MJ/m? in year 2025 that results from
additional technological advances for HVAC, lighting, PV efficiency

improvements.

Energy Use Intensity, kBru/ft?

e I
Base Base LZEB LZEB
With PV 2005 2025

Figure 2.1: Energy use intensity for four scenarios of the commercial building stock.
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The authors conclude their document by claiming that serious energy savings is
achieved, by using the roof to place solar cells and using advanced technologies
combined with integration and control of systems. Not only that, but also, small buildings
will export electricity as shown in Figure 2.1 LZEB 2025 scenario. Moreover, Crawley et
al. [23] go on to justify the strive toward achieving a zero energy buildings because they
consume 40% of the primary energy and 71% of the total electricity in the U.S [24]
which constitutes a real challenge to economic sustainability, electrical production and
emissions. What makes things worse is the rapid growth of the commercial sector that
requires more space every year [25]. All this means that more space implies more
pressure on energy demand and hence more measures to conserve energy and work on
building efficiencies to curb down energy consumption, which calls for new constructed
ZEB and fixing of old buildings.

Li et al. [26] in their paper, define strategies used to achieve a ZEB and identify

them as follows:

e EEM (energy efficient measures): Minimizing the need for energy use in
buildings by undertaking energy efficient measures to curb down heat loads from
internal, external sources and building services mechanisms.

e RET (renewable energy technologies): Resorting to renewable energy for power
supply to meet the remaining energy needs such as photovoltaic/building-
integrated systems, photovoltaic/thermal systems, wind turbines, solar water
heaters, ground source heat pumps, and district heating and cooling.

They start their study by outlining the adverse effect of increased energy usage on
the environment and identify China and the US as the largest primary energy consumers.
China surpassed the US in 2009 in energy consumption [27, 28] and is predicted to reach
10 G tones of energy related gas emissions in 2050 [29, 30] where buildings account for a
significant amount of it. They reach a conclusion, that there is a need to cut down on
energy consumption, if we were to sustain our environment and economy, by resorting to

achieving zero energy buildings.

Lam et al. [31] and Masoso et al. [32] concentrate their works on building envelopes

for energy reduction and efficiency measures. They recommend using optimum thermal
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insulation to prevent heat gains and losses, which will sharply reduce the electricity
demand for heating and cooling. They assert, that careful consideration, should be taken
in climates where cooling is dominant as not to over insulate to the point of thermal

inflexion.

Jentsch et al. [33] and Artmann et al. [34] study the effect of thermal mass in
delaying heat transfer to a building during day light where peek temperatures occur, and
transfer it to night times where fewer loads are present. They claim that integrating
thermal mass with mechanical ventilation would lower cooling requirements and possible

passive cooling can be achieved.

Muneer et al. [35] and Tian et al. [36] concentrate their studies on windows/glazing
material and types and tie all that to the day lighting. They claim that it must be
harmonized properly, in order not to exceed the general rule of low, window to wall ratio,

while attaining enough day light to save on electricity drawn by light fixtures.

Roussac et al. [37] concentrate their research on the effect of buildings internal
conditions on energy reduction, especially, when it comes to indoor design conditions.
They affirm that raising the setting of the temperature controller by 1°C would reduce the
cooling requirement by 6%, as reported for office building in Sydney. A 69% reduction
in peak cooling demand for a residential building in Las Vegas when the thermostat is set
at 26.9°C instead of 23.9 °C is reported by [38]. Reducing the lighting load density by
utilizing light emitting diode lighting bulbs is very important in energy reduction and
sustainability [39, 40].

PV is one of the most promising systems that would achieve sustainable
development as claimed by [41, 42] in their study. PV/T systems make use of
thermoelectric cooling modules to reduce the solar cell temperature and takes advantage
of the hot water produced by the waste heat generation [43] and would lead to higher
system efficiencies as per their studies.

Wind power generation depends on wind forecast and differs from that of thermal

power, but tends to complement solar power because, when solar is low, wind is high and
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vice versa. As concluded by [44, 45] in their study, using solar and wind energy together
could eventually help in achieving ZEB.

Shimoda et al. [46], in their study, claim that introducing solar water heaters for use

are good solution for reduction of energy consumption and CO,emissions.

Wang et al. [47] present in their research a case study for zero energy house (ZEH)
in the United Kingdom. They used simulation software “Energy Plus” to muster a design
through different building envelopes and layers in order to maximize energy reduction
needs. They used TRNSYS [48] software to study the feasibility of using renewable
energy technologies to provide electricity and achieve a ZEH. The authors performed
their own simulated study on a typical house in the UK occupied by two people, where
the total yearly electrical consumption was estimated at 6008.9 kwh, while the annual
electricity generated with PV and wind turbine is estimated at 7305.9 kWh. They
conclude that it is possible to achieve a ZEH in the UK if energy efficiency measures are
taken and the right renewable technology is used. They also, listed some optimal
parameters to be used in house design. They recommend using a window to wall ratio of
0.4 for the south facade and a 0.1 for all other orientations and the overall heat transfer
coefficient through the external walls and roof should not exceed 0.1W/m? K. They
conclude that 98 L/day of hot water load needs 5 square meters of solar collectors with
mass flow rate 0.0056 kg/s, and hybrid system of under floor heating and heat pump
reduces energy consumption better than any other electric or radiant heating systems.
Two wind turbines rated at 5.0 kW in total and a 1.3 kW PV array were used for
electricity generation in their case study. They recommend in their study three major
design steps for achieving ZEH:

¢ Climate conditions analysis.

e Facade and building envelope design that achieve energy gains through efficient
measures.

e Using advanced simulators to select feasible and optimal renewable energy

systems.

Graga et al. [49, 50] conduct feasibility study on solar powered net zero energy
houses (NZEH) for single family, in mild climate of southern Europe. They used
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dynamic thermal simulations for two different architectural configurations powered by
PV and thermal solar collectors. They recommend the following measures to be followed
if an ideal NZEH is to be achieved:

e Design the house to utilize maximum natural light and ventilation with optimal
passive heating and cooling.

e Use high efficient appliances.

e Adequately, size renewable energy systems.

e Properly design electrical infrastructure with flexible grid connection.

The house under study is a 110 m? single story two bedroom with defined
parameters and heating, cooling, lighting schedules and indoor climate control systems
are outlined in the study. One house is optimized for orientation, glazing and shading
area and labeled as passive (P), while the other is not, and labeled as (G). The effect of
building orientation on solar gains through glass is examined and results show that
maximum gains occur during morning times for southeast and afternoon for southwest
orientations. The two houses are heated and cooled by an electric heat pump with radiant
heated/cooled floor. Simulation results show that the G house had higher cooling
demands due to no exterior shading of the glass and higher window to glass ratio along
with no proper orientation to avoid solar gains. Solar collectors are used to deliver hot
water and a heat pump will deliver the extra hot water demand. PV system will supply
electricity and excess power is transferred to a grid and used back when needed. The PV
panels are facing south with 35° inclination to maximize electricity production. Both the
PV and Solar collectors were sized to meet all annual energy needs. The total energy
required by types P and G are 5074 and 8608 kWh/yr respectively. They concluded their
research by claiming that it is feasible to achieve a NZEH in Portugal, but additional
improvement in PV technologies that would bring the prices down, would make the
domestic acceptance to such houses feasible.

Christian et al. [51] investigate the thermal performance of a near zero energy house,
built in Tennessee USA, with structural insulated panels and powered with 2kW grid-tied
photovoltaic system, while geothermal heating and cooling of the space is used. They
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conclude that all five houses that cost $100/ft* can reach zero energy status if the PV
system is extended over the free area on the roof.

Most of the researchers on ZEB worked on measures to reduce energy by increasing
the efficiencies of the house envelope and proper construction design and architecture
along with adequate sizing of the renewable energy systems to meet the remaining
electricity demand. It’s worth noting, that human understanding and awareness of the
need to curb energy use and sustain the environment would come beneficial to this
transformation. Many have concluded their work by ascertaining that ZEB will play an
important role in energy, environmental and economic sustainability. They emphasize
that more work is needed on improving technologies, to enhance efficiencies, and life
cycle cost analysis and social policies are to be well set and defined.
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Chapter 3: Motivation and Objectives

Global energy and water shortages and Ozone depletion are the driving forces that
prompted me to find solutions to electricity generation and water production with
sustainable measures. These factors make the need to generate electricity by renewable
energy a must. Therefore, net zero energy houses will be the main target of this research.
This study is motivated by trying to achieve these goals and strive toward establishing a
sustainable economic, environmental and clean habitat. After reviewing much literature
and gaining an insight on how to tackle the problem, the solution to gain energy savings

for the proposed house is shaped as follows:

e Selecting the location where the study is to be performed.

Selecting the orientation of the house which allows for passive ventilation, day

lighting and minimum solar gains.

Designing the envelope of the house to curb down heat transfer in and out, with
proper tightness, thermal insulation, and low window to wall ratio to avoid
excessive solar gain through glass. Proper shading by introducing overhangs and

fins around windows and doors to reduce solar gains.

Avoiding shading by other houses to keep proper use of sun light.

Selecting high efficient appliances and light fixtures which are controlled to go

off whenever not used.

Using sophisticated water fixtures that would reduce water usage like sensor type.

Using thermal solar power to deliver hot water aided by a heat pump or thermal

storage system.

Using solar assisted equipment for seasonal cooling and heating whenever

possible and a ground solar heat pump.

Sizing the proper renewable energy systems to deliver the remaining electricity

needed.

A sustainable environment is not complete if the living conditions of humans are not

free of all pollutants at least reduced to non-harmful levels. Noise pollution is not
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considered a nuisance anymore, but an environmental pollutant that will be considered in

this study.

Driven by the need to alleviate the above mentioned problems, the work of this PhD
research will aim on achieving a sustainable net zero energy houses with low noise

pollution and very low level of greenhouse gases emissions.

Most researchers on NZEH tackled the measures needed to gain energy efficiencies
and cut down on total electrical load. They used some renewable energy sources to
supply electricity and hot water but none considered the problem of establishing a NZEH
with multigeneration energy system to produce power, seasonal air-conditioning, hot and
fresh water. Neither conducted a parametric analysis on the system components, to study
the sensitivity and influence of each, on total system performance, nor, have they
established any exergetic, exergoeconomic study to NZEH. Some researchers have
carried out optimization studies, but mainly were limited to cost feasibility of the systems
on hand.

This PhD research will attempt to achieve a NZEH with three novel multigeneration
systems, for producing electricity, seasonal air-conditioning and supply of hot and fresh
water. Reducing greenhouse gases to low level and maximizing the usage of renewable
energy is of utmost importance to this study. A new dimension will be added to the
research by lowering the level of noise pollution through experimental measures and
optimization of the sizes of thermal and acoustic insulation to be used. After which,
evaluation of the total heating and cooling load of the system and calculating the total
electricity needed, which lead to sizing the renewable energy equipment. Once the design
stage is finished, a comprehensive thermodynamic analysis is established and an
exergetic and parametric evaluation is conducted to assess the sensitivity and

improvements of the various system components.

The research is concluded by exergoeconomic exergoenvironmental analyses to
evaluate the total system cost with consideration to exergy destruction and greenhouse
gases emission costs.  Finally, optimizing the total system cost to the overall system
efficiency using genetic algorithm to obtain the optimal design or at least a set of optimal

designs.
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This PhD research represents originality in systems developed and applied
procedures which has not been done before.

The specific objectives of this thesis are listed as follows:

a) To perform energy efficiency measures where a net zero energy house is
established.

b) To evaluate the total electrical load of the house.

c) To develop three novel multi-generation systems that provides electricity, hot and
fresh water and seasonal air conditioning to the NZEH.

d) To optimize the power system to the NZEH for all three novel systems.

e To minimize total NPC and CO, emissions.

e To maximize renewable energy fraction of the total power system used.
e) To perform thermodynamic modeling of all three systems.
f) To conduct exergy analysis of all system components.

e To establish exergy flow rate of each stream.
e To evaluate exergy destruction rate.
e To calculate overall, subsystems and individual systems components exergy

efficiency.
g) To carry out parametric study on all three systems components.

e To vary parameters within acceptable range and to note any changes or

improvements on individual and overall system performance.
h) To perform exergoeconomic analysis for all three systems components.

e To evaluate all streams cost.

e To calculate all streams exergy destruction cost and initial systems cost.
1) To conduct exergoenvironmental analysis of all three systems.

e To predict CO, emissions of the system if applicable.

19



j) To perform multiobjective optimization, in order, to minimize and maximize total
overall system cost and exergetic efficiency respectively.

k) To conduct assessment on all three systems and select the most appropriate to the
NZEH.
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Chapter 4: System Description and Development

All developed systems are designed to provide electricity, hot and fresh water, heating
and cooling as needed.

4.1 System |

Figure 4.1 shows the schematic of system I. Electricity is provided to the house through
PV/T, wind turbine, diesel generator and battery bank systems managed by an electrical
control mechanism. Excess electricity is dumped when the system is not connected to a
grid to avoid over charging of the batteries.

Hot water is stored in a hot water tank that is heated by solar energy and is supplied
to the house in the summer along with heated water from the PV/T system. During
sunshine, hot water leaving the solar collectors at point 25 enters a three way valve and
exits at point 25 to another three way valve where it exits at point 51 to release its heat to
a ground storage bank and flows into another three way valve at point 52 and out at point
50 back to the solar collector where the cycle is repeated. The whole purpose of this
process is to raise the temperature of the ground soil designated, as storage thermal bank,
during the long sunshine summers, where it can be used during winter to supply hot water

when needed.

During winter, cold water from the house passes through a three way valve at point
43 and exits at point 43 to another three way valve, where it leaves at point 52 to the hot
ground thermal bank gaining heat and passing at point 51 through another three way
valve, then it exits at point 45 and gets pumped to the house, where the cycle repeats
itself. An auxiliary water heater is used to provide hot water during emergencies.

Absorption chiller is powered by solar collectors at point 17 where it provides
cooling to a liquid desiccant system at point 13. Ambient air is cooled at the dehumidifier
and is supplied to the house at point 41, while the removed moisture is condensed at point
36 and is delivered to the fresh water tank at point 37. A unitary heat pump is used to
provide cooling during the night and heating during the winter. Detailed drawings and
explanation of the system’s subsystems are outlined below:
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Figure 4.1 shows the schematic diagram of the developed system I and is composed of
the following components:

4.1.1 Power system
The power system is composed of the following subsystems:

e Photovoltaic
e Wind turbine
e Battery and Electrical

e Diesel Generator

The photovoltaic and wind turbine provide DC current to the battery and electrical
system, where it goes through a voltage regulator then to a DC control unit, then to an
inverter that produces AC current which supply the house needs. The batteries get
charged at the DC unit and through a rectifier when the diesel generator is operating
because it changes AC current to DC. The electrical supply is monitored by a maximum
power tracker that would cause the system to connect to a grid when access energy is
available or to an energy dump when not tied to the grid. The standby generator will
provide electricity when it is needed.

. . Generator
Wind Turbine Photovoltaic/ Night/
Thermal Winter
F%;Fj‘ Electrical and Battery System
Energy Y
e alegd Dump l
Voltage Jc

—» Control = Inverter
Regulator Unit

Max;num i
Power L Battery
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Figure 4.2: Power system schematic.
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4.1.2 Solar thermal collectors system
The solar thermal collectors system has the following components:

e Solar panels

e Pump

The solar panels are made of evacuated tube collectors and solar heat is transferred
to the fluid circulated through by a pump. Hot water is used to power the regenerator of
the absorption chiller, liquid desiccant system, hot water storage tank and ground thermal
bank. Re-circulated cold water returns back to the solar system where the cycle is
repeated.

Solar
Panels

L,

Figure 4.3: Schematic of solar panels.

4.1.3 Thermal energy storage
The thermal energy storage in this system is composed of:
e Ground storage thermal bank

Hot water is circulated through the ground storage thermal bank to heat the earth soil
during the long sunny months and the same bank is used in the short winter to provide

hot water when it is needed. Heat moves slowly through soil at the rate of 1°C /m.
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Thermal Bank

Figure 4.4: Schematic of thermal ground storage.

4.1.4 Absorption chiller
The absorption chiller is composed of the following major components:

e Absorber

e Regenerator

e Condenser

e Evaporator

e Heat Exchanger
e Expansion Valve

e Pressure Reducing valve and pump

The absorption chiller will provide cooling water at the evaporator and will operate
during the long warm sunny months. The regenerator will be powered by hot water from
the solar system and the condenser-absorber units will be cooled by ambient air.
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Figure 4.5: Schematic diagram of absorption chiller.

4.1.5 Liquid desiccant system

The liquid desiccant system is composed of five major components besides the piping

and the working fluid of LiBr as follows:

Dehumidifier
Regenerator
Heat Exchanger
Condenser

Pump

The LDS system is used to produce cool air and fresh water to the house by passing

ambient air at the dehumidifier and condensing the absorbed water at the condenser. The

system is used with the absorption chiller. The desiccant at the dehumidifier and vapor at

the condenser are cooled by cold water from the evaporator of the absorption chiller.
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Figure 4.6: Schematic of liquid desiccant system.

4.1.6 Hot Water storage tank
The hot water storage tank is composed of:

o Well insulated thermal storage tank

e Pump

Hot water from the solar system passes through the hot water storage tank which
supplies the house during the long sunny days and anytime when the water is available.
The tank is properly insulated to reduce heat losses.

o

Solar Collector

A 4

AR Solar Collector

Tank ﬁ

Figure 4.7: Schematic of solar tank.

27



4.1.7 Auxiliary water heater

The auxiliary water heater is used during the short winter season if needed and if
emergency or failure of the pump occurs. It works on electricity supplied by the

renewable energy power system.
4.1.8 Night and winter air-conditioning unit

A unitary unit is used to provide cooling at night and heating during winter season

whenever needed. It works on electricity supplied by the renewable energy power system.
4.2 System 11

Figure 4.8 shows the schematic diagram of proposed system Il. Organic Rankine cycle
with ammonia solution as the working fluid is the source of power to the house coupled
to battery banks through electrical control system. Ammonia solution is selected because
it boils at low temperature. The turbine is powered by hot solar water at point 65 and the
condenser is cooled by cold water from the absorption chiller system at point 69.

During day sunshine, electricity is produced by the organic Rankine cycle (ORC) at
the turbine and the surplus electricity is sold to the grid. While during night and non-
sunny days, electricity is supplied by the battery banks and bought from the grid
whenever needed. The proposed capacity of the ORC will offset all electrical usage. Hot
water is supplied to the well sized and insulated tank by the solar collectors at point 21
during sunshine. If all the water is consumed at night and during winter non-sunny days,

an auxiliary heater would replenish the house with needed hot water.

Vapor from ambient dehumidified air at the LDS condenses by blowing cold air
from point 41 through the condenser at point 48 and is pumped to the fresh water tank at
point 37 and then to the house at point 45.

100% ambient air passes through the dehumidifier at point 40 of the LDS system,
where it exchanges heat and moisture, with the desiccant that is cooled by water from the
absorption chiller at point 32. Cooled and dehumidified air is then supplied to the house.
A unitary split unit is used to provide cooling during the night and heating during the
winter when it is needed. Figure 4.8 shows the schematic diagram of the developed
system Il which is composed of the following subsystems:

28



4.2.1 Power system

The power system has many components as listed below in Figure 4.9:

e Organic Rankine cycle
e Evaporator

e Condenser

e Heat Exchanger

e Rectifier

e Super Heater

e Expansion Valve

e Pump

e Battery Bank

e Power Control system

The ORC is powered by solar heated water at the evaporator and cooled by water
from the absorption chiller system at the condenser. Electricity is generated and
connected to the house at the electrical and battery system.
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4.2.2 Solar thermal collectors system
The solar thermal collector’s system components are:

e Solar Panels

e Pump

Solar panels are made of evacuated tube collectors and solar heat is transferred to the
fluid that is circulated through by pump. Hot water is used to power the regenerators of
the absorption chiller, LDS, hot water storage tank and ORC evaporator, the part of hot
water that supply the super heater reach elevated temperatures to raise the ammonia/water
vapor temperature entering the turbine, so it does not condense upon expansion. Re-

circulated cold water returns back to the solar system where the cycle is repeated.
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Y
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v
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Figure 4.9: Power system.

4.2.3 Absorption chiller
The absorption chiller is composed of:

e Absorber
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e Regenerator

e Condenser

e Evaporator

e Heat exchanger
e Expansion valve

e Pressure reducing valve and pump

The absorption chiller will provide cooling water at the evaporator and will operate
during the long warm sunny months. The regenerator will be powered by hot water from
the solar system and the condenser-absorber units will be cooled by ambient air.

4.2.4 Liquid desiccant system
The Liquid desiccant system is composed of the following subsystems:

e Dehumidifier

e Regenerator

e Heat Exchanger
e Condenser

e Pump

The LDS system is used to produce cool air and fresh water to the house by passing
ambient air at the dehumidifier and condensing the absorbed water at the condenser. The
system is used with the absorption chiller. The desiccant at the dehumidifier and vapor at
the condenser are cooled by cold water from the evaporator of the absorption chiller.

4.2.5 Hot water storage tank

Hot water from the solar system passes through the hot water storage tank which supplies
the house during the long sunny days. The tank is properly insulated to reduce heat losses

to a minimum during a one day cycle.

4.2.6 Auxiliary water heater
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The auxiliary water heater is used during the short winter season if needed and if
emergency or failure of pumps occurs. It runs on electricity supplied to the house by the

renewable energy power system.

4.2.7 Night and winter air-conditioning unit

A unitary unit is used to provide cooling at night and heating during winter season

whenever needed. It runs on electricity powered by the renewable energy power system.
4.3 System 111

Figure 4.10 shows the schematic diagram of system I1l. Hydro power turbine and PV
systems are the sources of power to the house coupled to a battery bank and electrical
control system. The power system is tied to grid. Batteries are used to supply power at
starting stage and during emergencies to light fixtures, refrigerator and similar items.
Excess electricity from the turbine is sold to the grid and bought whenever it is needed.

Solar collectors power an absorption heat transformer, at points 23 and 20 of the
regenerator and evaporator respectively. At the absorber point 12, water from the river
which drives the turbine at point 58 and enters the distillation heat exchanger at point 11,
where it gains heat, picks up lots of heat due to heat of solution and exit at point 13 to the
separator as vapor and liquid at 100 °C. There, the vapor separates and passes through an
auxiliary condenser at point 15 ,where it releases some of its heat to the water stream
coming from the solar collectors, and on to the fresh water tank and part of it to the hot
water tank. Hot water is also produced at the ground source heat pump, when cold water
from the house passes through a heat exchanger placed at the hot gas stream exit from the
compressor, at points 51 and 48.

During the long sunny days, hot water that exits the separator vessel at point 16 and
loses some of its heat at the heat exchanger flows through a three way valve at point 17
and to a ground thermal storage bank at point 46, where it loses most of the heat. It then
passes through another three way valve at point 43 and is pumped at point 42 to another
ground thermal storage bank where it loses more heat and exits as cold water at point 40
to another three way valve. This cold water is used to cool the condenser of the
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absorption heat transformer at point 28 and the condenser of the ground source heat pump
at point 32.Water that leaves the absorption heat transformer’s condenser at point 29
flows back to the river, while water that leaves the heat pump’s condenser, exits to a three

way valve at point 30 and then to the river at point 39.

During the winter non-sunny days, hot water is supplied partially from the ground
source heat pump and mainly from water circulated from the hot water tank at point 37,
where it is pumped through a three way valve at point 38 and exits to the heated ground
thermal storage bank at point 46, where it picks up heat and leaves through a three way
valve at point 43, then back to the hot water tank at point 36 and the cycle repeats itself.

Cooling of the house is achieved by circulating air from the house through the
evaporator of the heat pump. The condenser is cooled by cold water from the cooling

ground storage bank at point 31 as explained earlier.

Heating of the house, takes a different scheme than cooling. After hot gas is diverted
to the evaporator of the ground source heat pump, cool gas goes to the condenser that
needs to be heated by higher temperature medium. This is achieved, by heating cold
water passing through the condenser. At point 30, water exits the condenser to a three
way valve and is pumped at point 35 to the cooling ground storage bank, where it gains
heat and moves out through a three way valve at point 40 and back to the condenser at
point 32.

All the systems are controlled by automatic control mechanism, to switch between
summer and winter operations, and all the valves are operated by electro- magnetic

solenoid switches to perform the required operation.

System 111 is shown in Figure 4.10 and is composed of the following subsystems:
4.3.1 Power system

The power system has many subsystems as follows:

e Hydro turbine generator
e Pump

e Electrical and battery system
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¢ Photovoltaic system

A hybrid hydro turbine generator and photovoltaic power system coupled to a battery
bank and electrical panel is used to supply electricity to the house.
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Figure 4.10: System 1l schematic diagram.

4.3.2 Solar thermal collectors system
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The solar thermal collectors system is composed of:

e Solar panels

e Pump

The solar panels are made of evacuated tube collectors and solar heat is transferred
to the fluid circulating through them by a pump. The hot water is used to power the
regenerator and evaporator of the absorption chiller. Re-circulated cold water returns

back to the solar system where the cycle is repeated.
4.3.3 Absorption heat transformer
The absorption heat transformer has the following components:

e Absorber

e Regenerator

e Condenser

e Evaporator

e Heat Exchanger
e Expansion Valve

e Pressure reducing valve
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Figure 4.11: Hydro/PV power system.
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Absorption heat transformer operates as a mechanical vapor compression heat pump
except that the compressor is replaced by an absorbent fluid circuit.

An absorption heat transformer uses an aqueous solution of LiBr where the
absorbent has a great affinity for the refrigerant. The refrigerant is absorbed by the
absorbent solution in the absorber, releasing heat of solution. The weak solution is then
pumped to the regenerator. In the generator, hot water is supplied to drive off the
refrigerant from the absorbent solution. The refrigerant is condensed giving up its latent
heat in the condenser. The strong solution is then returned to the absorber. The refrigerant
from the condenser is pumped to the evaporator pressure, where hot water from the solar
source causes it to evaporate. The refrigerant vapor then passes to the absorber to close
the cycle. The evaporator operates at a higher temperature than the condenser.

The driving force for a heat transformer consists of heat inputs to the regenerator and
the evaporator. The heat transformer then delivers part of the heat at a higher temperature
from the absorber and the rest at a lower temperature from the condenser. However, the
unique ability of the heat transformer to deliver heat at higher temperature than the input

heat depends upon the availability of a lower temperature heat sink.

The absorber and evaporator are at the same pressures while the condenser and
regenerator are at the same pressures. The absorption heat transformer is powered by hot
water from the solar collectors at the evaporator and regenerator and is cooled off by cold

water from the second ground thermal cooling bank at the condenser.

At the absorber, water from the river is heated into vapor and liquid. It is used to
produce fresh and hot water.

4.3.4 Thermal energy storage

Thermal energy storage system uses earth as the storage medium and consists of the

following:

e Ground thermal heating bank
e Ground thermal cooling bank
e Pump

e Three way valves
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Hot water is circulated through the heating bank to heat the soil during the long
sunny months and the same bank is used in the short winter to provide hot water when it
is needed. During the summer season, hot water stores its energy in the first bank and
flows to the second bank at a lower temperature to further cool off where it cools the
condenser of the heat pump during cooling and the condenser of the absorption chiller.
The temperature of the second bank is raised a little in the summer and is used in the

winter to transfer heat to cooler water from the heat pump condenser.
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Figure 4.12: Schematic of Absorption heat transformer system.
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Figure 4.13: Schematic of thermal storage system.
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4.3.5 Ground source heat pump coupled with heat exchanger for hot water
The GSHP system is composed of:

e Compressor

e Evaporator

e Condenser

e Pump

e Heat Exchanger

e Expansion Valve

The ground source heat pump is used to provide heating and cooling and hot water
supply. The cooling ground storage bank is used for heat transfer from condenser through
circulated water and hot water is produced by circulation through a heat exchanger where
the compressor gas outlet passes. Cooling and heating is achieved by circulating air at the

evaporator.
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Figure 4.14: Schematic of ground source heat pump.

4.3.6 Distillation system

40



The distillation system has the following subsystems:

e Heat Exchanger
e Separation Unit
e Auxiliary Heat Exchanger

e Pump

The water passing through the hydro turbine is circulated through the distillation
system heat- exchanger and then to the absorber after which it exits as part vapor part
steam and passes through a separation unit where the distilled vapor passes through an
auxiliary condenser as fresh water while the liquid passes back through the heat

exchanger and to the ground storage thermal bank.
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Figure 4.15: Distillation system.

4.3.7 Hot water storage tank

Hot water from the heat exchanger is stored in a hot water tank during the operation
throughout long sunny months, and hot water from the hot thermal bank during the

winter season is stored in the hot water tank and used accordingly.
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Chapter 5: Model Development

In this chapter, general thermodynamic relations are presented and mathematical
formulation of acoustic sound pressure level evaluation and seasonal load calculations,

exergoeconomic analysis and optimization are presented.

“Exergy analysis is a method that uses the conservation of mass and conservation of
energy principles, together with the Second Law of Thermodynamics, for the analysis,
design, and improvement of energy and other systems” [1]:

5.1 Thermodynamic modeling

General Balance equations of unsteady system for a control volume, assuming Kinetic,
potential and chemical energies are negligible unless noted, are performed by using
thermodynamic analysis as follows:

5.1.1 Mass analysis
The law of conservation of mass governs the mass balance equation:
Zi mi - Ze me = mstored (51)

where m is the mass flow rate and the subscripts i and e refer to the inlet and exit flow

streams the control volume.

5.1.2 Energy analysis

The first law of thermodynamics for energy conservation is applied to all streams, heat
and work inputs and outputs and for accumulated energy as follows:

Zi mlhi - Ze mehe + Zi Ql - Ze Qe + Zi VVL - Ze VVe = .stored (52)

where Q, W, E, m,h;, m,h,,are heat, work, energy, and enthalpy in and out rates

respectively.

5.1.3 Entropy analysis

The entropy generated within the control volume due to the process on hand is given by:

. . 0 q
Zimlsi_Zemese +ZiT ; _Z <

er
source source

+ Sgene = Sstored (53)
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where Sgen is entropy generation rate and s is specific entropy.

5.1.4 Exergy analysis

The exergy content of a stream flowing in and out of the control volume is dependent on
the substance flow and characteristics. Chemical exergy is associated with the departure
of the chemical composition of a system from its chemical equilibrium and physical exergy
iIs measured as a function of the thermodynamic state of the flow. Physical exergy is
defined as the maximum useful work obtainable as a system interacts with an equilibrium
state. Second law of thermodynamics is used to evaluate the exergy rate balance conducted
on the control volume:

Zi ml[(h’l - ho) - To(si - SO)] - Ze me[(he - hO) — TO(Si — SO)] + Zi Qi (Tsource=To) _

Tsource

ZEM‘FZiWi — Y W, + Ex .

Tsource

(5.4)

= Ex accum

where Ey qes 1S exergy rate destructed for the process, T, and s, are the reference

temperature measured in K and specific entropy of the reference state
respectively, Ts,urce 1S the temperature measured in K for the system component where

the thermal exergy is taking place.
5.2 Exergoeconomic analysis

Economic analysis based on exergy destruction or thermodynamic losses and capital
costs will be examined in this study.

The basis for the analysis is well explained by [1] as: Amount input +Amount

generated — Amount output — Amount consumed = Amount accumulated

Exergy costing associated with a steady state flow is dependent on the exergy
balance of the system multiplied by its allocated cost defined as the average cost per unit
of exergy in $/GJ [52]:

A flow cost rate C ($/h) is defined for each stream flow in and out of a system and

the cost balance equation is written so that all terms are positive:

C; = X cimiy[(hy — ho) — To(si — So)] (5.9)
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Ce = Ze CeMe[(he — ho) — To(Se — So)] (5.6)

where c;, c,, are the allocated exergetic cost for every in and out streams of the system

components defined as the average cost per unit of exergy in US $/GJ.
Cw = (Zl CW,iVVl - Ze CW,eVVe) (57)
where the C,, is the total exergy cost associated with work,

Cq — Zl Cq,l QL(TSOHTCQ_TO) _ Ze Cq,e Qe(Tsource_TO) (58)

Tsource Tsource

where Cq is the total cost associated with thermal exergy flow.

Ccinv — ICM (l) (5.9)

(1+ir)n-1 \N

where C.;,,, is the total capital investment, IC is initial capital.

Coam = FYM D" (3) (5.10)

(1+ir)"-1 \N
where C, ¢ is the total maintenance and operation cost, ir is interest rate, n is life cycle
in years, N is number of hours of operation in one year and FYM is first year maintenance

cost.

Ci + Cq + Ccapital investment+Coperation and maintenance — Ce + Cw (511)

Equation (5.11) results in a set of equations that can be presented in a matrix form of the
type (c = a / b) which solves for the allocated exergetic cost (c) for every stream

component.

Cex,des = (Zj ijOStSFPjexj) (5.12)
where CoStsrp; is the cost of the source that is generating the product, called the fuel, and
can be obtained after evaluating equation: (5.11).

The total system cost is obtained as below:

Ctot= Cexdes + Ceinv +Coand m (5.13)
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5.3 Exergoenvironmental analysis

In this research we attempt to achieve a net zero energy house where emissions of
greenhouse gases are zero. The use of renewable energy systems to power the house and
all other system components make it impossible to introduce any pollutants. In some
systems, we have grid tied power configuration which if used the corresponding green
gas emissions should be accounted for, even though the emissions were not produced
directly by the house. One system is not tied to the grid and has a diesel generator that
provides electricity when needed. Even though the production of pollutants is small, it
will be accounted for and the cost will be charged to the total system for proper analysis

and optimization.
5.4 Optimization analysis

In this research, a multiobjective optimization is used to minimize the total cost and
maximize the exergetic efficiency. Multiobjective optimization is a genetic algorithm that
deals with the minimization of a vector of objectives F(x) that can be the subject of a
number of constraints or bounds and when maximization is needed, the F(x) is multiplied

by a minus sign [53- 56].

e “The genetic algorithm begins by creating a random initial population and creates
a sequence of new populations. At each step, the algorithm uses the individuals in
the current generation to create the next population. To create the new
population, the algorithm performs the following steps:

e Scores each member of the current population by computing its fitness value.

e Scales the raw fitness scores to convert them into a more usable range of values.

e Selects members, called parents, based on their fitness.

e Some of the individuals in the current population that have lower fitness are
chosen as elite.

e These elite individuals are passed to the next population.

e Produces children from the parents. Children are produced either by making
random changes to a single parent—mutation—or by combining the vector

entries of a pair of parents—crossover.
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e Replaces the current population with the children to form the next generation”
[57] :

Gi(x)=0,i=1,ccceuu., ke;Gi(x) <0,i =k, +1,..k;l < xu (5.14)
such that min,.egn F(x)

Since F(x) is a vector and if any of its components are competing then, there is no one
solution to the problem. The concept of non-inferiority which is also called Pareto
optimality must be used. This concept is based on the improvement of one objective
while degrading the other. A programming code is presented in appendix C that solves
the multiobjective optimization used in this study for system I.

In this research, Matlab function (gamultiobj) is used to find a local Pareto set x for
the overall cost and exergy efficiency functions that are written in a Matlab file. The
function (gamultiobj) uses an elitist genetic algorithm which favors individuals with
better rank and individuals which can help increase the diversity of a population even if
they have a lower fitness value. Diversity is maintained by limiting the number of
individuals on the Pareto front and by favoring individuals that are relatively far away on
the front [55].

The population size is set and a random initial population that satisfies the bounds is
created. The tournament selection function with size 2 chooses parents for the next
generation based on their scaled values from the fitness functions.

A crossover fraction for the next generation is set and an adaptive feasible mutation
function which produces the remaining individuals in the next generation while satisfying
the bounds is selected. An intermediate crossover function which combines two parents
to form a new child by random weighted average of the parents is controlled by a ratio of
1. Movement of individuals between subpopulations is set to take place toward the last
subpopulation with a 0.2 fraction and only 20 generations pass between migrations.

The following two parameters were used as multiobjective algorithm settings in
order to perform the optimization:

e Distance measure function which measures the concentration of the population.
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e Pareto front population factor keeps the fit population down to 0.85.

The variables in the fitness functions are weighted in importance by the criteria
outlined above and most important are set by actual bounds that correspond to
meteorological data and actual values. Most of the values in the exergetic fitness function
are taken from the corresponding parametric study from 8.00 am to 5:00 pm while the
cost fitness function values are taken from actual 2013 market values and the interest rate
was selected between 4 and 9 % for duration of 20 years. The exergy destruction bound

values are set by the parametric study values.
5.5 Acoustic sound pressure level analysis

A detailed programming code is presented in appendix B that solves for the optimal
combination of acoustic and thermal insulation used for the house. Following the work
done by [58, 59], the following equations determine the reflection coefficient of the
tested material using the impedance tube experiment which is used to validate the results

of the enclosure experiment:

Z _ yrHi sin(kl)—sin (k(1-s)
pc ][Cos(k(l—s)—H12 cos(kl)) (515)
VA .
=X +ir (5.16)
x = pe [Re (Hiz2) sin (k (21-s) =5 {sin (k (21-s)) +|Hyz |*sin (2kD)}] (5.17)
Hg
r = pC [—Im(le)SiTl (kS)] (518)
Hg
where pc is the characteristic impudence of air.
Hy = cos?[k(l —s)] + |Hy,|%cos? (kD) (5.19)

where I, and R, represent the real and imaginary parts, and | is the distance from the
speaker to the first microphone. Hy, is the transfer signal between the two microphone

signals.

__ Hi:(AH-Hi(f)
Ri(f) = Hy(f)~Ha2 (f) (520)

R = R, e/?Kl (5.21)
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R is the reflection coefficient and « is the absorption coefficient.

a = 1R, |? (5.22)
where I, and R, represent the real and imaginary parts, and | is the distance from the
speaker to the first microphone. Hy, is the transfer signal between the two microphone

signals?

A Matlab soft code is used to evaluate the transfer functions and is presented in

Appendix B.

The following equation is used to evaluate the sound pressure level of the
enclosure experiment after transforming voltage signals by Fast Fourier Transforms

algorithm into pressure values:

- Prms
SPL—ZOIoglo( . ) (5.23)
where P, = 20 x 10° and P is a value obtained from the Fast Fourier Transforms
(FFT).
5.6 Seasonal load calculations

Hourly analysis program (HAP) [60] developed by Carrier Corporation is used to
calculate the loads for the proposed house.

“The software simulates hour-by-hour operation of all heating and air conditioning
systems in the house and operation of all plant equipment and non-HVACs systems
including lighting and appliances. It uses results of simulations to calculate total annual
energy use and energy costs and generates tabular and graphical reports of hourly, daily,
monthly and annual data”[60].

Detailed calculations are shown in appendix A.
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Chapter 6: Case Study

6.1 Problem statement, assumptions and system inputs

A net zero energy house with one story flat roof structure and a total living area of 225
m? located in South Lebanon near the Litani River, is to be maximum powered by
renewable energy systems with least greenhouse gases emissions and low noise pollution.
Six individuals are living in the house and their potable water need is 30 l/day and hot
water consumption is 120 l/day while the rest of the water needs are 300 l/day. Tables
(A.11 to A.19) in Appendix A show the house architectural layers and components
description.

Lebanon has a moderate climate where peak summer temperatures are at
32.8 °C most of the time and winter temperatures are around 5.6°c in average for a couple
months and above 12 °C the rest of the time [61]. The following strategy is to be followed
for reducing the energy requirements and noise pollution and producing hot and potable

water:

Constructing a good building envelope by optimizing the sizes of thermal and

acoustic insulation used. The overall heat transfer coefficient for walls must not

exceed 0.1W/m® K and for ceiling 0.075 W/m? K, while for acoustic insulation,

the ability to attenuate a sound pressure level from 76 dB outside the house to 30

dB inside the house.

e Choosing the right orientation of the house.

e Using energy-efficient appliances and light fixtures.

e Using efficient water fixtures.

e Using high-efficiency mechanical systems.

e Maximizing the use of passive-solar cooling and heating techniques.

e Using solar thermal systems to heat space and water by thermal storage
techniques and heat pumps.

e Maximizing renewable energy powered systems for space cooling.

¢ Producing potable water by systems powered by solar energy.
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e Balancing electrical use, by grid-connected, photovoltaic, wind turbine, ORC

turbines and hydro turbines.
The following assumptions are made for the energy and exergy analyses:

e All processes are steady-state and steady flow with negligible potential and
kinetic energy effects and no chemical reactions.

e Heat transfer to the system and work transfer from the system are positive.

e Air behaves as an ideal gas.

e Heat transfer and refrigerant pressure drops in the tubing connecting the
components are negligible since their lengths are short.

e Water leaving the evaporator is saturated vapor.

e Water leaving condenser is saturated liquid.

e Water leaving regenerator is saturated vapor.

e No LiBr solution crystallization occurs at the concentrations used.

o Natural heat losses from the various systems components are negligible.

e Water absorbed at the absorber is completely given off at the regenerator.

e Heat transferred by the blower to the room air stream is negligible.

o Reference states are set.

e Pressure drop inside system components is negligible.

e There are no heat losses from the system components unless noted.

e The vapor at the auxiliary condenser condenses completely.

e The outlet temperatures from the absorber, regenerator, and ORC evaporator
correspond to equilibrium conditions of the mixing and separation respectively.

e The thermal physical properties of the working fluid are calculated using EES
software.

e Thermodynamic equilibrium is achieved in all states.
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The systems inputs are given in Table 6.1:

Table 6.1: Systems inputs.

System | System 1 System 111
T, 298K | T, 298K | T, 298 K
P, 101 kPa | P, 101 kPa | P, 101 kPa
Tev 290 K | Tey 290K | Tyy 296 K
T gen 353 K | Tgen 353K | Tyg 299 K
Tu 290K | Ty, 290 K | Ty T,g+15
Pey 1.002 kPa | Pe, 1.002 kPa | Thirscon 302 K
Pabs 1.002 kPa | Pgys 1.002 kPa | Tyq Ts + 10
Teon 312K | Teop 312 K | Thers,ev Tyo -3
Peon 7.381kPa | P, 7.381 kPa | Thpev 278.72 K
Preg 7.381 kPa | Preg 7.381 kPa | T, 353 K
Tabs 315 K | Tops 315K | g5 0.782kW/m?
Pabs Pev | Paps Pev | Phirs.con 4.08 kPa
Py 1.002 kPa | P., 1.002 kPa | riyq 1.25 kg/s
Taeh 289 K | Tgen 289 K | Thp,con 312.7K
Pdeh 101 kPa | Pyep 101 kPa | Thirs.abs 378K
PLDS reg 4.82 KPa | Ppg req 4.82kPa | Thrs reg Tev
TLps deh 86.63 K | Typs.deh 86.63 K | Phpey 360 kPa
PLDs,con 4.82 kPa | Py pscon 4.82 kPa | 0.4 kg/s
Ntrans 0.75 | Porcev 2.6 KPa | Phyrsreg 4.08 kPa
Ncapac 0.55 | Torcev 354.6 K | Pprs abs 47.4 kPa
R 0.287 kI/kg.K | Porc.con 0.49 kPa | Ppirs.ev 47.4 kPa
cf 0.56 | Torc,con 297 K | Tsepy 373K
Deurh 3.79 v, | riisg 0.65 kg/s | P, 1000kPa
P, 101kPa | rirg, 1.4kg/s | Tso 343 K
COpwr 0.4 | Torc rect 338.6 K | Rpipe.emb 0.05 m
Uert 0.0014kJ/sm’K | ¢ 0.96 |y 0.072 m?/d
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6.2 Thermodynamic modeling

The systems thermodynamic properties are evaluated by using EES software and all the
corresponding thermodynamic equations are written in EES format. Several results are
calculated by varying different parameters.

6.2.1 System |

Thermodynamic analysis of system | (Figure 4.1) composed of the following subsystems:
absorption chiller, liquid desiccant system, solar system, hot water tank system, ground
storage thermal bank and power system consisting of PV, wind turbine and diesel
generator is carried out in the section below. Every subsystem will undergo a complete
mass, energy, entropy, exergy and efficiency analysis for all its components.

6.2.1.1 Absorption chiller analysis

The thermodynamic analysis of the absorption chiller system is carried out where all

balances and efficiencies equations are written below:
e Condenser analysis
The mass balance equations for the condenser are given as follows:

My = My =My (6.2)
where a is subscript for air and w is for water.

The energy balance equations for the condenser are given as follows:

m; h; = mghg + Qcon (6.3)
myq hyg + Qcon = Myzhy, (6.4)

The entropy balance equations for the condenser are given as follows:

. : . Q
mq, Sy, + Sgene = MgSg + TZZ: (65)
. : Q .
Mq1511 + Sgene + TCCZ: = My3S12 (6.6)

where Sgene is the entropy generated due to irreversible heat transfer.
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The exergy balance equations for the condenser are given as follows:

To

myey7; = Mgeyg + Qcon (1 - ) + Ex,w,con,des

con

where Ex.a.con,des is given by:

Ex,w.con,des = TOSgene

To

my1€x11 + Qcon (1 - ) = M12€x12 + Ex.a.con,des

con

where T, is the dead state temperature and Ex.a.con,des is given by:

Ex.a.con,des = TOSgene

The exergetic efficiency equation is written as follows:

. To . . .
_ Qcon(l_ /Tcon) m7(3x7—3x8)_5x,w,con,des _ Exw,condes

l/)con = = =1

thy(ex;—exg) o (ex;—exg) thy(ex;—exg)

e Expansion valve (solution) analysis
The mass balance equation for the expansion valve is given as follows:

ms = Mg = Mgy

The energy balance equation for the expansion valve is given as follows:

The entropy balance equation for the expansion valve is given as follows:

MeSe + Sgene,sol = MsSs

The exergy balance equation for the expansion valve is given as follows:

Mseys = Me€yg + Ex,sol,des

where Ey 501 ges iS given by:

Ex,sol,des = TOSsol,gene

the exergy efficiency equation yields:

_ Ex sol,des _ Msexs - Melxe __
l/)ewi 1- . . =1- . . =0
Msexs — Mexe Msexs — Mexe
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e Expansion valve (water) analysis
The mass balance equation for the expansion valve is given as follows:
Mg = My = M,
The energy balance equation for the expansion valve is given as follows:

h9: h8

The entropy balance equation for the expansion valve is given as follows:

MgSg + Sexv,w,gene = MgSq
The exergy balance equation for the expansion valve is given as follows:
Mgeyg = Mog€yg + Ex,exv,w,des
Where Ey oxpw.aes 1S given by:
Ex,exv,w,des = TOSexv,w,gene
e Evaporator analysis
The mass balance equations for the evaporator are given as follows:
Mg = Myy = My
My3z = My, = My
The energy balance equations for the condenser are given as follows:
mohg + Qeva = Myohqo
Myzhyz = Myahy, + Qeva

where hyq is given by:

. . ) Qeva
m13513 + Seva,a,gene - m14514 + Tova
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(6.21)

(6.22)

(6.23)

(6.24)

(6.25)

(6.26)

(6.27)

(6.27)
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The exergy balance equations for the evaporator are given as follows:

To

m9ex9 + Qeva (1 - ) = m103x10 + Ex,eva,w,des (629)

eva

To

m13ex13 = m14ex14 + Qeva (1 - ) + Ex,eva,a,des (630)

eva

Where Ey opawdes A Ex ovaw aes are given by:
Ex,eva,w,des = TOSeva,w,gene (631)

Ex,eva,a,des = TOSeva,a,gene (632)

The exergetic efficiency is expressed as:

. (T, . . .
l/) _ Qeva( /Teva_l) _ m9(3x10_exg)_Ex,evafdesfw _ ToSeva,w,gene (6 33)
eva g (€x10—€x9) g (€x10—€x9) g (€x10—€x9) '

OR

Here our useful output is cooling the air which is re-circulated and the driving exergy

gradient that causes the useful output which is also re-circulated is given by:

~Qeva(1-72

oo = o rn). (6.34)

e Heat exchanger analysis
The mass balance equations for the heat exchanger are given as follows:
My = Mz = Myeq,sol (6.35)
My = Mg = Mgy so1 (6.36)
The energy balance equation for the heat exchanger is given as follows:
myh, + Mghy, = thzhs + mghs (6.37)
The effectiveness of the heat exchanger is given by:
Sx = (mﬁiffif?:?;) - (mrgfpm‘}ﬁ;:;;) (6.38)
but if (MCp)min = M4Cy 4 then:
Egr = = T8) (6.39)

- (T4—T3))
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Otherwise:

iy = (T3—T3)
Hx (T4—Tz))

The entropy balance equation for the heat exchanger is given as follows:

m;s; + Shex,gene + MySy = M3S3 + MmsSs

The exergy balance equation for the condenser is given as follows:

mzexz + m4ex4 = m3 €x3 + mS €xs + Ehex,des
where Epex ges 1S given by:

Ehex,des = TOShex,gene

The exergetic efficiency of the heat exchanger is represented by:

my, (ex3 —ex, )

VHex = S orsmens)
e Pump analysis
The mass balance equation for the pump is given as follows:
my =m, = mwea,sol
where (wea, sol) represents weak solution.
The energy balance equation for the pump is given as follows:

mlhl + mep_act = mZhZ

The entropy balance equation for the pump is given as follows:

m;$; + Spmp,gene

= m;,S,
The exergy balance equation for the pump is given as follows:

miéx; + mep,act =Mzey; + Ex,pmp,des

where Ey mp aes 1S given by:

Ex,Pmp,des = TOSpmp,gene
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The pump efficiencies are evaluated as follows:

Ex pm des
Ypmp = 1 — 200 (6.50)
Wisen _ myv
Npmp = Waer ml(hzl—hl) (Pz - pl) (6.51)

e Absorber analysis
The mass balance equations for the condenser are given as follows:
My + Mg = My (6.52)
X My = XgMyg (6.53)
The energy balance equation for the absorber is given as follows:
Myg hyg + Mg hg = my hy + Qabs (6.54)

The entropy balance equation for the absorber is given as follows:

: . . . Qab
Sabs,gene T Mqg S10 + Mg Sg =My 51 + _TZb: (6.55)

The exergy balance equation for the condenser is given as follows:

. . . . . T,
Myp€x10 + Meglyg — M1Ex1 + Ex,abs,des+Qabs (1 - Ta(:)s) (656)

where Ey qps aes 1S given by:

Ex,abs,des = To Sabs,gene (657)

The chemical exergy at the absorber Ex,CH,abS is given by [62] as:

. 1 _— —_ . T,
Ex,CH,abs = T ZXupr [Z?ﬂ xiE_x_O + RTo 211'1:1 X In aiJ = Qabs,ch (1 - Tabs) (658)

(1_xLiBr)msol,gen

Here, the strong solution is the useful output and the driving exergy gradient is as shown

in the equations of the efficiencies:

Yaps = 1 — Exabsdes (6.59)

M1g €x10 +1Me€xe —MM1€x1

57



Qabs
Myg h1g +1Me he —11 Ry

Nabs =

e Regenerator analysis
The mass balance equations for the regenerator are given as follows:
My = 1y + i,
X3M3 = X4y
The energy balance equation for the regenerator is given as follows:
msh; + Qgen = myh, + msh;

The entropy balance equation for the regenerator is given as follows:

’ . Qgen . .
Sgen,gene +M3S3 + Tgen m;S; + MyS,

The exergy balance equation for the regenerator is given as follows:

To

M3€y3 +Qgen <1 - ) = Myey7 +Mylyy + Ex,gen,des

gen

where Ey gen des 1S given by:

Ex,gen,des = ToSgen,gene
The chemical exergy at the regenerator is given by:

. 1 [ — .
Ex,CH,gen = ~ XLiBr lz‘?:l x,:E_x_O + RTO 2?21 xl 11’1 alJ = Qgen,ch (1

(1_xLiBr)msol,gen

The regenerator efficiencies are given by:

. To )
1_
M Qgen(1-7o
en — . . .
g mzex3 —(Myex7 +Myeyxy )
_ Qgen
Ngen =

My hy -(Th7 hy+m3 h3)

e Absorption system overall COP

To

Tgen

)

(6.60)

(6.61)

(6.62)

(6.63)

(6.64)

(6.65)

(6.66)

(6.67)

(6.68)

(6.69)

The overall absorption system energetic and exergetic coefficient of performance is

described by:
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_ Qeva
COP, = —Jeve

mep +Qgen

. To
Qeva(1-7,2)

COP A =

v (+-75en)
+ 1-
pmp+Qgen Tgen

6.2.1.2 Solar system analysis

(6.70)

(6.71)

Thermodynamic analysis of the solar system is carried out where all balances and

efficiencies equations are written below:

e Solar panels analysis

The thermodynamic analysis of the solar panel system is carried out through mass,

energy, entropy and exergy balances:

The mass balance equation for the solar panels is given as follows:
Myg = My = My

The energy balance equation for the solar panels is given as follows:
Myghie + Qs,net = Myohy

where Qs,net is given by:

Qs,net = As QS

The entropy balance equation for the solar panels is given as follows:

. S Qs _
M19S19 + Ss,gene + T. -

sun

M30S20

The exergy balance equation for the solar panels is given as follows:

To

Mi9€x19 + Qs (1 - ) = Mypexz0 + Ex s des

sun

where Ey s 4es 1S given by:

Ex,S,des = To Ss,gene

The efficiencies are given by the following equations:
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M0 (ex20—€x19)
= == 6.78
¢S Qs(l—Tzsn) ( )

M9 ((h20—N19) (6.79)
Qs '

Ns =
e Solar pump analysis

The mass balance equation for the solar pump is given as follows:

Myg = My = My (6.80)

The energy balance equation for the solar pump is given as follows:

Myehie + WPmp,aCt = Myohyg (6.81)

The entropy balance equation for the solar pump is given as follows:

My6S16 T Spmp,s,gene = M49S19 (6.82)

where s;19 = 14

The exergy balance equation for the solar pump is given as follows:

My6€x16 T WPmp,aCt = My9€x19 + Ex,pmp,s,des (6.83)

Where Ey iy s des 1S given by:

Ex,pmp,s,des = ToEx,pmp,s,des (6.84)

The pump efficiencies are presented in the section below:

— 1 — Expmpdes

Ypmps = 1=, " (6.85)
_ Wisen _ MqaV _

MTomp.s = Wact  mitas(his—R1s) (P16 = P1s) (6.86)

6.2.1.3 Liquid desiccant system analysis

The thermodynamic analysis of the liquid desiccant system is carried out below through

mass, energy, entropy and exergy balances for all system components.
e Dehumidifier analysis

The mass balance equations for the dehumidifier are given as follows:
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M3y + Meong = Ma3 (6-87)
X3z M3y = X33 M33 (6.88)
Myg = My — Meona (6-89)

where 11,4 1S Water condensed from ambient air and x stands for mass concentration of

LiBr solution.
The energy balance equation for the dehumidifier is given as follows:
m32h32 + m40h40 = m33h33 + m41h41 (690)

The entropy balance equation for the dehumidifier is given as follows:

: . . s Qden
Sdeh,gene + Mg33S32 + MeondScond = M32532 + T gen (691)
e

The exergy balance equation for the dehumidifier is given as follows:

. . . : : T,
M32€x10 + mcondex,cond = M33€33 + Ex,deh,des_Qdeh (1 - Tdeh) (692)

where Ey gen ges 1S given by:

Ex,deh,des = Tos'deh,gene (693)

The chemical exergy at the dehumidifier is given by:

. 1 _— —_ . To
Exctiden =~ | Xi1 XiE_x_0 + RT, X1y i In ;] = Quenen (1 T h) (6.94)
(1_xLiBr)msol,gen €
The efficiencies of the dehumidifier are given by:
—Qdeh(l—TT—o)

_ deh 6.95
l/)deh M3z (ex33 — ex32 )+Mcond €x,cond ( )
Naen = —Caen (6.96)

e m3zz2(h3z — ha )+mcondhcond
e Dehumidifier blower analysis
The mass balance equation for the dehumidifier blower is given as follows:
Myg = My = Mg (6.97)
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The energy balance equation for the dehumidifier blower is given as follows:
Tyohao + Wblow = M1 M4y

where W,,,,, is the work done by the blower motor.

The entropy balance equation for the dehumidifier blower is given as follows:

M40S40 + Sbiow,gene = Ma1Sa1
The exergy balance equation for the dehumidifier blower is given as follows:
m403x40 + Wblow + m4lex41 + Ex,blow,des

where Ey, piow des 1S given by:

Ex,blow,des = ToSblow,gene
The blower efficiency is given by:

l/) =1-— Ex,blow,des
blow — i
Whiow

e Regenerator analysis
The mass balance equations for the regenerator are given as follows:
Mgy + Myg = M3s
X51Ms51 = X9 My
My, = My
The energy balance equation for the regenerator is given as follows:
m68h68 + m24h24 = m29h29 + m27h27 + m35h35
The entropy balance equation for the regenerator is given as follows:

: . . . Qreg
Sreg,gene T MegSeg = MygSzg + M35S35 — Treg

The exergy balance equation for the regenerator is given as follows:

. . . : : T,
Megeyeg = Mp9€x29 T+ M35€x35 + Ex,reg,des_Qreg <1 - Treg)
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where Ey o4 ges IS given by:

Ex,reg,des = To Sreg,gene

The chemical exergy released at the regenerator is given by:

Exchreg = X1iBr

1

(1_xLiBr)msol,gen

The efficiencies are given by:

l/)reg =

Nreg =

The mass balance equations for the heat exchanger are given as follows:

ms33 =

ms3o =

The energy balance equation for the heat exchanger is given as follows:
m33h33 + m30h30 = m34h34 + m31h31
The entropy balance equation for the heat exchanger is given as follows:

SLDs hex,gene T M33S33 + M30S30 = M34S34 + M31S3

The exergy balance equations for the heat exchanger is given as follows:

M34€x34 T M31€x31 = M33€x33 + M3g€x30 + Ex 1Ds hex,des

. To
Greg (1-722)
TeI9\" Tgen

Meg exeg —(M29 €x29 +M35€x35 )

Ore g

Megheg —( M3s has +1z9 hag)

Heat exchanger analysis

M3y

msq

where Ey, | ps nex.des 1S given by:

Ex,LDS,hex,des = To SLDS,hex,gene

The heat exchanger efficiency is derived as follows:

l/)hex =

M34 (Ex34— €x33)

m3o (ex30 — €x31)

[Z?ﬂ xE_x_o+ ETO 211'1:1 X In aiJ = Qreg,ch (1 -
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e Cooling heat exchanger analysis

The mass balance equations for the cooling heat exchanger are given as follows:

My3 = My,
Mgy = Mz
The energy balance equation for the cooling heat exchanger is given as follows:

Myzhys + M3 hyy = Myshyy + Mgy hs,

The entropy balance equation for the cooling heat exchanger is given as follows:

SLpS,cooling hex,gene T M13S13HM3S31 = My4S14 + M3,S3;

The exergy balance equation for the cooling heat exchanger is given as follows:

Myz€x13 + M31€x31 = M3z€x32 + Mysx1s + Ex 1Ds cooling hex,des

Where Ex,LDS,cooling,hex,des iS given by

Ex,LDS,cooling,hex,des = To SLDS,cooling,hex,gene

The cooling heat exchanger exergetic efficiency is defined as follows:

" _ Mi3 (€x14 — €x13 )
hex — _;
m31 (€x31 — €x32 )

e Condenser analysis
The mass balance equations for the condenser are given as follows:
M35 = Mg
Myg = Ny
The energy balance equation for the condenser is given as follows:
m35h35 + m48h48 = m36h36 + m49h49
The entropy balance equation for the condenser is given as follows:
SLDs,con,gene + M35S35+1M4gS48 = M36S36 T+ Ma9S49

The exergy balance equations for the condenser are given as follows:
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M35€x35 + Mygysg = M36€x36 T Muo€yxag + Ex 1ps con,des

where Ey, ; ps con des 1S given by:

Ex,LDS,con,des = To SLDS,Con,gene

The liquid desiccant condenser exergetic efficiency is defined as:

. T
Qcon(1-7-2)
con

LDS,con =
¥ ’ Mg (€xag — €xa9 )

e Desiccant pump analysis
The mass balance equation for the desiccant pump is given as follows:
My = Mz
The energy balance equation for the desiccant pump is given as follows:

Maohae + Wymp,act = 3o hsg

The entropy balance equation for the desiccant pump is given as follows:

My9S29 + S = Mg30S3p

Pmp,gene

The exergy balance equation for the desiccant pump is given as follows:

M39€x29 + WPmp,act = M3p€x30 + Ex,Pmp,des

where Ey pinp.aes 1S given by:

Ex,Pmp,des = TOSPmp,gene

The desiccant pump efficiencies are defined as:

l/) _ 1 _ Ex,pmp,des
Pump — i
p mep,act

_ Wisen _ MagV

Mpmp = Wact  Mszo(hag—hso) (p30 B ng)

e Expansion valve (solution) analysis
The mass balance equation for the expansion valve is given as follows:

65

(6.132)

(6.133)

(6.134)

(6.135)

(6.136)

(6.137)

(6.138)

(6.139)

(6.140)

(6.141)



May = Tis, (6.142)
The energy balance equation for the expansion valve is given as follows:

Mzghzy = Msihsy (6.143)
The entropy balance equation for the expansion valve is given as follows:

SLDS,gene = MMgyS5q — M34S3y (6.144)
The exergy balance equation for the expansion valve is given as follows:

Tsi€ys1 = Tzalyza + Exges (6.145)
where Ey, ; ps aes 1S given by:

Ex,LDS,des = TOSLDS,gene (6.146)
The exergetic efficiency of the expansion valve is defines as follows:

l/)LDS,exv =1- Msi P51 ~ Moa s =0 (6147)

Ms51€x51 — M34€x34

e Liquid desiccant system overall efficiencies

The overall energetic efficiency for the liquid desiccant system is defined as the desired
product output divided by the useful fuel input as follows:

QLps,dent3e (M35 —N3e)
COPLDS ov — & ce N N (6148)
! QLDSregtWLDS pmp+QLDS,con

. T ;
QLDS,deh(l—Tzh)"‘mse(hss —h36 —To(S35 —S36 )

COPYpsor =~ To_ To y

1-—2)+W +0 1-
QLDS,reg( Treg) LDS,pmp QLDS,con( Tcon

(6.149)

6.2.1.4 Hot water tank analysis

The thermodynamic analysis of the hot water tank system is carried out below through

mass, energy, entropy and exergy balances for all system components.
The mass balance equations for the hot water tank are given as follows:

le = mlg (6150)
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Tfl44 = Tfl26 (6151)

The energy balance equation for the hot water tank is given as follows:

le h21 + m4-4- h4-4- = m26 h26 + m18 h18 (6152)
The entropy balance equation for the hot water tank is given as follows:

Shwt,gene + Mp1Sp1 +MysSas = MpeSye + MygSig (6.153)
The exergy balance equation for the hot water tank is given as follows:

My1€x21 + Mys€rss = Myc€yz6 T My€x1g + Ex,hwt,des (6.154)
where Ey, pwt des 1S given by:

Ex,hwt,des =T, Shwt,gene (6.155)

The efficiencies of the hot water tank are defined by:

T 26 (€x26—Cxa4) (6.156)

m3p1(€x21 — €x18)

Myt = —zsi 26z Rany (6.157)

ma1 (hz1 —hig )

6.2.1.5 Ground storage thermal bank analysis

The thermodynamic analysis of the ground thermal storage system is carried out below
through mass, energy, entropy and exergy balances for all system components. Earth is
used to store heat during the long summer months by circulating hot water powered by
solar energy. Earth has a good property of slowly dissipating heat at the rate of 1 °C for

every linear meter.

The mass balance equations for the ground storage thermal bank are given as follows:
My3 = Mys (6.158)
Mys = Mgg (6.159)

The energy balance equations for the ground storage thermal bank during the winter and

summer are given as follows respectively:
tgzhas + Qsour = Mashas (6.160)
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Myshys = Msehse + Qson (6.161)
where Q,,;;, for large heat reservoir, is given by:

Qsoil = UsoilAPIPETsoil (6162)
The energy balance equation for the ground storage thermal bank is given as follows:

C . Qsoil
Sgr,tb,gene + My3543 + T

= m45545 (6163)

soil

The exergy balance equation for the ground storage thermal bank is given as follows:

. . T, . .
My3€x43 + Qsoil (1 - ) = My5€x45 + Ex,gr,tb,des (6164)

soil
where Ey ;7 1 aes 1S given by:

Ex,gr,tb,des = To Sgr,tb,gene (6165)

The ground storage thermal bank exergetic efficiency is given by:

— M43 (Cxas~ €xa3)
l/)g‘r',tb B Qsoil(l_ To ) (6166)

Tsoil

6.2.1.6 Photovoltaic/Thermal analysis

The analysis on the hybrid photovoltaic thermal system is carried using the approach of
[1] as follows:

The mass balance equation on the photovoltaic thermal system is given as follows:

My3 = Mgz =My, (6.167)
The energy balance equation on the photovoltaic thermal system is as follows:

Tiazhys + Qs = Mszhss + Quoss + Perec (6.168)
where Q,,5s and P,,,. are given by:

Qloss = heA(Teeu — Tamp) (6.169)
Petec = ImVin (6.170)

where I, and Vi, are the maximum current and voltage respectively while A is the total PV
area, hc is the heat convective heat transfer coefficient and Tcey are given by [1]:
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hC = 57 + 3-8Vwind,vel (6171)

(Tcell,ref_Tamb) Q'S (6172)

Tcell = Tamb + eref

The entropy balance equation on the photovoltaic thermal system is as follows [3]:

Q 0SS Tce
As,PVT + Tl = Cp,airLN(T_u) (6173)

cell amb

where A; pyr is the change of entropy.
The exergy balance equation on the photovoltaic thermal system is as follows:

To To

Qs (1 - Tsun) = }jelec + hcA(Tcell - Tamb) (1 - TCell) + Ex,PVT,des (6174)

The efficiencies of the PV/T system are given as follows:

. To
Pelec+hcA(Tcell_Tamb)(1_T )
cell
To

AQs(1-72)

Ypy)r = (6.175)

nPV/T — EGH+hcAiT5:ll_Tamb) (6176)

6.2.1.7 Wind turbine analysis
The wind turbine analysis is carried out using [1] approach:
e Wind turbine electric power

The electric power produced by the wind turbine is given as follows:

Pturb,elec = Pturbntrans ncapac (6177)

Where n¢gnsand neqpe  are the transmission and capacitance efficiencies of the wind

turbine given by manufacturer while P,,,, is the power produced by the wind turbine and

IS given by:
Pturb = O-SpairAswVa%Jg CPOW (6178)

where A, is the swept area, Cpoy, Is the power coefficient and 1, is the average

speed across the blades of the turbine and are given respectively as follows:
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A, =" (6.179)

4
Vavg = O-S(Vturb,bl,tp,sp + Va,i) (6.180)
where V,; is the air inlet speed to the turbine and Vi, piepsp 1S the turbine tip blade
speed and is given by:
VeurbpLepsp = wturbT[GBO (6.181)
where D is the turbine diameter and w,,; IS the rotational speed

e Wind turbine efficiencies

Neurb = Pt (6182)

Pturp

l/)turb — Pturb,elec (6 183)

My,i€x,a,i— Ma,0€x,a,0

To evaluate e, 4, and e, , ,, We need the mass of air and the temperature and pressure

before and after the turbine and are given by the following equations [1]:

Tafturb = 35.74 + 0.6215T g1 — 35.75Vewrn pitpsp 0 + 04274 T gemVeurb prep.sp 0 (6.184)

Ty turp = 35.74 + 0.6215T 4 — 35.75V 1, 0'° + 0.4274T 10 Vi i ° (6.185)
Mg = PaAswVa i (6.186)
Pyt rurs = Paem + 0.5p0: V24 (6.187)
Posiurb = Patm + O-Spairvtirb,bl,tp,sp (6.188)

the exergy balance on the wind turbine yields:

. Q b,1 . .
ma,iex,a,in + D0 = O-Sma,i(VaZ,i - Vaz,o) + ma,iCP (Taf,turb - be,turb) +

Tatm
. . T P
Maolrao + MaiTy (chN (M) _ RLN (MD (6.189)
’ ’ ’ be,turb be,turb
where Quurb 1oss IS given by:
: — Tafturbt Thf turb
Qturb,loss = MgiCp (Tatm - 5 ) (6190)
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6.2.1.8 System | overall efficiencies

The following equations calculate the energetic and exergetic efficiencies for the overall

system.
n — QLDS,deh+Pelec,PVT+Pturb,elec+hcAPVT(Tcell_Tamb)+ Mye(Nae—N4s)+mMze(h3s —h3e )/6 191)
ov.sys (Is(AS+APVT)+WPmp,tot+O-SPairASweptVavg3 e
. To ; ; To
Qeva T . =1)+Pelec +Pturb,elec+hcAPVT(Tcell_Tamb) 1_T
l/) _ air,in cell
ov,sys — ) To - 3
As+A 1———)+W, +0.5p,4irA V,
qs(As PVT)( Tsun) pmp,tot PairfdsweptVavg
M26(h26—Na4—To(S26—S44) +M36(N35—N36—To (S35-S36)
+ . (52654 2 (6.192)
CIS(AS+APVT)(1_m)+mep,tot+0-5pairASweptVavg
6.2.2 System 11

Thermodynamic analysis of system Il, which is composed of absorption chiller, liquid
desiccant system, solar system, hot water tank system and power system that consists of
ORC and battery system, is carried out in the section below. Every subsystem will
undergo a complete mass, energy, entropy, and exergy and energy efficiency analysis for

all its components.

6.2.2.1 Organic Rankine cycle system analysis
e Condenser analysis
The mass balance equations for the condenser are given as follows:

Tfl61 = Tfl66 (6193)

Msg + Mgy = Msg (6.194)
The energy balance equation for the condenser is given as follows:
m61h61 + m59h59 + m64h64 = m66h66 + mSOhSO (6195)
QORC,con + Me1her = Meehes (6.196)
The entropy balance equation for the condenser is given as follows:

Me1Se1 + Ms9Ss9 + MeaSea + Sorc,con,gene = MesSe6+Ms50550 (6.197)
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The exergy balance equation for the condenser is given as follows:

Me1€xe1 + Msolrso + Mealres = MeeSe6+Ms0Ss0 T Ex ore,condes (6.198)
where Ey, ore con.des 1S given by:

Ex,ORC,con,des = TOSORC,Con,gene (6.199)

1,0RC,con = dokc.con (6 200)

Msghsg+megahes—Msohso

QORC,con(l_TO/Tcon)

WoRe con = i e e (res P T oes - 50)—Tree oo e (eas0) (6.201)
e Expansion valve analysis

The mass balance for the expansion valve is given as follows:

Mgz = Mgy (6.202)

The energy balance equation for the expansion valve is given as follows:

hgs = hey (6.203)

The entropy balance equation for the expansion valve is given as follows:

SORC,exv,gene = MesSea — Me3S63 (6.204)

The exergy balance equation for the expansion valve is given as follows:

Me3€x63 = Meares + Ex,ORC,exv,des (6.205)

where Ey orc exv.des 1S given by:

Ex,ORC,exv,des = TOSORC,exv,gene (6.206)
e Evaporator analysis

The mass balance equations for the evaporator are given as follows:

Mgy = Mys (6.207)

Mes + Mgs = Mgy + Mgy (6.208)

The energy balance equation for the evaporator is given as follows:
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QORC,eva + Myzhys = Mgy he; (6.209)
tisshss + Meshes + Qorceva = Mezhez + Msyhsy (6.210)
The entropy balance equation for the evaporator is given as follows:

. . _ QORC,eva e 3
Ms5Sss + MesSes + Sorceva,gene T T Me2Se2 + Ms57Ss57 (6.211)

The exergy balance equation for the evaporator is given as follows:

To

Mgsexss T Mesexes + Qorceva (1 - ) = Mg2€y62 + Ms78x57 + Ex orcevages  (6.212)

Teva

where Ey, ore eva des 1S given by:

Ex,ORC,eva,des = TOSORC,eva,gene (6213)

The evaporator efficiencies are given by:

Q eva
WORC,eva = oRL, (6214)

Msshss+Meshes —Me2 Rz —Ms7 sy

QORc,eva(l—To/Tem)

Yorceva = Thss(Rss—ho—To (Ss5—S0) +ites (Res —ho—To (Ses—So) —Tis7 (hsy —ho—To (Ss7—S0) —Thez (hez—ho—To (Ss2—So)

(6.215)
e Heat exchanger balance

The mass balance equations for the heat exchanger are given as follows:

Mgg = Magy (6.216)

Mgy = Mgs (6.217)

The energy balance equation for the heat exchanger is given as follows:

Mszhss + Meyhey = Mezhes + Misghs,y (6.218)

The heat exchanger effectiveness is given by the following:

£y = Ms3Cp53(Ts3—Tsa) _ Me2Cp62(Te2—Te3) (6.219)

(MCp)min(Ts2~Ts3))  (MCplimin(Tez=Ts3))

If (mcp)min = Mg, Cp,62
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_ (Te2-Ts3)

Shex = (Te2—Ts3))
Otherwise:

£ _ (Ts4—Ts3)
hex ™ (Tgy~Ts3)

The entropy balance equation for the heat exchanger is given as follows:

Ms3Ss3 + Me2S62 + SoRChex,gene = Me3Sez + MsySsy

The exergy balance equation for the heat exchanger is given as follows:

Ms3€x53 + Me2€x62 = Me3€x63 T Mssxss + Eorchex,des

where Egpc hex.des 1S given by:

EORC,hex,des = TOSORC,hex,gen

The heat exchanger exergetic efficiency is described by:

_ ms3(ey,54—€x,53)
l/)Hex

~ mha(exe2—exe3)
e Pump analysis
The mass balance equation for the pump is given as follows:
Msg = Mgy
The energy balance equation for the pump is given as follows:

Msohso + Worcpmp,act = Ms1hs1

The entropy balance equation for the pump is given as follows:

Msp Sso + SORC,pmp,gene = Msg1Ss51

The exergy balance equation for the pump is given as follows:

Ms5p€x50 + WORC,pmp,act = Ms51€x51 + Ex,ORC,pmp,des

where Ey prc pmp.des 1S given by:

Ex,ORC,pmp,des = TO SORC,pmp,gene
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The pump efficiencies are given by:

E
— 1 _ J.C,ORC,pmp,des 6231
ORC,Pmp
! WoRrc,pmp,act
_ WORC,pmp,isen _ Ms50Vs0

Worcpmpact  Mso(hsi—hso)
¢ Rectifier analysis
The mass balance equations for the rectifier are given as follows:
Ms, = Mgg (6.233)
Mgy = Mgg + Mes (6.234)
The energy balance equations for the rectifier are given as follows:
Qorcrect + Ms2hsy = Msehse (6.235)

Msyhs; = Msghsg + Meshgs + QORC,rect (6.236)

The entropy balance equation for the rectifier is given as follows:

3 S — . . QORC,rect
Ms7Ss7 + Sorcrect,gene = MsgSsg T+ MesSes + T (6.237)

The energy balance equation for the rectifier is given as follows:

. . . . T, .

Ms7€x57 = Msglysg T Mes€ye5 T QORC,reC (1 - Tr:ct) + Ex,ORC,rect,des (6238)
where Ey, ore rect.des 1S given by:
Ex,ORC,rect,des = TOSORC,reCt,gene (6239)

The rectifier efficiencies are described by:

QORC,rec(l_TO/TTeC)

sy (hsy—ho—To(S57—S0)—Tsg (hsg—ho—To(Ss8—S0) —Tes (hes—ho—To(Se5—S0)

Yorerec = (6.240)

Q rec
Norc,rec = ORC. (6241)

Mmsyhs7 —Msghsg —Meshes

6.2.2.2 Absorption chiller analysis

The thermodynamic analysis of the absorption chiller system is carried out where all

balances and efficiencies equations are written below:
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e Condenser analysis
The mass balance equations for the condenser are given as follows:
m,; = mg =m,,
My = My, =My
where a is subscript for air and w is for water.
The energy balance equations for the condenser are given as follows:
my; h; = mghg + Qcon
myy hyy + Qcon = myyhy;

The entropy balance equations for the condenser are given as follows:

. . o Qcon
My S7 + Sgene = MgSg + —
con
3 + S + Qcon — Al
mi1511 gene T = My251;
con

where Sgene is the entropy generated due to irreversible heat transfer.

The exergy balance equations for the condenser are given as follows:

To

Mmyey7; = Mgeyg + Qcon (1 - ) + Ex,w,con,des

Tcon

where Ey 4 con.des 1S given by:

Ex,w.con,des = TOSgene

To

Mmy1€x11 + Qcon (1 - ) = M12€x12 + Ex.a.con,des

con

where T, is the dead state temperature and Ex.a.con,des is given by:

Ex.a.con,des = TOSgene

The exergetic efficiency equation for the condenser is written as follows:

. T, ) ) )
‘(_/) _ Qcon(l_ /Tcon) _ m7(3x7_3x8)_Ex,w,con,des _ _ Exw,condes
con -

thy(ex;—exg) o (ex;—exg) thy(ex;—exg)
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e Expansion valve (solution) analysis
The mass balance equation for the expansion valve is given as follows:
mS = m6 = msol

The energy balance equation for the expansion valve is given as follows:

The entropy balance equation for the expansion valve is given as follows:

m656 + Sgene,sol = mSSS

The exergy balance equation for the expansion valve is given as follows:
mSexS = m63x6 + Ex,sol,des

where Ey 501 es iS given by:

Ex,sol,des = TOSsol,gene

The exergy efficiency equation yields:

_ Ex,sol,des _ Msexs - Melxe __
l/)ewi 1- 1- =0

Msexs - Meexe Msexs — Meexe
e Expansion valve (water) analysis
The mass balance equation for the expansion valve is given as follows:
Mg = My = 1M,

The energy balance equation for the expansion valve is given as follows:

The entropy balance equation for the expansion valve is given as follows:

MgSg +Sexv,w,gene = MgSg

The exergy balance equation for the expansion valve is given as follows:

Mgeyg = Mg€yg + Ex,exv,w,des

where Ey oy w.des 1S given by:

7
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Exexowaes = ToSexvwgene
e Evaporator analysis
The mass balance equations for the evaporator are given as follows:
Mg = Myg = My
Myz = My, = My
The energy balance equations for the condenser are given as follows:
mohg + Qeva = Myohqo
Myzhyz = Myahy, + Qeva

where hyq is given by:

The entropy balance equations for the evaporator are given as follows:

. . Qeva — S
m959 + Seva,w,gene + T - m10510
eva

. . ) Qeva
m13513 + Seva,a,gene - m14514 + Tova

The exergy balance equations for the evaporator are given as follows:

To

Mg€yxg + Qeva (1 - ) = My0€x10 + Ex,eva,w,des

eva

To

M13€x13 = M14€x14 + Qeva (1 - ) + Ex,eva,a,des

eva
Where Ey opaw des A Ex ovaw aes are given by:

Ex,eva,w,des = TOSeva,w,gene

Ex,eva,a,des = TOSeva,a,gene

The exergetic efficiency is expressed as:

. (T . . .
Qeva( /Teva_l) m9(3x10 _exg)_Ex,evafdesfw ToSeva,w,gene

l/)eva: = =1-

My (ex10—€x9) My (ex10—€x9) MMy (ex10—€x9)
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Here, our useful output is cooling the air which is re-circulated and the driving
exergy gradient that causes the useful output which is also re-circulated is given by:

—Qeva - TO
(700 (6.276)

M136x13~M14€x,,

l/)eva =

e Heat exchanger analysis
The mass balance equations for the heat exchanger are given as follows:
my = mz = mwea,sol (6.277)
My = Mg = Mgy so1 (6.278)
The energy balance equation for the heat exchanger is given as follows:
myh, + Mgh, = thzhs + mghs (6.279)

The effectiveness of the heat exchanger is given by:

_ MpCpa(T3—To) _ M4 Cp 4 (T4—Ts) 6.280
ng (mcp)min(T4_Tz)) (mcp)min(T4_Tz)) ( . )

__ (Ty—Ts)
Shx = o1, (6.290)
Otherwise:

_ (T3—-Ty)
Shx = o1y (6.291)

The entropy balance equation for the heat exchanger is given as follows:

mzsz + Shex,gene + m4_$4_ = m353 + Th5s5 (6292)

The exergy balance equation for the condenser is given as follows:
mzexz + m4ex4 = m3 €x3 + mS €xs + Ehex,des (6293)
wWhere Epex ges 1S given by:

Ehex,des = TOShex,gene (6294)

The exergetic efficiency of the heat exchanger is represented by:
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my (ex3 —ex, )

Phex = Ty (exs—exs)

e Pump analysis
The mass balance equation for the pump is given as follows:
my =m, = mwea,sol
where wea, sol represents weak solution
The energy balance equation for the pump is given as follows:
myhy + mep,act = myh,

The entropy balance equation for the pump is given as follows:

mys; + S

pmp,gene = m;s,

The exergy balance equation for the pump is given as follows:
mlexl + mep,act = mz €x2 + Ex,pmp,des

where Ey, ,mp aes 1S given by:

Ex,Pmp,des = TOSpmp,gene

The pump exergetic efficiency is evaluated as follows:

l/) _ 1 _ EX,pmp,des
mp — i
pmp Wpmp,act

e Absorber analysis

The mass balance equations for the absorber are given as follows:

mlo + Tfl6 = ml
XMy = X Mg
The energy balance equation for the absorber is given as follows:

Myo hyg + Mg hg = My hy + Qabs

The entropy balance equation for the absorber is given as follows:
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: . . . 0
Sabs,gene T My S10 +Me S =My 57 + #Z: (6.305)

The exergy balance equations for the absorber are given as follows:

. . . . . T,
Myp€x10 + Mglye — My €xq + Ex,abs,des+Qabs (1 - Ta(:)s) (6306)

where Ey qps aes 1S given by:

Ex,abs,des = To Sabs,gene (6307)

The chemical exergy at the absorber is evaluated as follows:

- 1

- . T,
Ex,CH,abs = T ZXupr [Z?ﬂ xiE_x_O + RTo 211'1:1 X In aiJ = Qabs,ch (1 - Tabs) (6308)

(1_xLiBr)msol,gen

Here, the strong solution is the useful output and the driving exergy gradient is as shown

in the equations of the efficiencies:

Yaps =1 — Exabsdes (6.309)

M1g €x10 +1Me€xe —MM1€x1

Nabs = Qaps (6.310)

My h1g +Mg hg —Mq hq

e Regenerator analysis
The mass balance equations for the regenerator are given as follows:
My = My + 1y, (6.311)
X3Mg = X401y (6.312)
The energy balance equation for the regenerator is given as follows:
mshs + Qgen = rizh, +msh; (6.313)
The entropy balance equation for the regenerator is given as follows:

: . Q . .
Sgen,gene + ms3S3 + ﬁ = mysy; + MySy (6314)

The exergy balance equations for the regenerator are given as follows:

To

m3ex3 +Qgen <1 - ) = m7ex7 + m4ex4 + Ex,reg,des (6315)

gen
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where Ey gen ges are given by:

Ex,gen,des = ToSgen,gene (6316)

The chemical exergy at the regenerator is given as follows:

. 1 _— — N To
Eychgen = s |21 %E_x_0 + RT, Xty x; Ina;| = Qgenen (1 -7 ) (6.317)
(1_xLiBr)msol,gen gen
The regenerator efficiencies are given by:
. T
Qgen(1-722-)
— gen
l/)gen " Tizexs ~(hyexy +1isexs ) (6.318)
Qgen
Ngen = (6.319)

My hy —(M7 hy+1i3 h)
e Absorption system overall COPs

The overall absorption system energetic and exergetic coefficients of performance are
described by:

_ Qeva
COp, = g—tem— (6.320)
. To
Qevall—7——
cop, = - _( Teva)To (6.321)
mep"‘Qgen(l_Tg?)

6.2.2.3 Solar panels system analysis
The mass balance equations for the solar panels are given as follows:
My = Ty (6.322)
My = Mgy (6.323)
The energy balance equation for the solar panels is given as follows:
m43h43 + m19h19 + QS = mZOhZO + m67h67 (6324)
The entropy balance equation for the solar panels is given as follows:

0s

My3S43 + MygS19 + S5 gene + Toun

= MypSz0 + Mg7S67 (6.329)
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The exergy balance equation for the solar panels is given as follows:

To

My3€xa3 + Myg€y19 + Qs (1 - ) = Mypxz0 + Me7€x67 T Ex s des

sun
where Ey ¢ g iS given by:
Ex,s,des = TOSs,gene

The efficiencies are given as:

W, = M0 (€x20 —€x19) +Me7(€x67 —€xa3)
s = . _ To
Qs(l Tsun)
ne = M9 ((hao—h19)+1Me7 ((he7—h43)
S -_ .

Qs

e Solar pump analysis
The mass balance equation for the solar pump is given as follows:
My = My
The energy balance equation for the solar pump is given as follows:
Myehie + mep,act = Myghqq
The entropy balance equation for the solar pump is given as follows:

Mi6S16 + S = Mj9S19

pmp,s,gene

The exergy balance equation for the solar pump is given as follows:

M16€x16 + mep,act = Mj9€x19 + Ex,pmp,s,des

where Ey yinp s ges 1S given by:

Ex,pmp,s,des = TOSpmp,s,gene

The pump efficiencies are described by:

l/) — 1 _ Ex,pmp,des
mp,S i
pmp mep,act

Wisen _ Mi6V16

Mpmp,s = Wact Mi9(h19—h16) P19 ~ P1s
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6.2.2.4 Liquid desiccant system analysis

The thermodynamic analysis of the liquid desiccant system is carried out below through

mass, energy, entropy and exergy balances for all system components.
e Dehumidifier analysis

The mass balance equations for the dehumidifier are given as follows:

M3y + Meong = Maz (6.337)
X32 M3y = X33 M33 (6.338)
Myg = My1 — Meona (6.339)

where 11,4 1S Water condensed from ambient air and x stands for mass concentration of

LiBr solution.
The energy balance equation for the dehumidifier is given as follows:
m32h32 + m40h40 = m33h33 + m41h41 (6340)

The entropy balance equation for the dehumidifier is given as follows:

: . . s Qden
Sdeh,gene + Mg33S32 + MeondScond = M32532 + Tgen (6341)
e

The exergy balance equation for the dehumidifier is given as follows:

. . . : : T,
M32€x10 + mcondex,cond = M33€33 + Ex,deh,des_Qdeh (1 - T4 h) (6342)
e

where Ey gen ges 1S given by:

Ex,deh,des = Tos'deh,gene (6343)

The chemical exergy at the dehumidifier is given by:

. 1 _ — . T,
Exciaen = —5—— | 211 %E_X_0 + RT, X1y x; In a;] = Quencn (1 T h) (6.344)
(1_xLiBr)msol,gen €
—Qdeh(l—TT—o)
= deh 6.345
l/)deh M3z (ex33 — ex32 )+Mcond €x,cond ( )
— _Qdeh 6 346
Nden = (6.346)

m3zz2(h3z — ha )+mcondhcond
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e Dehumidifier blower analysis
The mass balance equation for the dehumidifier blower is given as follows:
Myy = My =My, (6.347)
The energy balance equation for the dehumidifier blower is given as follows:
Myghao + Wblow = Ty hyy (6.348)
where W,,,,, is the work done by the blower motor.
The entropy balance equation for the dehumidifier blower is given as follows:
My0Sa0 + Sblow,gene = My1S41 (6.349)
The exergy balance equation for the dehumidifier blower is given as follows:
tgo€xa0 + Whiow + a1€xa1 + Ex prow,des (6.350)
where Ey, piow aes 1S given by:
Ex,blow,des = ToSblow,gene (6.351)
The blower efficiency is given by:

Ypiory = 1 — Lxblowdes (6.352)

Whiow

e Regenerator analysis

The mass balance equations for the regenerator are given as follows:

m51 + ng = Th35 (6353)
X51Ms51 = X9 Mg (6.354)
Tfl24 = Tfl27 (6355)

The energy balance equation for the regenerator is given as follows:
m68h68 + m24h24 = m29h29 + m27h27 + m35h35 (6356)

The entropy balance equation for the regenerator is given as follows:

. . . Qreg
Sreg,gene T MegSeg = MygSzg + M35S35 — Treg (6.357)
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The exergy balance equation for the regenerator is given as follows:

. . . : : T,
Megeyeg = Mp9€x29 T+ M35€x35 + Ex,reg,des_Qreg <1 - Treg)

where Ey o4 ges IS given by:

Ex,reg,des = To Sreg,gene
The chemical exergy at the regenerator is given by:

. 1 _ — . T,
Ex,CH,reg = T XuBr lZ?:1 x;E_x_o+ RT, 211'1:1 x;In aiJ = Qreg,ch (1 - )

Tre
(1_xLiBr)msol,gen 9

The efficiencies are given by:

. To
Greg(1-7,%)
l/) — reg Tdeh
re . . .
g Meg exeg —(M29 €x29 +M35€x35 )
_ Qreg
nreg -

Megheg —( M35 has +M1z9 hyg)

e Heat exchanger analysis
The mass balance equations for the heat exchanger are given as follows:
M3z = Mgy
Mgy = Mz
The energy balance equation for the heat exchanger is given as follows:
m33h33 + m30h30 = m34h34 + m31h31
The entropy balance equation for the heat exchanger is given as follows:
SLDS,hex,gene + M33S33 + M30S39 = M34S34 + M31S3;
The exergy balance equation for the heat exchanger is given as follows:
M34€x34 + M31€x31 = M3z€y33 + M3plyzp + Ex,LDS,hex,des

where Ey, ; ps nex.des 1S given by:

Ex,LDS,hex,des = To SLDS,hex,gene
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The heat exchanger efficiency is derived as follows:

" _ Mgy (x34— €x33)
hex — _;
m3o (ex30 — €x31)

e Cooling heat exchanger analysis

The mass balance equations for the cooling heat exchanger are given as follows:

My3 = Myy
Mgy = Mgy
The energy balance equation for the cooling heat exchanger is given as follows:

Myzhys + M3 hgy = Myshyy + Mgy hs,

The entropy balance equation for the cooling heat exchanger is given as follows:

SLpS,cooling hex,gene T M13S13H1M3S31 = My4S14 + M3,S3;
The exergy balance equation for the cooling heat exchanger is given as follows:

Myz€x13 + M31€x31 = M3z€x32 + Mysx1s + Ex 1Ds cooling hex,des

Where Ex,LDS,cooling,hex,des iS given by

Ex,LDS,cooling,hex,des = To SLDS,cooling,hex,gene
The cooling heat exchanger exergetic efficiency is defined as follows:

_ Mi3 (€x14 — €x13 )
l/)hex -

M3y (€x31 — €x32 )
e Condenser analysis
The mass balance equations for the condenser are given as follows:
M35 = Mg
Myg = Ny
The energy balance equation for the condenser is given as follows:
m35h35 + m48h48 = m36h36 + m49h49

The entropy balance equation for the condenser is given as follows:
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SLDs,con,gene + M35S35+1M4gS48 = M36S36 T Ma9S49

The exergy balance equation for the condenser is given as follows:
M35€x3s + Myglysg = M3e€x36 + Maglyag + Ex,LDS,con,des
where Ey, ;1 ps con des 1S given by:

Ex,LDS,con,des = To SLDS,Con,gene

The condenser exergetic efficiency is defined as:

. T
Qcon(1-7-2)
con

LDS,con =
¥ ’ Myg (exag — €xa9 )

e Desiccant pump analysis
The mass balance for the desiccant pump is given as follows:
Myg = Mz
The energy balance equation for the desiccant pump is given as follows:

Maghae + Womp,act = 3o hsg

The entropy balance equation for the desiccant pump is given as follows:

My9S29 + S = M3pS39

Pmp,gene
The exergy balance equation for the desiccant pump is given as follows:
M39€x29 + WPmp,aCt = Mgpexzp T Ex,Pmp,des

where Ey pinp.aes 1S given by:

Ex,Pmp,des = TOSPmp,gene

The desiccant pump efficiencies are defined as:

_ 1 _ Ex,pmp,des
l/)Pump -

mep,act
_ Wisen _ MooV (
- 5 - 30 29)
Mpmp Wact 3o (h29—h30) p p
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e Expansion valve (solution) analysis
The mass balance equation for the expansion valve is given as follows:
M3y = Mgy (6.391)
The energy balance equation for the expansion valve is given as follows:
Mzghzy = Msihsy (6.392)
The entropy balance equation for the expansion valve is given as follows:
SLDS,gene = MMg1S5q — M34S3 (6.393)
The exergy balance equation for the expansion valve is given as follows:
Tsi€ys1 = Tza€yza + Exges (6.394)
where Ey, ;s aes 1S given by:
Ex,LDS,des = TOSLDS,gene (6.395)

The exergetic efficiency of the expansion valve is defines as follows:

l/)LDS,exv =1-— Msiexs1 — M34lx3s =0 (6396)

Ms51exs1 — M34€x34
e Liquid desiccant system overall efficiencies

The overall energetic efficiency for the LDS is defined as the desired product output
divided by the useful fuel input as follows:

QLps,dentM3e(R3s —N3e)
COPpsop = s— 22 . (6.397)
! QLDSregtWLDS pmp+QLDS,con

. To .
QLDS,deh(l_%)+m36(h35 —h36 —To(S35 —S36 )
To
Tcon)

COP¢LDS,OU = (6398)

5 To - 5
QLpsreg(l—=——)+Wrpspmp+QLDS,con(1—
Treg

6.2.2.5 Hot water tank analysis

The thermodynamic analysis of the hot water tank system is carried out below through

mass, energy, entropy and exergy balances for all system components.

The mass balance equations for the hot water tank are given as follows:
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My, = Myg

My, = My

The energy balance equation for the hot water tank is given as follows:
le h21 + m4-4- h4-4- = m26 h26 + m18 h18

The entropy balance equation for the hot water tank is given as follows:
Shwt,gene + My Sp1 +MyaSaq = MyeSpe + MigSig

The exergy balance equation for the hot water tank is given as follows:
My1€x21 + Mys€yss = Mye€x26 + Milyig + Ex,hwt,des

where Ey, pwt des 1 given by:

Ex,hwt,des =T, Shwt,gene

The efficiencies of the hot water tank are defined by:

_ Tpe(€x26—€x44)
l/)hwt -

mMp1(€x21 — €x18)

Tize(h26—haa)

Mhwt ma1 (hz1 —hig )

6.2.2.6 System Il overall efficiencies analysis

(6.399)

(6.400)

(6.401)

(6.402)

(6.403)

(6.404)

(6.405)

(6.406)

The overall system efficiencies is evaluated by dividing the desired energy outputs of the

cooled air, produced power, fresh and hot water by the total energy inputs of solar and

pumps as follows:

_ Qrpsdentmze(hss —h3e )+PoRc turb,elect Mas(N26—Nas)+1M36(R35 —N36)

nov,sys qs(As) +WPmp,tot

T_O_l

Taen )"‘PORC,turb,elec +mMoe(h26—N4a—To(S26—S44)

. T .
qs(As) 1-—9% +Wpmp,tot
Tsun

QLDS,deh(

l/)ov,sys =

M3e(h3s—h36—To(S35-536)
. To .

A 1—)+W
qs( s)( Tsun) Pmp,tot
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6.2.3 System 111

Thermodynamic analysis of system Ill, which is composed of heat transformer, solar
panels, heat pump, distillation system, ground storage heating and cooling thermal banks
and power system consisting of PV, hydro and battery system, is carried out in the
section below. Every subsystem will undergo a complete mass, energy, entropy, exergy

and efficiency analysis for all its components.

6.2.3.1 Heat transformer analysis

The thermodynamic analysis of the heat transformer system is carried out below through

mass, energy, entropy and exergy balances for all system components.

e Condenser analysis
The mass balance equations for the condenser are given as follows:
m, = m, (6.409)
Mg = My (6.410)
The energy balance equations for the condenser are given as follows:
mihy = 1iyhy + Qeon (6.411)
Maghag + Qcon = Thyohyg (6.412)

The entropy balance equations for the condenser are given as follows:

. : . 0
ms; + Scon,gene = m;S; + TZZZ (6413)
MygS2s + Scongene T TCCZ: = My9S79 (6.415)

The exergy balance equations for the condenser are given as follows:

. . : T, -

M€y = Mpeyy + Qcon (1 - Con) + Ex,con,des (6416)
. . T, . .

M28€x28 + QCOTT. (1 - Tcon) = My9€yx29 + Ex,con’des (6417)

where Ey, con des 1S given by:
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Ex,con,des = Toscon,gene
The efficiencies of the condenser are given as:

17 — QCOTL
€On 1y (ha—hy)

_ Geon(1-"/1,,,,)

Veon = o Teny
e expansion valve (solution) analysis
The mass balance equation for the expansion valve is given as follows:
m,; = Mg
The energy balance equation for the expansion valve is given as follows:

h; = hg

The entropy balance equation for the expansion valve is given as follows:

MeSe + Sgene,sol = mySy

The exergy balance equation for the expansion valve is given as follows:

m63x6 = m7ex7 + Ex,sol,des
where Ey 501 ges iS given by:

Ex,sol,des = TOSgene,sol

The exergetic efficiency of the expansion valve is given as follows:

=1— Exsoldes
l/)sol - . .
Me€xe — M7€x7

e Evaporator analysis
The mass balance equations for the evaporator are given as follows:
s = my,
My = My

The energy balance equations for the evaporator are given as follows:
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mghs + Qeva = 1hyhy

Maohao = Ma1hz1 + Qeva

The entropy balance equations for the evaporator are given as follows:

. . Qeva —_
Mmg3Ss3 + Seva,gene + = MySy

eva

. . ) Qeva
M20S20 + Seva,gene = M21521 + Tova

The exergy balance equations for the evaporator are given as follows:

To

Mmz€y3 + Qeva (1 - ) = MyC€yxy + Ex,eva,des

Teva

To

M20€x20 = M21€x21 + Qeva (1 - ) + Ex,eva,des

Teva

where Ey oy qes iS given by:

Ex,eva,des = TOSeva,gene

The efficiencies of the heat transformer evaporator are given by:

17 — Qeva
eva iy (hg—h3)

J— Qeva(TO/Teva_l)

eva — .
l/) MMy (exs—ex3)

e Absorber analysis

The mass balance equations for the absorber are given as follows:

Mmyy + My = Mg

My, = My3

X10Myg = X5 Mg

The energy balance equation for the absorber is given as follows

Myohio + Myhy = Mghg + myzhiz3-myyhy,
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The entropy balance equation for the absorber is given as follows

. . 5 ) . . Qabs,ch
M10S10 + M4Ss + Saps,gene = MyS1 + My3S13—My551, + Tups (6.442)
abs

The exergy balance equation for the absorber is given as follows:
Myg€x10 T Mylys + Myz€x1; = Mseys + Ex qpsges T+ My3€x13 (6.443)
where Ey qps des 1S given by:

Ex,abs,des = To Sabs,gene (6444)
The chemical exergy at the absorber is given by:

Exonabs =~ |Z1a %iE,%,0 + RT, B i ] = Qangen (1 - 52)  (6.:445)
(1-xLiBr)MsoL,abs
The efficiency equations of the absorber are written as follows:
Qaps(1-72
Yavs = msexs—(mgex:frbnsl)oexm) (6.446)
Nabs = = Jabs (6.447)
Mg hg —-(1y hy +Mqg hqg)
e Regenerator analysis

The mass balance equations for the regenerator are given as follows:
m, = 1hg + 11y (6.448)
Mys = Ty, (6.449)
X;M; = Xgg (6.450)
The energy balance equation for the regenerator is given as follows:
myh, + myshy,s = mghg + myhy + myshyy (6.451)
The entropy balance equation for the regenerator is given as follows:
Sgengene +M7S7 + Ty3Sys = MgSg + 1MyS; + MyaSay + Qgenen (6.452)

Tgen

The exergy balance equation for the regenerator is given as follows:
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Myey; +My3€yp3 = Mglyg + Mi€xq + Mysyos + Ex gen des
where Ejy gen ges iS given by:

Ex,gen,des =T, Sgen,gene

The chemical exergy at the regenerator is given by:

. 1 [ — . T
Ex,CH,gen = T XuBr lZ?:1xiE: x,0 + RT, Z?:1xi In aiJ = Qreg,ch (1 - )

Tgen
(1_xLiBr)msol,gen 9

The efficiencies of the regenerator are described as follows:

. To )
1_—
o = Qgen( -
bs — T - 5
ans (7ex7—(Mhgexg+myex;)
Qgen
Nabs =

my hy —(thg hg +mq hy)

e Heat exchanger analysis
The mass balance equations for the heat exchanger are given as follows:
Ms = Mg
My = My
The energy balance equation for the heat exchanger is given as follows:
mghs + tohg = Mghg + Mmyghyg
The energy balance equation for the heat exchanger is given as follows:
MsSs + MgSy + Shex,gene = MgSe + MygS1o
The entropy balance equation for the heat exchanger is given as follows:
Mgeys + Moeyg = TMglrs + Mig€x10 + Exnex.des

where Ey, pex qes iS given as follows:

Ex,hex,des = To Shex,gene

The heat exchanger exergetic efficiency is given by:

_ Mygex10 — Mo Exo
l/)hex

M5 x5 — Mg €xp

95

(6.453)

(6.454)

(6.455)

(6.456)

(6.457)

(6.458)

(6.459)

(6.460)

(6.461)

(6.462)

(6.463)

(6.464)



6.2.3.2 Solar system analysis

The thermodynamic analysis of the solar system is carried out below through mass,
energy, entropy and exergy balances for all system components.

e Solar panels analysis
The mass balance equation for the solar panels, on water, is given as follows:
My, = Mg (6.465)
The energy balance equation for the solar system panels, on water, is given as follows:
My hyy + Qs = myghyg (6.466)

The entropy balance equation for the solar system panels, on water, is given as follows:

. : Qs .
m27527 + SS + T_ = m18518 (6467)

sun

The exergy balance equation for the solar system panels, on water, is given as follows:

To

Ty7€x27 + Qs (1 - ) = Myg€yig + Ex,S,des (6.468)

Tsun
where Ey s 40 IS given as follows:

Ex,S,des = ToSs,gene (6469)

The solar panels system efficiencies are given as:

— Mz7(exiz—exz7)
Ps = a1 ) (6.470)
Ny = Neou (PZH2) (6.471)

e Solar pump analysis
The mass balance equation of the solar pump is given as follows:
Mg = Ty, (6.472)
The energy balance equation of the solar pump is given as follows:

Maehae + mep,act = My hy; (6.473)
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The entropy balance equation of the solar pump is given as follows

M26S26 + Spmp.gene = Ma7S27

The exergy balance equation of the solar pump is given as follows:

m263x26 + WPmp,s,act = m27ex27 + +Ex,pmp,s,des

Where Ey iy s des 1S given by:

Ex,pmp,s,des = TOS'pmp,s,gene

The efficiencies of the solar pump are described as follows:

l/) — 1 _ Ex,pmp,s,des
mp,S i
pmp WPmp,act

_ Wisen _ M26V26
Npmp,s = = (P27 — P26)

Wact a6 (ha7—h26)

6.2.3.3 Ground source heat pump analysis

(6.474)

(6.475)

(6.476)

(6.477)

(6.478)

The thermodynamic analysis of the heat pump is carried out below through mass, energy,

entropy and exergy balances for all system components.
Heat pump cooling cycle analysis
e Heat exchanger IV
The mass balance equations for heat exchanger 1V are given as follows:
Mgy = Mg
Mgy = Ms3
The energy balance equation for heat exchanger IV is given as follows:

Msihsy + Msohsg = Tyughyg + Mszhss

The entropy balance equation for heat exchanger IV is given as follows:

M51S51 + Shexiv,gene + Ms0Ss0 = MagSag + Ms3Ss3

The exergy balance equations for heat exchanger 1V is given as follows:

Ms1xs1 + Mgplxs0 = Mygyag + Ms3xs3 + Enexiv des
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where Epexry ges 1S given by:

EhexIV,des = TOShexIV,gene
The exergetic efficiency of heat exchanger IV is given as follows:

Ms1(exs8—Ex51)

hexIlV — _.
o (exs0—€xs53)

e Condenser analysis
The mass balance equations for the condenser are given as follows:
Mgy = M3y
Mz, = Mg
The energy balance equations for the condenser are given as follows:
m54h54 + m32h32 = m33h33 + m30h30
Qcon + M3y h3, = Mgehsg
The entropy balance equation for the condenser is given as follows:

. 5 ) Qcon
M54S54 + Scon,gene = M31531 + Teon

The exergy balance equation for the condenser is given as follows:
Msa€yss + M3z€x30 = Mz1€x31 + Map€x30 T Econdes

where E,, qes 1S given by:

Econ,des = Toscon,gene
The condenser exergetic efficiency is given by:

Qcon(l TO )

Tcon

l/)con =

Mg (exsa—€x31)
e Evaporator analysis
The mass balance equations for the evaporator are given as follows:

Mgy = Maj
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(6.489)
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Mss = Msg (6.495)
The energy balance equations for the evaporator are given as follows:

Msshss + Mazhss = Msghse + Mgy hs; (6.496)
tisshss = Qep + Tsehse (6.497)
The entropy balance equation for the evaporator is given as follows:

Ms3Ss3 + Sev,gene + % = Ms,Ss; (6.498)
The exergy balance equation for the evaporator is given as follows:

Tsseyss + M33€x33 = Mseyse + Msz€xsz + ey ges (6.499)
where E,, 4.5 is given as follows:

Eeyes = ToSev,gene (6.500)

The exergetic efficiency of the evaporator is described by:

Gen(72-1)

Ve = sz (exs2 —ex33) (6.501)
The coefficient of performance of the GSHP is:
COPhp,cool = M (6502)

Wcomp
Heat pump heating cycle analysis
e Heat exchanger 1V analysis

The thermodynamic analysis of the heat pump system is carried out below through mass,

energy, entropy and exergy balances for all system components.

The mass balance equations for heat exchanger 1V are given as follows:

Mgy = Mg (6.503)
Mgy = Mg (6.504)
The energy balance equation for heat exchanger IV is given as follows:

Msihsy + Msohsg = Tyughyg + Mszhss (6.505)
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The entropy balance equation for heat exchanger IV is given as follows:

Ms1S51 + Shexiv,gene + Ms0Ss0 = MagSag + Ms3Ss3

The exergy balance equations for heat exchanger 1V is given as follows:

Msy€xs1 + Msolxso = Maglyag + Ms3ys3 + Enexv des
where Ejexry des 1S given by:

EhexIV,des = TOShexIV,gene

The exergetic efficiency of heat exchanger IV is given as follows:

Ms1(exs8—Ex51)

hexIV = —
Pnex o (exs0—€xs53)

e Condenser analysis
The mass balance equations for the condenser are given as follows:
Myg = M3y
M3y = Mgy
The energy balance equations for the condenser are given as follows:
m34h34 + m32h32 = m49h49 + m30h30
Qcon + mzghsg = M3y hs,
The entropy balance equation for the condenser is given as follows:
M31S31 + % + Scon,gene = My9Ssg

con

The exergy balance equation for the condenser is given as follows:
M31€x31 + M3z€x37 = Myg€yrag + Mzplyzp + Econ,des

where E,p, ges 1S given by:

Econ,des = Toscon,gene

The condenser exergetic efficiency is given by:
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. To
—0 1
QCOn(Tcon )

l/)con =

31 (exs0—€x31)

e Evaporator analysis
The mass balance equations for the evaporator are given as follows:
Mgy = Mgy

Mss = Msg

The energy balance equations for the evaporator are given as follows:

Msshss + Msyhs, = Msghse + Mgahay
Qey + Mgshss = Mgehsg

The entropy balance equation for the evaporator is given as follows:

. - ) Qev
M5, S5, + Sev,gene = M34S34 + a

The exergy balance equation for the evaporator is given as follows:
Msseyss + Msz€x50 = Mselyse + M3sx3s + Eoyp ges

where E,, 45 is given as follows:

Eev,des = TOSev,gene
The exergetic efficiency of the evaporator is described by:

Ges(1-72)

sz (exs2 —€x34)

l/)ev =
The coefficient of performance of the GSHP is:

Qev+Qpexiv
COP = =
hp,heat Weomp

(6.517)

(6.528)

(6.519)

(6.520)

(6.521)

(6.522)

(6.523)

(6.524)

(6.525)

(6.526)

The analysis for the heat pump compressor does not change for both cooling and heating

cycle so it is introduced once.
e Compressor analysis

The mass balance equation for the compressor is given as follows:
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Myg = Msg
The energy balance equation for the compressor is given as follows:

Myohye + Weomp = Thsohso

The entropy balance equation for the compressor is given as follows:

m49h49 + Scomp,gene = mSOhSO
The energy balance equation for the compressor is given as follows:
m49ex49 = mSOexSO + Ex,comp,des

where Ey comp,aes i given by:

Ex,comp,des = Toscomp,gene
The exergetic efficiency of the compressor is given by:

__ Msoexs50—M49€x49
lpcomp =

Wcomp

6.2.3.4 Distillation system analysis

(6.527)

(6.538)

(6.529)

(6.530)

(6.531)

(6.533)

The thermodynamic analysis of the distillation system is carried out below through mass,

energy, entropy and exergy balances.

e Separation vessel analysis

The mass balance equation for the separation vessel is given as follows:

myz = My + My = My,

The energy balance equation for the separation vessel is given as follows:

Myshis = Myghye + Myghyy

The entropy balance equation for the separation vessel is given as follows:

Mq3S513 + Ssepv,gene = M16S16 + M14514

The exergy balance equation for the separation vessel is given as follows:

Mi3€x13 = My6€x16 T Misxis + Esepy des
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The exergetic efficiency of the separation vessel is given by:

l/) _ Mg €x14
sepv — .
p MmM13€x13

e Auxiliary condenser (heat exchanger I11) analysis

The mass balance equations for heat exchanger 111 are given as follows:

myz = My + My = My,
MmMyy = Mys

Mg = Myg

The energy balance equation for heat exchanger 11 is given as follows:

Myahis + Myghig = Mmyghys + Myghyg

The entropy balance equation for heat exchanger I11 is given as follows:

Mq4S14 + MygS1g + Shexirrgene = MisS1s + MygSig

The exergy balance equation for heat exchanger 11 is given as follows:
My4€x14 T Myglyig = Mysyis + Mygly1g + Ex ges

The exergetic efficiency for heat exchanger 111 is given by:

M14 €x19 — Mig €x18

Yhexinn = — -
M14 €x14 — My5 Ex15

e Heat exchanger | analysis
The mass balance equations for heat exchanger | are given as follows:
My = My
My = My
The energy balance equation for heat exchanger I is given as follows:
Mighie + My1hyy = Myzhiy + Mmyshyy
The entropy balance equation for heat exchanger | is given as follows:

M16S16 + M11511 + Shexigene = Mi2S12 + My7S17
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The exergy balance equations for heat exchanger 1 is given as follows:
Mye€xie T My1€x11 = Myz€x12 + My7€x17 + Ex nexides (6.550)

The exergetic efficiency for heat exchanger I is given as follows:

l/)hexl — M17 €x17 — M1g €x14 (6551)

Mi6 €x16 — M12 €x12
6.2.3.5 Thermal bank analysis

The following thermodynamic analysis evaluates the exergy efficiency of the ground
storage thermal bank designated as thermal bank in the schematic diagram by applying
mass, energy, entropy and exergy balances to all system components.

e Ground storage heating thermal bank analysis
The mass balance for ground storage heating thermal bank is given as follows:
Mg = Tys (6.552)
The energy balance equation for ground storage heating thermal bank is given as follows:
Maehse = Tazhys + Qgr (6.553)

where Qg is given by:

Qgr = Ugr(Tgr,fnl - Tgr,int )27Trpipelpipe (6554)
The entropy balance equation for ground storage heating thermal bank is given as
follows:

. . . Q
MyeSae + Stb,gene = M43S43 +T_gr (6.555)

ar

where exergy destruction for ground storage heating thermal bank is given as follows:
Ex,tb,des = To Stb,gene (6556)

The exergetic efficiency for ground storage heating thermal bank is as follows:

To

“grml (6.557)

Mye (hae —h43 —To (S46 —S43))

Qgr (1_

Yo =
e Ground storage cooling thermal bank analysis
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The following thermodynamic analysis evaluates the exergy efficiency of the ground
storage thermal bank designated as cooling bank in the schematic diagram.

The mass balance equation for ground storage cooling thermal bank is given as follows:

Myy = My (6.558)
The energy balance equation for ground storage cooling thermal bank is given as follows:
tyzhay = Maohae + Qgr.cool (6.559)

where Q. coo; IS given by:

Qgr,cool = Ugr(Tgr,cool,fnl _Tgr,int )27Trpipelpipe (6560)
The entropy balance equation for ground storage cooling thermal bank is given as
follows:

. - o Qgr,cool
My2S42 + Sgr.cool,gene = My4oSa0 + (6561)

gr,cool

where exergy destruction for ground storage cooling thermal bank is given as follows:

Ex,gr,cool,des = To Sgr,cool,gene (6562)

The exergetic efficiency for ground storage heating thermal bank is as follows:

. To
Qgr cool (1~ )
4 (T +273)
gT'COOl'fnl (6- 563)

Mgz (haz —h4o —To (S42 —S40)

l/)gr,cool =

6.2.3.6 Photovoltaic analysis

The following methodology is employed to analyse and evaluate the power output of the
PV system. The effect of the PV cell temperature will be considered in the optimization
and the time step will be taken as 100 minutes. The total amount of solar radiation
striking the horizontal surface on the earth which is available from metrological data is
not the amount of radiation striking the surface of the PV array. Therefore the global
solar radiation incident on the surface of the PV array is calculated as follows [63]:

Gror = (@ + TRy +Ta(t = 4) (FLL) (14 fuouasin® (§)) + Ty (F5)  (6.564)
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such that the value of %‘1 is determined from the following equation :

QU

‘7 0.9511 — 0.1604C + 4.388C% — 16.638C3 + 12.336C*for0.22 < C < 0.8  (6.565)
0.165 forC>08

<

o {1 —-0.09C forC<0.22

1 =qp+qq (6.566)

-

where ¢r,. is the total solar radiation incident on the surface of the PV and is composed

of the beam, diffused and ground reflected radiation averaged over the time step.
The energy balance equation on the PV array vyields:
7'—OquTot = anTtot + U(Tcell - Ta) (6567)

where the solar energy absorbed by the PV array (taqr,.) is equal to the electrical output

(NcGror) Plus the heat transfer (U(T,.; — T,) ) to the surroundings.

Rearranging Eq. (6.567) to calculate the PV cell temperature yields:

Teen = Ta + Geoc (5) (1 22) (6.568)

Ta

But, at no load operation n, = 0 and nominal cell operating temperature the ( % ) is

replaced by:
a — Tceltnom—Tanom (6 569)
U CTITot,nom '

where  Teennominar 1S manufacturer’s reported PV nominal cell temperature at

- kw _
QTot,nominal = 0.8 F and Ta,nominal =20°C.

Substituting Eq. (6.569) into (6.568) yields:

-~ Tce nom_Ta,nom C
Tcell = Ta + Qtot <”——) (1 - 71_) (6570)

dTotnom T«

where Ta = 0.9, note that Z—; is relatively small compared to unity

nmp = nmp,STC(l + a(Tcell - Tcell,STC)) (6571)
where n,,,,, is the efficiency of the PV array at its maximum power point and 7, sr¢ IS
the maximum power point efficiency under standard test conditions. T,y s7¢ = 25°C is
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the PV cell temperature under standard test conditions. d is the temperature coefficient of

power Oié and is always negative because the efficiency of the PV array decreases with

[}

increasing cell temperature:

dtot )(1 nmp,STC(“’“p(Tcell_Tcell,STC))>

Tamb"‘(Tcell,nom_Ta,nom)(* Ta

dtot,nom

Tooy = (6.572)

“pnmp,STC)

Atot
1+(Tcell,nom_Ta,nom)(T g )( Ta

dtot,nom

Here, the temperatures are in Kelvin.

Once the PV cell temperature is calculated at every time step, the corresponding PV

power output is calculated by:

Poutput = .nominalfPV (T dtot ) (1 + ap(Tcell + Tcell,STC) (6573)

dnominal

where P,y is the PV array output power and Py oming IS the rated capacity of PV

array, fpy 1S a derating factor for PV power output due to soil, age, wiring losses, etc.

6.2.3.7 Battery analysis

The following equations evaluate the battery charge and discharge power:

P _ kile_kAt+Zbatth(1—e_kAt) 6.574
batt,disch — 1—e‘kAt+x(kAt—1+e‘kAt ( ! )
P _ —Ztheokx+k21e_kAt+Zbatth(1—e_kAt) (6 575)
batt,chg — 1—e—kAtpx(kAt—1+e—KAL '
Zoate = 21 + 2, (6.576)

where Z; stands for the available energy kWh in the battery at the beginning of the time
step At and z, is the bound energy kWh in the battery at the beginning of the time step

while x is the battery capacity ratio (unit-less) and k is the battery rate constant.

6.2.3.8 Hydro analysis

The following equations calculate the hydro turbine nominal and actual power after

evaluating the effective head (h.sf).

. _ Uhydpwvdesignghdist
Phyd,nom - 1000 (6577)
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where 1p,,,41s hydro turbine efficiency and Vdesign is the design flow rate while g is the

gravitational acceleration and h;; i the available hydro head distance.

b wV esignd e
Prya = ThydP 1l(1)00g elf (6.578)
heff = hdist(1 - f}ric) (6579)

where h, s is the effective hydro head and f,.;. is the frictional loss in the hydro
pipeline, expressed as a fraction of the available head.
6.2.3.9 System 111 and its subsystems overall efficiencies

The following equations give the energetic and exergetic efficiencies for the overall
system and the overall subsystems.

_ Ppya+Ppy+mys(hig—his)+1as(has—hs1)+Qnpp ev

Ppmp,tot"‘Wcomp +qsAs

Nov (6.580)

. . ) ) . Ty
Ppya+Ppy+mis(hi1a—h15—To(S14—515)) +1Ma5(has—hs1—To(Sa5—S51)) +th,ev<1

Yor = ) _W> (6.581)

. . ) To
P. tot +W, +q Agl 1—
pmp,to comp TqsAs Tsun)

e Overall heat transformer system efficiencies

nhtrs,ov = L (6582)

Ppmps"‘Qgen +Qev

. _Tg
Dnersor = i G (6.583)

. . To . To
P. + (1 ——) + (1 -
pmpstQgen Tgen Qev Tev)

e Overall distillation system efficiencies

Mmyshis

=5 5 6.584
ndesal,ov Ppmps+0snet ( )
/ his—ho— -
l/)desal,ov — m15( 15 o. TO(SI;‘OSO)) (6585)
Ppmp,tot"‘Qs(l—Tsun)

e GSHP system overall efficiencies

The following equations evaluate the energetic, exergetic and reversible coefficient of
performance of the ground source heat pump for cooling and heating cycles with a heat
exchanger and without a heat exchanger.
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Cooling cycle

Q
COPhp,cyc = W, -

comp
(Tep+273)
COP, ==
hp,cool,rev (Teon—Tev)
. T
COP Qev(l_T_eov)
Y,hp,cool Wcomp
_ Qevt+Qnex
COPhp,cool,+hex - W ]
comp+Wpmp

Qev(l_%) +Q.hex(1_7T_o)

— 50

COP¢,hp,cool,+hex = Weomp+Womp
Heating cycle

Qev heat
COP, = ==

hp,heat Weomp

_ (Tev,heat+273)

COPhp,heat,rev -

(Tev,heat_Tcon)

. To
Qev,heat(l_T_)

To,

50

T

COP = . v
Y,hp,heat Weomp
_ Qev,heat"‘Qev,hex
COPhp,heat,+hex - W ]
comp+Wpmp
. To .
Qev,heat(l_T_)+Qev,hex(1_
COP = £
Y,hp,heat,+hex — W ]
comp+Wpmp
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Chapter 7: Results and Discussion

The design of a net-zero energy house is established by following the procedures outlined
in section 6.1. The developed systems that provide the house with electricity, hot and
fresh water and seasonal air-conditioning are shown in Figures 4.8, 4.9 and 4.10.

First, thermal and acoustic sizes, of insulation materials chosen for this study are
determined and the heat load calculations are carried out. Secondly, the total electrical
kW needed for the house is calculated, and then the optimum power system is selected
based on minimum NPC, minimum CO, emissions and maximum renewable energy
fraction. After which, energy and exergy analyses are conducted to assess the overall
system performance along with exergo-economic analysis. Finally, the selected system is
optimized for minimizing overall system cost and maximizing exergetic efficiency.

Assessment for zero energy house classification is investigated.
7.1 Calculating the thermal and acoustic insulation material sizes

After conducting the impedance tube and enclosure experiments (Appendix D) a Matlab
code (Appendix B) is generated to produce the results as shown in Figures 7.1 and 7.2.

An examination of Figure 7.1 indicates that the sound pressure level SPL of the
ambient noise plus the 1000Hz sinusoidal noise is 75 dB, while the SPL of the tested
specimen of one inch rigid expanded polystyrene foam and 3 inch Roxul fiber glass
insulation combined as one layer is 35 dB, which means that a reduction of 40 dB is

achieved by using an enclosure of (1"+3") combination.

The second experiment, using the same noise conditions, but this time a (2" + 3")
combination of the above same material is tested and the measured SPL as seen in Figure
7.1 is 15 dB. Therefore, the 1” rigid expanded polystyrene foam has the power to
attenuate 20 dB and is equal to that of the 3" fiber glass insulation. These results are
verified by the impedance tube experiment as shown in Figure 7.2 where the two
specimens used in experiments 1 and 2 above have the same reflection coefficient. The
thermal and acoustic insulation sizes that satisfy the problem statement are determined by
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a software code which optimizes the thicknesses to be at, 4.1"” and 2.3" for the wall and

4.72"and 2.3" for the roof structures.

140

120

100

Sound Pressure Level(dB)
5§ 8 8

N
o

1"+3" 2"+3" = Amb+1kHz
AT NOMOOONINO AT NOMOAOAANLNOASNSNOMmOOoO
ADoK~ O ININMO NN oA O NN OO W I T N AN o
A NN <N ONO0OOOO A NMM N OMN0OOOO Hd AN M
™ = AN AN AN NN
Frequency (Hz)

Figure 7.1: Sound pressure Level for ambient noise +1000 Hz sinusoidal wave vs. a combination

of (1" + 3", 2"+3") materials measured at different frequencies.

Reflection Coefficient

—— Theoretical
Experiment 1
Experiment 2

1600

800 1000 1200 1800

Frequency (Hz)

200 400 600 1400

Figure 7.2: Reflection coefficients of materials used in experiments 1 and 2 vs. the theoretical

coefficient of open impedance tube measured at various frequencies.
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7.2 Calculating the seasonal heat loads

The building wall and roof compositions are finalized by the previous step and the rest of
the design criteria are carried out to enable savings in energy requirements. Special care
is given to the glass to wall ratio as not to exceed 20%. Summer and winter loads are
calculated using Carrier’s HAP for design temperatures as shown in Table 7.1. The
building heat transfer coefficients are set low to minimize the seasonal loads and the
results obtained by the simulation software are 4601W for summer cooling and 1703 W

for winter heating.

Table 7.1: Design temperature values for summer cooling and winter heating.

Air temperature Cooling | Heating
Outside dry bulb (°C) 32.8 5.6
Outside wet bulb (°C) 25.6 1.8

Inside dry bulb (°C) 23 21.1
Inside relative humidity (%) 50 50

7.3 Calculating the total connected load

After determining the heat loads of the house, the total peek electrical usage is calculated
at 4.3 kW and the average electrical daily demand is 90kWh/day, which is the basis for

our modeling and optimization.

7.4 System | results

7.4.1 Optimized power system

The basis for our power system optimization is to minimize the total NPC of the power
system and the CO, emissions. Huge numbers of simulations are conducted and the
following power configuration as shown in Table 7.2 is composed of 12 kW PV array, 10
kW wind turbine, 20 batteries of 2 volts capacity each, Skw inverter and rectifier each.
The total net present cost of the system is $56,558.00 as seen in table 7.3. Figure 7.3 and
table 7.4 shows the cash flow for the various components of the selected optimized
renewable energy system with values of the initial, replacement, maintenance and

operation, fuel consumption and salvage costs.
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Table 7.2: System | optimized renewable energy power system architecture.

PV Array 12 kW
Wind turbine 1 Generic 10kW
Diesel Generator 1 2 kW
Battery 20 Hoppecke 24 OPzS 3000
Inverter 5 kW
Rectifier 5 kW

40,0004

20,000

0,000 4

10,0004

P

Wind Turbine
== Generator 1

Hoppecke 24 OPzS 3000
== Converter

Table 7.3: Optimized renewable energy power system cost summary.
Total net present cost $ 56,558
Levelized cost of energy | $ 0.127/kWh
Operating cost $ 411/yr
/] =
Capital Replacement Operating Fuel Salvage

Figure 7.3: System | optimized renewable energy power system cash flow summary.

The salvage values are shown as negative in Figure 7.3, when in fact, they are

revenue and hence positive. The values shown in the figure are plotted with a reverse sign

for clarity reasons and so are the values in table 7.4.

Table 7.5 gives the optimized renewable energy power system annualized cost with

the photovoltaic system being the highest at $/yr 2,129.00 followed by the wind turbine at

$/yr 1,259.00 with a total annualized system cost of $/yr 4,162.00. The annualized cost is
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determined in order to evaluate the levelized cost of energy which is given

annualized cost divided by the total annual electrical load served.

Table 7.4: Optimized renewable energy power system net present costs.

as the

. Operation and Fuel Salvage
Component ggalt(zl) Reg:)ascie(r;)e nt Maintenance Cost Revenue T(O$t; !
Cost ($) %) %)
PV 26,400 1,999 1,631 0 -1,095 282193
10kw 15,000 1,666 1,359 0 -913 17é11
Generator 1 | 3,000 0 408 303 -1,260 | 2,451
Hoppecke 24
OP7S 3000 5,000 2,610 544 0 -1,810 |6,343
Converter 1,571 0 146 0 0 1,717
System 50,971 6,275 4,087 303 -5,078 56é55
Table 7.5: Optimized renewable energy power system annualized costs.
. Operation and Total
Capital | Replacement h Fuel Salvage
Component Cost (9) Cost (9) Malntergr;ce Cost Cost ($) | Cost ($) Cigit
PV 1,943 147 120 0 -81 2,129
Wind 14 404 123 100 0 67 | 1,259
Turbine
Generator 1| 221 0 30 22 -93 180
Batteries 368 192 40 0 -133 467
Converter 116 0 11 0 0 126
System 3,751 462 301 22 -374 4,162
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Table 7.6: Optimized renewable energy power system electrical configuration.

Component Production (kwWh/yr) | Fraction (%)
PV array 28,566 54
Wind turbine 24,654 46
Generator 1 73 0
Excess electricity 14,982 28.1
Renewable fraction - 0.998

As seen in table 7.6, the PV array has the highest electrical production 28,566.00
kWh/year, while, the wind turbine produces kWh/year 28,566.00 and the generator 73
kWh/year. There is an excess electricity of kWh/year 14,982.00 and the systems total
renewable fraction is 0.998.

Table 7.7 and Figure 7.4 outline the electrical configuration and PV electrical output
respectively. The efficiency of the PV arrays is 27.2% and the levelized cost of electricity
is 0.0745 $/kWh.

Table 7.8 and Figure 7.5 show the electrical configuration and wind turbine electrical
output respectively. The efficiency of the wind turbine is 28.1% and the levelized cost of
electricity is 0.0511 $/kWh. The wind penetration is 75.1% which is the average power

output of the wind turbine divided by the average primary load.

Table 7.7: PV electrical configuration.

Quantity Value
Rated capacity 12 kW
Mean output 3.26 kW
Mean output 78.3 kwh/d
Capacity factor 27.20%
Total production | 28566 kWh/yr
Maximum output 13.4 kW
PV penetration 87%
Hours of operation 4378 hlyr
Levelized cost | 0.0745 $/kWh
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Table 7.8: DC wind turbine electrical configuration
Variable Value

Total rated capacity 10.0 kW

Mean output 2.81 kW

Capacity factor 28.1%
Total production | 24,654 kKWh/yr
Minimum ou tput 0.00 kw
Maximum ou tput 9.97 kW
Wind penetration 75.1%

Hours of operation 7,628 hiyr

Levelized cost 0.0511 $/kWh

NMM ]

] I'|I|

il

b

I|H

|||| (
B il
w lj "M u "

H‘H

il

Figure 7.5: DC wind turbine system electrical production.
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The diesel generator electrical configuration and power outputs are shown in Table
7.9 and Figure 7.7 respectively. The generator produces 72.9 kWh/year and starts 10
times at 60 h/year of operation. It consumes 27.8 |/year at a fuel energy input 274kWh/yr.

The mean electrical efficiency is 26.6%.

Table 7.9: Diesel generator electrical configuration.

Quantity Value
Hours of operation 60 h/yr
Number of starts 10 starts/yr
Capacity factor 0.416%

Fixed generation cost 0.828 $/h

Marginal generation cost | 0.200 $/kWh

Electrical production 72.9 kWhlyr

Mean electrical output 1.22 kW

Min. electrical output 0.600 kW

Max. electrical output 2.00 kW

Fuel consumption 27.8 Liyr

Specific fuel consumption | 0.382 L/kWh

Fuel energy input 274 KkWhlyr
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Figure 7.6: Diesel generator electrical production.
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Table 7.10 gives the battery system architecture where 20 batteries are connected in
parallel with a Bus voltage of 2 volts each.

Table 7.11 indicates the battery system electrical configuration where the usable
nominal capacity is 84.00 kWh, while the battery bank autonomy, the ratio of the battery
bank size to the electric load is 22.4 h and the annual throughput, the amount of energy
that cycle through the battery bank in one year is 12,303.00 kWh /yr.

Table 7.10: Battery system architecture.
Quantity Value

String size 1

Strings in parallel | 20

Batteries 20

Bus voltage (V) 2

Figure 7.7 shows the yearly battery system charging state for 24 hours a day in
percentage form. It is noticed that the minimum state of charge of 30% is not broken

during the optimization as recommended by the manufacturer.

Table 7.11: Battery system electrical configuration.
Quantity Value

Nominal capacity 120 kWh

Usable nominal capacity | 84.0 kWh

Autonomy 22.4 h

Lifetime throughput 203,920 kWh

Energy in 13,245 kWh/yr
Energy out 11,410 kWh/yr
Storage depletion -2.37 KWh/yr
Losses 1,838 kWh/yr

Annual throughput 12,303 kWh/yr
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Figure 7.7: Battery system charging state (%).

The electrical configuration of the converter system is presented in Table 7.12. The
rated capacity is 5.00 kW with efficiency of 74.8%. The energy losses are 3639 kWh/year

for 8755 hours of operation and the maximum output is 4.33 kW.

Table 7.12: Converter system electrical configuration.

Quantity Inverter | Rectifier | Units

Capacity 5.00 5.00 kw

Mean output 3.74 0.00 kw

Minimum output | 0.00 0.00 kw

Maximum output | 4.33 0.00 kw

Capacity factor 74.8 0.0 %
Hours of operation | 8,755 0 hrs/yr
Energy in 36,404 0 kWh/yr
Energy out 32,764 0 kWh/yr
Losses 3,639 0 kKWh/yr
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Figure 7.9: Rectifier electrical output.

Table 7.13: Optimized renewable energy power system emissions.

Pollutant Annual Emissions (kg)
Carbon dioxide 73.3
Carbon monoxide 0.181
Unburned hydrocarbons 0.02
Particulate matter 0.0136
Sulfur dioxide 0.147
Nitrogen oxides 1.61
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Table 7.13 gives the yearly green gases emissions in kg for the selected optimal
power system where CO; is highest at 73.3 kg/yr followed by nitrogen oxides at 1.61
kglyr

The inverter and rectifier monthly electrical outputs are shown in Figures 7.8, 7.9 for
24 hours a day. The inverter output power is a maximum between 11:00 am and 17:00
pm while the rectifier output is zero.

Table 7.14 indicates different power system configurations with corresponding total
net present cost. The best optimum power structure corresponds to power scheme 1 with
NPC of $56,558.00. Removing the diesel generator and wind turbine from the power
structure as in schemes 6, 7, and 8 increases the NPC between $15,000.00 and
$25,000.00 as compared to scheme 1 ,while eliminating the PV system as in schemes
9,10 and 11 raises the NPC between $27,000.00 and $30,000.00.

Table 7.14: Total NPC for different renewable system configurations [64].

Power PV Wind Diesel Battery Quantity | Converter | Total
Structure | Capacity Turbine Generqtor and Type Capacity NPC
(kW) (C?E\'c/l&)lty) C?E\a/\\r/:;ty (3322655802)4 (kW) $)

1 12 1x10 2 20 5 56,558

2 12 1x10 0 36 6 58,085

3 14 1x10 0.5 18 5 59,149

4 10 1x10 4 32 5.5 59,193

5 20 0 0 60 6 71,915

6 24 0 0 40 6 76,017

7 30 0 0 14 5 81,952

8 0 3x8.1 35 40 10 83,100

9 0 2x8.1 4 60 5 85,005

7.4.2 Exergy analysis results

A sensitivity analysis on the system components is carried out by varying several
parameters. EES software is used to calculate all the system properties and develop the

parametric studies.
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The effect of keeping these parameters, T, = 25°C, T,q =7°C ,Tyen =
80°C and T, epq = 17°C constant, designated here as the reference system, are shown

for the overall COP for the absorption chiller, liquid desiccant system and the overall
system efficiencies in Figures 7.10 and 7.11 respectively.

The energetic COP, varies from 0.24 to 0.14 and from 0.3 to 0.1 for the LDS and
absorption chiller respectively, at 8.00 am and 2:00 pm, due to increase in generator heat
as seen in Figure 7.10 while the exergetic COP, varies from 0.14 to 0.07 and from 0.09 to
0.04 for the LDS and absorption chiller respectively, at 8.00 am and 2:00 pm.

The overall efficiency varies between 80% and 46% at 8.00am and 2.00 pm due to
solar and velocity changes while the overall system exergy varies between 41 % and 26
% at 8.00 am and 2.00 pm. These results clearly indicate that the exergetic analysis
represents a better sensitivity analysis of the system performance than energy.
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Figure 7.10: Energy and exergy coefficients of performance for the absorption chiller and liquid
desiccant system.
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Figure 7.12 shows the system thermal heats for several components. The percentage
and values of exergy destruction for system components are presented in figures 7.13 and
7.14. The system component efficiencies are presented in figure 7.15. The absorber
followed by the regenerator and LDS condenser has the highest exergy destruction rate,
because, chemical exergy losses caused by heat of solution, due to absorption and
desorption and the high energy needed to condense the steam at the condenser.
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Figure 7.11: Energy and exergy efficiencies of the overall system.

The efficiency of the photovoltaic thermal system was improved by an average of 35%,
while the exergetic efficiency by 5%, as shown in Figure 7.16. The behavior of the PV/T
system energy efficiency curve differs from that of the PV, because, changes in air
velocity affects the heat losses.

Changing the reference temperature as shown in Figures 7.17 and 7.18, causes the
exergetic COP, of the absorption system to increase from 0.06 to about 0.1 at maximum

To

T, because the factor Qe (1 — ) decreases more than Q.. (TT—" — ) The exergetic

gen ev

COP, of the LDS system decreases from 0.13 to about 0.04 at 2:00 pm, because the

numerator in the exergy equation decreases more than the denominator when T,

To

increases. While the overall exergy efficiency has the factor (1— ) in the

Sun
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denominator which is not affected by the range of changes in T, since Ts,, is large and
the numerator was affected slightly by T, causing an unnoticeable decrease. The

energetic COP doesn’t change because T, has no influence on it.
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Figure 7.12: System thermal heats at different hours.

Figures 7.19 and 7.20 show comparison of COP’s and overall efficiencies to the
reference case of Figures 7.10 and 7.11. All parameters are fixed except for temperature
of regenerators that change from 77°C at 8:00 am to 87 °C at 5:00 pm at increments of 1°C
. COP of absorption chiller increases with increase in regenerator temperature and
decreases with decrease in regenerator temperature, while the COP of the LDS system
follow the same path as the absorption chiller but with modest variation in the COP due
to other influences in the COP equation. Also, the overall and exergetic efficiencies

doesn’t show any changes with regenerator temperature changes, because, the changes
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are about 10°C and the influence of the regenerator on the overall efficiencies is modest
as compared to other factors as shown in the corresponding equations.
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Figure 7.13: Percentage of total exergy destruction at reference system parameters.
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Figure 7.14: Exergy destruction for system components at reference system parameters.
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Figure 7.15: Exergy and energy efficiencies of various system components.

In Figures 7.21 and 7.20, the temperature of the evaporator is varying from 13°C at
8:00 am to 4°C at 5:00 pm at decrements of 1°C, while Ty, = 80°C ,T, = 25°C,T, =
20°C remains constant. We notice that the COP and exergetic COP of absorption chiller
and LDS increase with decrease in evaporator temperature and decrease with increase in
evaporator temperature as expected, because of changes in  Q,,, and Qws,deh- The
overall efficiency is not affected by variation in the evaporator temperature because the

influence is minimal. Overall system exergy efficiency varies unnoticeably due to
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limitations of Qws,deh on the process at the specified temperatures in comparison to

other parameters in the overall system exergy equation.
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Figure 7.16: Effect of modifying the PV system to PV/T on efficiencies.
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Figure 7.17: Energy and exergy coefficients of performance of the absorption and LDS
systems at variable dead state temperature vs. the reference system.
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Figure 7.18: Energy and exergy efficiency of the overall system at variable dead state temperature
vs. the reference system.
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Figure 7.19: Energy and exergy coefficients of performance of the absorption and LDS systems at
variable regenerator temperature vs. the reference system.
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Figure 7.20: Energy and exergy efficiency of the overall system at variable regenerator
temperature vs. the reference system.
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Figure 7.21: Energy and exergy coefficients of performance of the absorption and LDS systems at
variable evaporator temperature vs. the reference system.
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Figure 7.22: Energy and exergy efficiencies of the overall system at variable evaporator
temperature vs. the reference system.

In Figures 7.23 and 7.24, the effect of changing the ambient temperature from 27°C
at 8:00 am to 32.8°C at 1:00 pm and back to 29 °C at 5:00 pm at increments of 1°C on the
COP of the absorption chiller and LDS systems and the overall energetic and exergetic
efficiency is shown. The COP and exergetic COP of the absorption chiller are not
changed from those of the reference system, because, the ambient air has no influence on
it. While the COP and exergetic COP of the LDS decrease with increasing ambient air

because Q;ps, con aNd Qpps reg increase and they outweigh the increase ofQ, s gen.

The energetic and exergetic efficiencies of the overall system decrease with

decreasing ambient temperature due to the same reasoning of decreasing values

Of QLDS,COTU QLDS,reg and QLDS,deh-
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Figure 7.23: Energy and exergy coefficient’s of the absorption and LDS systems at variable Tamp
vs. the reference system.
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Figure 7.24: Energy and exergy efficiencies of the overall system at variable Tamp vs. the
reference system.
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7.4.3 Exergo-economic analysis and optimization results

The exergoeconomic analysis is conducted to calculate the total initial cost of the system
equipments, operation and maintenance and exergy destruction. Optimization using
multi-objective technique is carried out for minimum total system cost and maximum
overall system exergy efficiency. The Pareto Front is plotted in Figure 7.25, where the
overall exergy efficiency ranges from 48.52 % to 49.32 % at a total cost of $/h 0.99173 to

$/h 0.99192.
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Figure 7.25: Optimal solution curve for the overall system exergy efficiency vs. the total overall

7.5 System 11 results

3
m

cost of the system.

7.5.1 Optimization of the power system

The optimization is carried out to find the best optimum system of ORC and batteries that
would meet the electrical demand load of the house shown in Figure 7.26 and the
optimized system architecture is given in Table 7.15. The total net present cost of the
system is $52,505.00 and the levelized cost of energy is $0.118/kWh as seen in Table

7.16.
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Figure 7.26: Data map of the connected primary load to the house.

Table 7.15: System Il Optimized renewable energy power system architecture.
ORC 12 kW

Battery |18 Hoppecke 24 OPzS 3000

Inverter 10 kW

Rectifier 10 kW

Table 7.16: Optimized renewable energy power system cost summary.
Total net present cost ~ $ 52,505

Levelized cost of energy $ 0.118/kWh

Operating cost $1,104/yr

Table 7.17 gives the net present cost of the optimized renewable energy power
system components for capital, replacement; operation and maintenance, salvage and
total costs. ORC system has the highest total cost of $36,440.00. Figures 7.27 and 7.28
show cash flow summary and annualized cost for the various optimized renewable energy

power system components.

The salvage revenue indicates that money is made but the (-) sign is considered in
the cash flow figures for clarity of values of the system components net present cost. In

other words the salvage values in Table 7.17 are (+) and the rest are (-).
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Table 7.17: Optimized renewable energy power system components net present costs.

Component Capital Replacement = Maintenance and Salvage Total
Cost (%) Cost (%) Operation Cost ($) Revenue ($) NPC ($)
ORC 30,000 2,221 5,436 -1,217 36,440
Batteries 4,500 5,237 2,446 -1,836 10,347
Converter 3,000 0 2,718 0 5,718
System 37,500 7,458 10,600 -3,053 52,505
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Figure 7.27: System Il optimized renewable energy power system cash flow summary.
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Figure 7.28: Optimized renewable energy power system annualized cash flow summary.

134



Figure 7.29 shows the nominal cash flow, which is the actual income minus the cost
that is anticipated in a particular year. Figure 7.30 predicts the discounted cash flow

which is the nominal cash flow discounted to year zero by a discount factor.

The discount factor is a ratio used to calculate the present value of a cash flow (time
value of money) that occurs in any year of the project lifetime. Table 7.18 indicates that
the total electrical production of the ORC system is 47,610.00kWh/yr and the total
connected load is 32,836.00kWh/yr. Table 7.19 indicates that the ORC turbine nominal
capacity is 15kW while the mean output is 12 kW at efficiency of 80%.
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Figure 7.29: Optimized renewable energy power system nominal cash flow summary.

Table 7.20 indicates that 18 batteries are configured by optimization and connected

in parallel to meet the demand load when the ORC power system is not working.

Table 7.21 gives the nominal power capacity of the batteries of 108kWh/day with an
annual throughput of 19,324.00kWh/yr. Storage depletion of 18.1kWh/yr and losses of
2,857.00kWh/yr. The expected life is 9.50 years and the battery bank autonomy (the ratio
of the battery bank size to the electric load) is 20.2 h. Figure 7.31 shows the optimized

battery system monthly state of charge in percentage value.
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Figure 7.30: Optimized renewable energy power system discounted cash flow summary.

Table 7.18: Optimized renewable energy power system electrical configuration.

Component | Annual Power (kWh) | Fraction
ORC 47,610 100%
Connected load 32,836 100%

Table 7.19: Organic Rankine turbine power system configuration.

Quantity Value

Rated capacity 15.0 kW

Mean output 12 kW

Capacity factor 80 %

Total production

47,610 KWh/yr

Table 7.20: Battery system architecture.

Quantity Value

String size 1

Strings in parallel 18

Batteries 18

Bus voltage (V) 2

136



Table 7.21: Battery system electrical configuration.

Quantity Value

Nominal capacity 108 kWh

Usable nominal capacity ~ 75.6 kWh

Autonomy 20.2 h
Lifetime throughput | 183,528 kWh

Battery wear cost 0.026 $/kWh
Energy in 20,796 kWh/yr
Energy out 17,920 kWh/yr

Storage depletion 18.1 kWh/yr
Losses 2,857 kWh/yr
Annual throughput 19,324 kWh/yr

Expected life 9.50 yr
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Figure 7.31: Battery system monthly statistics state of charge.

Figures (7.33, 7.35, 7.37, 7.39 ) and Figures (7.34, 7.36, 7.38, 7.40) show optimized
power system components hourly production versus the connected load and optimized
battery system charging, discharging and battery power content at different times of the
year respectively. It’s worth mentioning that the graphs show that the selected battery
bank system is sized properly to accommodate the electrical demand of the house

whenever the ORC system electricity is not available or sufficient. It is clear that the
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battery power supply offset the demand. The figures are samples from the data calculated
for the whole year. The discharge, charge and battery power content graphs show the
behavior of the battery bank system during charging and discharging stages and their

effect on the battery energy content.
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Figure 7.32: Battery bank state of charge (%).
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Figure 7.33: Optimized power system components hourly production versus the connected load
onJuly 21.
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Figure 7.34: Optimized battery system charging, discharging and power content on July 21.
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Figure 7.35: Optimized power system components hourly production versus the connected load
on October 29.
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Figure 7.36: Optimized battery system charging, discharging and battery power content on
October 29.
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Figure 7.37: Optimized power system components hourly production versus the connected load
on November 18.
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Figure 7.38: Optimized battery system charging, discharging and battery power content on
November 18.
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Figure 7.39: Optimized power system components hourly production versus the connected load
on December 5.
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Figure 7.40: Optimized battery system charging, discharging and battery power content on
December 5.
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Figure 7.42: Battery system power charge scheme.

Figures 7.41 and 7.42 show the the yearly hour by hour power discharge and charge
rate of the batteries, where between 6:00 am and 18:00 pm charging occurs for most of
the time and discharge occurs outside this time range.
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Table 7.22 gives the converter system electrical configuration with an inverter and
rectifier of 10 kW capacities each. The rectifier is used to transform AC to DC to charge
the batteries while the inverter is used to transform battery DC to AC to supply the house
with electricity when AC from the ORC system is not available or sufficient. The inverter
is supplied with 17,920.00kWh/yr while 1,792.00kWh/yr of energy is lost, while the
rectifier is supplied by 24,465.00kWh/yr with 3,670.00kWh/yr of energy losses. The
efficiencies are 18.4% and 23.7% for the inverter and rectifier respectively.

Table 7.22: Converter system electrical configuration.

Quantity Inverter Rectifier Units
Capacity 10.0 10.0 kw
Mean output 1.8 2.4 kw

Maximum output 4.2 10.0 kw

Capacity factor 18.4 23.7 %

Hours of operation 4,998 3,758  hrs/yr
Energy in 17,920 24,465 KWh/yr
Energy out 16,128 20,796 KkWh/yr

Losses 1,792 3,670 kWh/yr

Hour of Day
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Figure 7.43: Inverter hourly output power.
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Figure 7.44: Rectifier hourly output power.

Figure 7.43 and 7.44 show monthly output power, at different hours of the day, for

the inverter and rectifier. The simulations produce zero pollutants emissions.

7.5.2 Exergy analysis results

A sensitivity analysis on the system components is carried out by varying several
parameters. EES software is used to calculate all the system properties and develop the

parametric studies.

The effect of keeping parameters, T, = 25°C, Tepq = 7°C,Tgen = 80°C, Ty epg =
7°C and Ty, epgreturn = 17°C  constant, designated here as the reference system, Is
shown for the overall COP for the absorption chiller, liquid desiccant system, organic
Rankine cycle and the overall system efficiencies in Figure 7.45. The energetic COP
varies around 0.65 for the LDS and from 1.058 at 8.00 am to 0.813 at 2.00 pm and 0.9805
at 5.00 pm for the absorption chiller, due to effect of solar energy. The exergetic COP
varies around 0.275 for the LDS and from 0.3861 to 0.2697 to 0.3489 for the absorption
chiller, at 8.00 am, 2:00 pm and 5:00 pm.

The overall system exergetic efficiency varies between 44.76%, 23.57% and 36.22%
at 8.00 am, 2.00 pm and 5.00 pm, due to solar energy changes, while the overall system
efficiency varies between 60%, 36.62% and 53.95% at 8.00 am, 2.00 pm and 5.00 pm

respectively.

These results clearly indicate that the exergetic analysis represents a better sensitivity
analysis of the system performance than energy.
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Figure 7.45: Energetic and exergetic COP of the absorption chiller and efficiencies of the ORC,
LDS and overall system at reference parameters.

Figure 7.46 shows the energetic and exergetic efficiencies of the various individual
components of the system. This figure is very important in identifying which component
of the system needs to be worked on to improve its performance, and thus it’s efficiency.

Figure 7.47 shows exergy destruction for the different system components where the
absorber, LDS regenerator, ORC evaporator and absorption chiller regenerator have the
highest values due to chemical exergy destruction caused by absorption and desorption
processes. These values will be used later in evaluating the cost of exergy destruction in
the exergoeconomic analysis and the multi-objective optimization. Also, they are

Hour of Day

o o o =
N o foe)

Coefficient of performance

o
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important in indicating which processes have high irreversibility.

144

" Yov
“NORC,sys

YORC,sys

=
+COPT],LDS

Q
o
O
<
=
)
w

COPy absp,sys

COPy absp,sys



1.00

0.80

Efficiencies
o
[ep)
o

o
>
o

0.20

0.00

- nabsp,abs

" T]absp,co
Nabsp,ev

" Nabsp,hex
“MLDS,con

“MLDS,deh
"NLDS,hwt
"MLDS,pmp
"N|DS,reg

“MORC,tur
®"MORC,con
"MORC,ev

“MORC,rect
“Mpmp

“Vabsp,con
“Vabsp,ev
" vabsp,reg
Vabsp,hex
" YLDS, con
“YLDS, deh
YLDS, hex

||||||||||".. \VhWt
8 101214 16 YORC hex

Hy
H fD LDS,reg
our of Day "y

"’ORC,rect
YORC,con

"VYORC,eva

Figure 7.46: Exergy and energy efficiencies of various system components.
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Figure 7.48 shows thermal heat values for different system components with the
evaporator of the organic Rankine cycle, having the highest value followed by the liquid

desiccant system condenser. This graph indicates the thermal heat needed to complete the
processes on hand.
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Figure 7.47: Exergy destruction for systems components at constant reference parameters.

Changing the reference temperature as shown in Figure 7.49, causes the exergetic
COP, of the absorption system to increase from 0.3861 at 8:00 am to about 0.6061 at

T .
- 2 ) decreases more than Q,,, (

gen

TT° — 1). The

ev

maximum T, because the factor Q'gen (1 —
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exergetic and energetic COP, of the LDS system doesn’t change much from the reference

system because the changes in the reference temperature are small and occur in both

numerator and denominator, while the overall exergy efficiency has the factor (1 - )

Sun

in the denominator which is not affected by the range of changes in T,, since T, is large
and the numerator is affected slightly by T, causing an unnoticeable decrease. The
energetic COP doesn’t change because T, has no influence on it. Similarly the energetic
and exergetic efficiencies of the ORC system follow the same reasoning as the overall
efficiencies.
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Figure 7.48: System thermal heats at different hours for reference system.

In Figure 7.50, the temperature of the evaporator is varying from 7°C at 8:00 am to
14°C at 3:00 pm at increments of 1°C and decreases to 6°C and 5°C at 4:00 pm and 5:00
pm, while Ty, =80°C , T, = 25°C, Topgreturn = 17°C  remains constant.  After

comparing Figure 7.50 to Figure 7.45 we notice that the COP and exergetic COP of the
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absorption chiller decrease with increase in evaporator’s temperature and increase with

decrease in evaporator’s temperature as expected, due to changes inQey,.

The COP of the LDS system increases unnoticeably with increasing evaporator
temperature, because, the thermal heat at the LDS regenerator and condenser increases

while Qws,aeh doesn’t change. The exergetic COP increases from 0.275 at T,,, = 7°C
to 0.4313 at T,,,, = 14°C and drops to 0.2249 at T,,, = 5°C, because, the thermal heat at

the LDS regenerator and condenser increases while Qws,deh don’t change.

The overall energy efficiency is not affected by variation in the evaporator’s
temperature because it has no influence on it. Overall system exergy efficiency varies
slightly at the lowest evaporator temperature due to the small weight of Qws,deh in

comparison to other parameters in the overall system exergy equation.
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Figure 7.49: Energetic and exergetic COP of the absorption chiller and efficiencies of the ORC,
LDS and overall system at variable dead state temperature vs. the reference system.
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Figure 7.50: Energetic and exergetic COP of the absorption chiller and efficiencies of the ORC,
LDS and overall system at variable evaporator temperature.

Figure 7.51 shows comparison of the coefficients of performance and overall
efficiencies to the reference case of Figure 7.45. All parameters are fixed except for
temperature of regenerators that changed from 80°C at 8:00 am to 89 °C at 5:00 pm at

increments of 1°C . COP of absorption chiller is not affected while the exergetic COP

decreases with increasing regenerator temperature because of the factor (1 —To )

gen

COP of the LDS system decreases slightly with the temperature range taken because
of increasing regenerator’s temperature which is in the denominator of the COP equation.
The exergetic COP decreases from 0.275 at T, = 80°C to 0.2278 at T, = 89°C .
Also, the overall and exergetic efficiencies don’t show any changes with regenerator
temperature changes, because, the changes are about 10°C and the influence of the
regenerator on the overall efficiencies is modest as compared to other factors as shown in
the relevant equations.
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Figure 7.51: Energetic and exergetic COP of the absorption chiller and efficiencies of the ORC,
LDS and overall system at variable regenerator temperature vs. the reference system.

7.5.3 Exergo-economic analysis and optimization results

The exergoeconomic analysis is conducted to calculate the total cost of the system
equipments, operation and maintenance and exergy destruction. Optimization using
multiobjective technique is carried out for minimum total system cost and maximum

overall system exergy efficiency.

The Pareto Front is plotted in Figure 7.52, where the overall exergy efficiency ranges
from 58.7921% to 58.7948% at a total cost of $/h 0.0.827609252 to $/h 0.0.82761333.
The maximum overall system exergy efficiency is 44.67% and increases to 58.8% by
optimization, using multivariable objective genetic algorithm with 21 variables. The
initial system net present cost is $117,700.00 compared to $128,500.00 after running the

optimization.
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Figure 7.52: Optimal solution curve for the overall system exergy efficiency vs. the total overall
cost of the system.

7.6 System |11 results

7.6.1 Optimized power system

Table 7.23 shows the optimization sensitivity case of the power system, which is carried
out for minimum NPC and maximum renewable energy fraction at a hydro head of 30 m,

design flow rate of 10 I/s, hydro turbine efficiency of 80% and hydro head loss of 21.7%.

Table 7.23: Optimization sensitivity case.
Hydro Head: 30m
Hydro Design Flow Rate: | 10 I/s
Hydro Turbine Efficiency: | 80%

Hydro Head Loss: 21.70%

The optimization yields a power system configuration of 6 kW PV array, 2.35 kW
hydro turbine, 4 batteries and 2 kW converter as given in Table 7.24. Table 7.25 gives the
total net present cost for the optimized power system as $40,420.00 and the levelized cost
of energy at 0.091 $/kWh.
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Table 7.24: System 111 Power architecture.

PV Array 6 kKW
Hydro 2.35 kW
Battery |4 Hoppecke 24 OPzS 3000
Inverter 2 kW

Rectifier 2 kW

Table 7.25: Optimized power system cost summary.

Total net present cost $ 40,420

Levelized cost of energy | $ 0.091/kWh

Figure 7.53 shows the cash flow summary for the different optimized power system
components with the NPC of $23077.00, $14,083.00, $2116.00, $1144.00 for hydro, PV,
batteries and converter respectively, while Figure 7.54 shows the NPC of the optimized
power system by cost type for the capital, replacement, operating and salvage.

25,000 Cash Flow Summary

P
== Hydro
== Hoppecke 24 OPz5 3000
== Converter
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Figure 7.53: System Il optimized power system cash flow summary by component.

152



Cash Flow Summary

40,000

30,000

20,000

10,0004

Net Present Cost ()

i

-10,000

Capitsl Replacement Crperating Fuel

Salvage

P

== Hydro
== Hoppecke 24 0PzS 3000
== Converter

Figure 7.54: Optimized power system cash flow summary by cost type.

Figure 7.55 shows the discounted cash flow of the optimized power system to year
zero as $-12,000.00, $-19,000.00, $-1000.00, $-600.00 for PV, hydro, batteries and

converter respectively.
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Figure 7.55: Optimized power system discounted cash flow by component.
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Table 7.26 gives optimized power system components, electrical production and
percentage of total power, where the hydro turbine system produces annually 24,224.00
kWh and the PV system 14,283.00 kWh. Excess annual power production of 4052 kWh
is produced over the total needed load of 32,850.00 kWh as given in Table 7.27.

Table 7.26: Optimized power system electrical configuration.

Component Annual Production (kWh) | Fraction (%)
PV array 14,283 37
Hydro turbine 24,224 63
Total 38,507 100
Excess electricity 4,052 -
Unmet load 0.00 -
Capacity shortage 0.00 -
Renewable fraction - 1.00

Table 7.27: Total load connected to the NZEH.

Load Annual Consumption (kWh) | Fraction (%)
AC primary load 32,850 100
Total 32,850 100

Figure 7.56 shows the monthly average electrical production of the optimized power
system components with the hydro producing more than the PV system as shown. Table
7.28 gives the electrical configuration of the optimized PV array system with a rated
capacity of 6 kW and total annual production of 14,283 kWh for 4378 hours of operation
with an efficiency of 27.2%, while Figure 7.57 shows the monthly electrical production
of the optimized PV system for different hours of the day.

Table 7.29 gives the hydro turbine electrical specifications with a total annual
production of 24,224 kWh at a mean output 2.77 kW, with a hydro penetration of 73.7%
which is the average power output of the hydro turbine divided by the average primary
load. The levelized cost of energy is 0.0701 %/kWh, which is defined here as the average
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cost per kWh of useful electrical energy produced by the system and results from
dividing the annualized cost of producing electricity by the total electric load served.
Figure 7.58 shows the optimized hydropower system monthly output 2.77 kW every hour
of the day. The nominal power of the hydro system is 2.35 kW. This would be the power
produced by the hydro turbine given the available head and a stream flow equal to the
design flow rate of the hydro turbine.
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Figure 7.56: Optimized power system monthly average electrical production.

Table 7.28: PV electrical configuration.

. Val
Quantity ale
Rated capacity 6.00 kW
Mean output 1.63 kW

Mean output 39.1 kWh/d

Capacity factor 27.2%

Total production | 14,283 kWh/yr

Minimum output 0.00 kw

Maximum output 6.68 kW

PV penetration 43.5%

Hours of operation | 4,378 h/yr

Levelized cost 0.0725 $/kWh
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Figure 7.57: Optimized PV system electrical production.

Table 7.29: Hydro turbine electrical configuration.

. Val
Quantity ale
Nominal capacity 2.35 kW
Mean output 2.77 kW
Capacity factor 117%

Total annual production | 24,224 kWh

Minimum output 2.77 kW
Maximum output 2.77 kW
Hydro penetration 73.7%

Annual hours of operation 8,760 h

Levelized cost 0.0701 $/kWh
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Figure 7.58: Optimized hydropower system output.
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Table 7.30 indicates the batteries system architecture with 4 batteries in parallel rated
at a Bus voltage of 2 volts each, while Table 7.31 gives the nominal power capacity of
the batteries at 24.00 kWh with life time throughput (the total amount of energy that
cycles through the battery bank during its life) of 40,784.00 kWh, storage depletion of
5.81kWh/yr and losses of 546.00 kWh/yr. The expected life is 10.90 years and the battery
bank autonomy (the ratio of the battery bank size to the electric load) is 4.48 hrs.

Table 7.30: Battery system architecture.

Quantity Value

String size 1

Strings in parallel | 4

Batteries 4

Bus voltage (V) 2

Table 7.31: Battery system electrical configuration.

Quantity Value
Nominal capacity 24.0 kWh
Usable nominal capacity | 16.8 kWh
Autonomy 4.48h
Lifetime throughput 40,784 kWh
Battery wear cost 0.026 $/kWh
Average energy cost | 0.000 $/kWh

Energy in 4,009 kWh/yr
Energy out 3,457 KWh/yr
Storage depletion 5.81 KWh/yr
Losses 546 kWh/yr

Annual throughput

3,728 KWhlyr

Expected life

109 yr
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Figures 7.59, 7.60, 7.61 and 7.62 show the yearly hour by hour battery bank state of
charge percentage, power discharge, content and charge rates of the batteries
respectively, where, between 6:00 am and 18:00 pm charging occurs for most of the time
and discharge occurs outside this time range, while the battery energy content spreads
throughout the hours of the day and % state of charge is maximum between 12:00 pm and
17:00 pm.

Figures (7.63, 7.64) show optimized power system components hourly production
versus the connected load and Figure 7.65 shows optimized battery system charging,
discharging and battery power content at different times of the year respectively. It’s
worth mentioning that the graphs show that the selected battery bank system is sized
properly to accommodate the electrical demand of the house whenever the PV system
electricity is not available or sufficient. It is clear that the battery power supply offset the

demand.

The figures are samples from the data calculated for the whole year. The discharge,
charge and battery power content graphs show the behavior of the battery bank system

and how each increases and decreases.

Hour of Day

Figure 7.59: Battery system state of charge (%).
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Figure 7.60: Battery system energy content.
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Figure 7.61: Battery system power charge scheme.
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Figure 7.62: Battery system power discharge scheme.
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Figure 7.64: Optimized power system component’s hourly production on June 21 for different
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Figure 7.65: Optimized battery system state of charge, discharge and energy content on June 21
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Table 7.32 gives the converter system electrical configuration with an inverter and
rectifier of 2 kW capacities each. The rectifier is used to transform AC to DC to charge
the batteries while the inverter is used to transform battery DC to AC to supply the house
with electricity when AC from the PV system is not available or sufficient. The inverter is
supplied by 3,457.00kWh/yr with energy losses of 346.00kWh/yr, while the rectifier is
supplied by 4,716.00kWh/yr with energy losses of 707.00kWh/yr. The efficiencies are
17.8% and 22.9% for the inverter and rectifier respectively.

Figure 7.66 and 7.67 shows the inverter and rectifier monthly output power at
different hours of the day. The simulations produce a zero pollutants emissions.

Table 7.32: Converter system electrical configuration.
Quantity Inverter | Rectifier | Units

Capacity 2.00 2.00 kw

Mean output 0.36 0.46 kw

Maximum output | 1.47 2.00 kw

Capacity factor 17.8 22.9 %

Hours of operation | 4,888 3,872 | hrslyr

Annual energy in | 3,457 4,716 | kWh

Annual energy out | 3,111 4,009 | kWh

Annual losses 346 707 kWh
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Figure 7.66: Inverter hourly output power.
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Figure 7.67: Rectifier hourly output power.

A sensitivity analysis is carried out using the optimal system type (OST) graph
which gives the highest-level view of the sensitivity results. Figure 7.68 shows that the
optimal total NPC of the optimized power system with hydro turbine efficiency
(Mhya=80%) and hydro head loss (f, = 21.7%) decreases as the sensitivity variables of
design flow rate (V) and hydro head (I) increases, while Figure 7.69 shows that the
optimal total NPC of the optimized power system with hydro turbine efficiency
(Mhya=80%) and hydro head loss (f;, = 30 %) increases due to increase in hydro head loss

as compared to Figure 7.68.

Figures 7.70 and 7.71 show the optimal total NPC of the optimized power system
with 7p,,4=70%, f, = 21.7% and 7,,=60%, f, = 21.7% respectively versus the
sensitivity variables design flow rate (V) and hydro head (I). As the turbine efficiency
decreases while keeping all other parameters fixed the NPC increases from the values
shown in Figure 7.68.

Figures 7.72, 7.73 and 7.74 show the total NPC of the power system with the total
electrical load being superimposed for 1,,4= (60, 70, 80) % and f;, = (21.7, 21.7, 21.7) %
respectively. The graphs show that as the hydro turbine efficiency decreases the total
NPC increases and the total electrical production depends on optimized PV and hydro
capacities for fixed hydro head loss.

Figure 7.75 shows the surface plot (primary variable values are identified by a

surface region) of the PV capacity with the hydro capacity superimposed at 7,,,= 80%
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and f,, = 21.7%, versus the sensitivity variables of design flow rate (V) and hydro head
(hesr)- The hydro capacity increases as the hydro head and flow rate increases, while the

PV capacity decreases.

Figure 7.76, shows the surface plot of the hydro capacity with the battery number

superimposed at 1,,4= 80% and f;, = 21.7%, versus the sensitivity’s variables of design

flow rate (V) and hydro head (hegr). As the hydro head and flow rate decreases the

number of batteries increases while the hydro capacity decreases.
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Figure 7.68: Total NPC for optimal system configuration at 7,y = 80% and f,= 21.7%.

Figure 7.77 shows a spider graph ( which is used when multiple variables have
different values and a best estimate is considered in the analysis to cover the range of
uncertainty, then the most sensitive variable to the optimized goal can be identified) of

the total NPC vs. the hydro head, design flow rate, hydro turbine efficiency and hydro
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head loss. It is clear that the design flow rate has the steepest graph followed by the hydro
head and thus the total NPC is most sensitive to it.
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Figure 7.69: Total NPC for optimal system configuration at #ny4 = 80% and f, = 30%.
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Figure 7.70: Total NPC for optimal system configuration at nhyd = 70% and fth =21.7%.
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Figure 7.71: Total NPC for optimal system configuration at #,yg = 60% and f, = 21.7%.
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Figure 7.72: Surface plot of the total NPC and electrical production of the optimized power
system at #n,g = 60% and f, = 21.7%.

Figure 7.78 shows that the total NPC decreases as the hydro head increases, but the

total electrical production of the optimized power system decreases from 30 m to 40 m
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hydro head, because of the PV-hydro power system combination, and then increases,
because the hydro capacity increases faster and its electrical production contribution
becomes larger above 40 m hydro head.

Figure 7.79 shows the effect of the flow rate on the total NPC and total electrical

production of the optimized power system at constant np,,= 70%, f, = 21.7% and
hesr = 30 m. As the design flow rate increases the total NPC decreases sharply while the

total electrical production decreases moderately up to 8 I/s and then decreases sharply to
10 I/s, because, the hydro head is fixed at 30 m.
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Figure 7.73: Surface plot of the total NPC and electrical production of the optimized power
system at #n,g = 70% and f, = 21.7%.
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Figure 7.74: Surface plot of the total NPC and electrical production of the optimized power
system at #n,q = 80% and f, = 21.7% .
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Figure 7.75: Surface plot of the PV and corresponding superimposed hydro capacity of the
optimized power system at #n,q = 80% and f, = 21.7%.
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Figure 7.76: Surface plot of the hydro power capacity and corresponding number of batteries for
the optimized power system at #nyq = 80% and f, = 21.7%.
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Figure 7.77: Spider graph of the optimized hydro system at the best estimate parameters selected
vs. the variables 7nyq, fr, her, and Vdesign.
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7.6.2 Exergy analysis results

A sensitivity analysis on the system components is carried out by varying several
parameters. Engineering equation solver (EES) software is used to calculate all the
system properties and develop the parametric studies. The effects of keeping parameters,
T, = 25°C, T_con = 29°C, Ty con = 39.37°C and Ty, = 5.82°C constant, designated
here as the reference system, are shown for the COP of the heat transformer and the
efficiencies for the distillation and overall systems in Figure 7.80. The energetic COP
varies from 0.66 for the heat transformer at 8:00 am to 0.7 at 2:00 pm and 0.67 at 5:00
pm, while the exergetic COP varies around 0.55, 0.47 and 0.45 at 8:00 am, 2:00 pm and
5:00 pm respectively. The distillation system energetic efficiency varies between 71 %,
38 % and 64.1 % at 8.00 am; 2:00 pm and 5:00 pm, while the exergetic efficiency varies
between 40 %, 18 % and 31 % at 8.00 am, 2:00 pm and 5.00 pm. The overall proposed
system energetic efficiency varies from 0.92, 0.52, and 0.78 at 8:00 am, 2:00 pm and 5:00
pm respectively while the exergetic efficiency varies from 0.5, 0.37 and 0.51
correspondingly. The effect of solar energy dictates the behavior of the efficiencies

graphs.
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Figure 7.80: Energetic and exergetic COP of the heat transformer system and efficiencies of the
distillation and overall systems at reference parameters.
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Figure 7.81 shows the exergy destruction for the various developed systems
components where the absorber followed by the regenerator, evaporator and condenser
have the highest values due to absorption and desorption and latent heats.

Figure 7.82 shows the energetic and exergetic coefficient of performance of the
GSHP cooling cycle with and without a heat exchanger for heating water at constant
condensing pressure and variable evaporator pressures. The energetic COP decreases
with decreasing evaporator pressure because the compressor has to work more due to

lower suction pressure and constant condensing pressure.

The exegetic COP increases with increasing evaporator pressure because the
exergetic thermal heat decreases more than the exergetic input work by the compressor as

seen in the COP,, equation.

The effect of adding a heat exchanger to heat water at the discharge of the
compressor is noted by the change in the energy and exergy COP of the GSHP. The
addition of a heat exchanger improves the energy and exergy efficiencies.

The energetic and exergetic COP of the GSHP during the heating cycle with and
without a heat exchanger are given in Table 7.33. The heat exchanger addition to the
GSHP increases its COP.

Figure 7.83 shows the energy and exergy efficiencies for the individual components
of the proposed system at the reference system parameters. This graph is important since
it aids in improving any system component if possible.

Table 7.33: GSHP COP for heating cycle.

GSHP COP, | COP,

Heat exchanger added 2.32 | 0.2287
Heat exchanger excluded | 1.083 | 0.1139
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Figure 7.81: Exergy destruction for system components at constant reference parameters.

Figure 7.84 shows the energetic and exergetic efficiencies of the overall developed
system and major systems at variable reference temperature. The energetic COP and
efficiencies are not affected by varying the reference temperature. The exergetic COP of
the heat transformer increases slightly because the numerator increases and the
denominator decreases in the corresponding equation thus eliminating remarkable
changes, while the exergetic efficiency of the distillation and overall proposed system

vary slightly from the reference case because the effect of T,,, in the denominator of the
corresponding equation.
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Figure 7.82: Energetic and exergetic COP of the GSHP with and without a heat exchanger at
variable evaporator pressure for the cooling cycle.

Figure 7.85 shows that the increase in the reference temperature causes slight
increase in the exergy efficiency of most of the individual components, except for the
condenser where it decreases to approach zero as the reference temperature equals the
condenser temperature and to negative as it exceeds it and that is expected.

Figure 7.86 shows exergy destruction for the various system components at variable
reference temperature with modest effect on the system, because, the temperatures
considered are varied slightly around the reference temperature (298K) from (294 to
303K) to resemble the actual setting of the research and the rest of the parametric

variables.
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Figure 7.83: Exergy and energy efficiencies of various system components at reference
parameters.

Figure 7.87 shows that the reversible COP of the GSHP decreases from 10 to 7.8
with decrease in evaporator pressure from 429.9 kPa to 326.2 kPa while keeping the

condensing temperature constant and the total load constant.

The compressor work increases with decreasing evaporator pressure at constant
condensing temperatures and fixed cooling load due to lower suction pressures at the
inlet to the compressor.

The GSHP reversible COP and compressor work graphs exhibit the same trend but in

reverse order.
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Figure 7.84: Energetic and exergetic COP of the heat transformer system and efficiencies of the
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Figure 7.88 shows the effect of changing the GSHP condenser pressure on the
exergy and energy COP with and without a heat exchanger while keeping all other
parameters constant. The energetic COP for the GSHP without a heat exchanger varies
from 2.9 to 2.8 as pressure increases from 839.2 kPa to 122 kPa while the values
decreases from 4.1 to 4 with the inclusion of a heat exchanger to heat water at the
discharge line of the compressor. As the condenser pressure increases while the
evaporator pressure and cooling load remain constant the compressor works harder and
the COP decreases.

The Exergetic COP doesn’t change much for both cases of the GSHP with and
without the heat exchanger because the decrease in the evaporator thermal heat is
constant while the decrease in the compressor work is very small and meets that of the
evaporator thermal heat. The addition of a heat exchanger to the GSHP improves the
energetic COP from 2.9 to 3.7 and the exergetic COP from 0.21 to 0.33.
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7.6.3 Exergoeconomic analysis and optimization results

Exergoeconomic analysis is conducted to calculate the total cost of the system
equipments, operation and maintenance and exergy destruction. Optimization using
multi-objective technique is carried out for minimum total system cost and maximum
overall system exergy efficiency. The Pareto Front is plotted in Figure 7.89 where the
overall exergy efficiency ranged from 65.41% to 65.46 % at a total cost of 0.646 $/h to
0.647 $/h. The maximum overall system exergy efficiency is 57.1% at reference case and
is increased to 65.5% by optimization. The initial system net present cost is $68,192.25
compared to $74,384.00 after running the optimization.

In this case, 300 generations with a population size of 120 is used where it undergoes
tournament selection criteria to choose parents for the next generation. The tournament
selection Figure 7.90 chooses each parent by choosing 2 players at random and then
choosing the best individual out of that set to be a parent. The reproduction crossover
fraction of 80% which specifies the fraction of the next generation, other than elite
children, that are produced by cross over. The genetic algorithm makes small random
changes in the individuals in the population to create mutation children which provide
genetic diversity by randomly generating directions that are adaptive with respect to the
last successful or unsuccessful generation. The feasible region is bounded by the 21
constraints. A step length is chosen along each direction so that linear constraints and
bounds are satisfied and the crossover of individuals occurs by combining two
individuals or parents and taking their weighted average considered in this case to be 1 to
form a crossover child for the next generation. A migration fraction of 20% of individuals
moves between sub-populations from the smaller of the two sub-populations in intervals
of 20 generations. When migration occurs, the best individuals from one sub-population
replace the worst individuals in another subpopulation. Individuals that migrate from one
sub-population to another are copied.

Finally, the Pareto front population fraction of 0.85 is selected so that individuals are

kept on the first Pareto front while the solver selects individuals from higher fronts.
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Figure 7.91 shows the rank structure where the Pareto plots the fraction of

individuals in each Pareto hierarchy. Individuals ranked 1 are best, rank 2 individuals are

dominated only by rank 1 individuals and so on.

Figure 7.92 shows the average distance measure between individuals in every

population, while Figure 7.93 shows the average Pareto distance measure between

individuals for the 300 populations. Figure 7.94 shows the average Pareto spread around

0.98 which is the change in distance measure of individuals with respect to the previous

generation.
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Figure 7.92: Distance between individuals in one population.
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Chapter 8: Conclusions and Recommendations

This study develops three novel integrated energy systems, for multigeneration
applications to meet the demands of power, seasonal air-conditioning, hot and fresh
water for building energy applications which result in net zero energy houses or
buildings.

8.1 Conclusions

The following findings can be extracted from this research:

8.1.1 System |

e The optimal power system with total NPC = $56,558.00 and renewable energy
fraction of 0.998 with 73.3 kg/yr CO, emissions provides a net-zero energy
house.

e The levelized cost of energy is $0.127/kWh.

e The exergy results show that the absorption chillers’ regenerator and absorber and
the LDS regenerator are the main sources of irreversibility due to chemical
exergy associated with sorption and desorption processes.

e The exergy analysis of the system efficiencies shows a lower performance of the
system components in comparison to energy.

e The exergoeconomic analysis yields a total system cost of $107,000.00.

e The multiobjective optimization improves the overall exergy efficiency from the
original design by 10% with a total system net present cost increase of 8%.

e The hot water produced at the hot water tank during sunshine is 0.0078 I/s which
satisfy the requirement of the house.

e The hot water produced from the ground thermal storage during winter season is
0.0068 I/s which satisfy the requirement of the house.

e The fresh water produced is 0.01364 I/s which satisfy the requirement of the
house.

e The desired power, seasonal air-conditioning, hot and fresh water for the NZEH

are achieved by the developed system.
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8.1.2 System 11

e The optimal power system with total NPC of $52,505.00 and renewable energy
fraction of 1.00 with zero kg/yr CO, emissions provides a NZEH.

e The levelized cost of energy is $0.118/kWh.

e The exergy results show that the ORC evaporator, absorption chillers’ regenerator
and absorber and the LDS regenerator are the main sources of irreversibility due
to chemical exergy associated with sorption and desorption processes.

e The exergy analysis of the system efficiencies shows a lower performance of the
system components in comparison to energy.

e The exergoeconomic analysis yields a total system cost of $117,700.00.

e The exergy analysis yields maximum overall system exergy efficiency of 44.67%.

e The multiobjective optimization improves the overall system exergy efficiency by
14.1%.

e The overall system exergetic efficiency varies between 44.76 %, 23.57 % and
36.22 % at 8.00 am, 2.00 pm and 5.00 pm, due to solar energy changes, while the
overall system energetic efficiency varies between 60 %, 36.62 % and 53.95 % at
8.00 am, 2.00 pm and 5.00 pm respectively.

e The fresh water produced is 0.01364 I/s which satisfy the requirement of the
house.

e The hot water produced at the hot water tank during sunshine is 0.0078 I/s which
satisfy the requirement of the house.

e The desired power, seasonal air-conditioning, hot and fresh water for the NZEH

are achieved by the developed system.

8.1.3 System Il

e The optimal power system with total NPC $40,420.00 and renewable energy
fraction of 1.00 with zero kg/yr CO, emissions provides a NZEH.
e The levelized cost of energy is 0.091 $/kWh.
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The exergy results show that the heat transformers’ absorber and regenerator are
the main sources of irreversibility due to chemical exergy associated with
sorption and desorption processes.

The exergy analysis of the system efficiencies shows a lower performance of the
system components in comparison to energy.

The exergoeconomic analysis yields a total system NPC of $68,192.25.

The exergy analysis yields maximum overall system exergy efficiency of 57.1%.
The multiobjective optimization improves the overall system exergy efficiency by
8.4% at an overall system total NPC increase of $6,191.75.

The overall system exergetic efficiency varies from 0.57 to 0.37 and 0.51 at 8:00
am, 2:00 pm and 5:00 pm respectively due to solar changes.

The hot and fresh water produced by the distillation system is 0.0184 I/s which
satisfy the requirement of the house.

The hot water produced from the ground thermal storage during winter season is
0.0068 I/s which satisfy the requirement of the house.

The desired power, seasonal air-conditioning, hot and fresh water for the NZEH
are achieved by the developed system.

System 111 will be used for the present house since its location allows for the use

of hydro turbine and the total system NPC is the lowest.

8.2 Recommendations

The three developed novel systems can be used anywhere in the world with adjustment to

meteorological data. It is recommended to select the system that best fits the resources

available. It is worth noting that human awareness and performance is crucial to

transforming any community to net zero energy homes concept. Hence, it is imperative to

engage a home owner in the early design stages in order to consume power efficiently

and learns to live sustainably.  Future studies should complement and integrate these

resourceful multigenerational systems with the following:

e The developed systems should be built and tested for net zero energy houses and

performance assessment.
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The analysis should be performed for different regions of the world and the effect
on total NPC values and efficiencies to be investigated.

Hydrogen production should be integrated with these systems.

The electricity production from fuel cells should be investigated and the
feasibility of the integrated system should be considered.

The solar collector system and PV system should be replaced by solar tracking
systems and investigation of their effect on the total NPC and efficiencies noted.
Using building integrated photovoltaic's with the developed systems in order to
increase efficiencies of the overall system should be carried out

Replacing the wind turbine used by the new 80% efficient Dutch wind turbine
known as Archimedes and noting the changes on the system performance and
efficiencies should be evaluated.

Building design should accommodate for day lighting, passive ventilation and the
use of green house solarium which might have reasonable effect on the system’s

NPC and efficiencies should be investigated.
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Appendix A: Simulated Heat Load Calculations

Table A.1: Design parameters for calculating heat load

City Name Beirut
Location Lebanon
Latitude 33.9 Deg.
Longitude -35.5 Deg.
Elevation 33.8 m
Summer Design Dry-Bulb 32.8 °C
Summer Coincident Wet-Bulb 25.6 °C
Summer Daily Range 8.3 °K
Winter Design Dry-Bulb 5.6 °C
Winter Design Wet-Bulb 1.8 °C
Atmospheric Clearness Number 1.00
Average Ground Reflectance 0.20
Soil Conductivity 1.385 W/(m-°K)
Local Time Zone (GMT +/- N hours) -2.0 hours
Consider Daylight Savings Time No
Simulation Weather Data N/A
Current Data is 1993 ASHRAE Handbook
Design Cooling Months January to December
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Table A.2: Desig

n day maximum solar heat gains

Month N NNE NE ENE E ESE SE SSE S
January | 71.1 71.1 82.8 | 307.8 | 546.7 | 692.1 | 789.7 | 798.1 | 784.0
February | 83.6 | 83.6 | 208.9 | 429.9 | 644.0 | 761.9 | 783.7 | 743.8 | 709.9
March 97.4 | 1015 | 346.8 | 568.1 | 696.6 | 759.9 | 718.9 | 628.1 | 577.4
April 110.9 | 246.6 | 450.3 | 629.7 | 713.5 | 688.2 | 603.6 | 467.6 | 393.0
May 120.1 | 3445 | 528.6 | 653.1 | 695.6 | 633.6 | 504.1 | 338.4 | 260.1
June 151.3 | 378.5 | 545.8 | 658.6 | 680.2 | 600.5 | 458.4 | 285.2 | 213.3
July 122.7 | 340.8 | 5195 | 648.1 | 681.1 | 612.0 | 491.3 | 327.0 | 251.5
August | 116.1 | 241.6 | 446.6 | 612.1 | 686.1 | 663.4 | 581.5 | 450.2 | 378.9
September| 101.1 | 103.4 | 312.8 | 536.7 | 671.8 | 718.2 | 695.5 | 613.0 | 564.0
October | 86.5 86.5 | 179.4 | 438.0 | 613.3 | 729.2 | 759.2 | 723.3 | 693.2
November| 72.4 72.4 81.6 | 309.9 | 526.2 | 696.3 | 766.6 | 779.7 | 775.2
December| 65.7 65.7 65.7 | 243.3 | 497.6 | 661.0 | 773.5 | 800.1 | 799.4
Month | SSW | SW | WSW W |WNW | NW | NNW | HOR | Mult
January | 797.8 | 783.9 | 704.8 | 527.8 | 323.8 | 71.1 71.1 | 521.9 | 1.00
February | 747.1 | 788.5 | 749.3 | 649.0 | 445.9 | 199.0 | 83.6 | 653.5 | 1.00
March | 633.6 | 723.1 | 759.3 | 710.5 | 552.3 | 349.6 | 1045 | 772.6 | 1.00
April 468.1 | 602.2 | 696.8 | 711.7 | 618.6 | 465.0 | 243.5 | 8415 | 1.00
May 338.2 | 501.9 | 636.6 | 692.5 | 645.0 | 535.4 | 342.6 | 865.8 | 1.00
June 284.5 | 452.9 | 605.3 | 672.9 | 656.2 | 558.0 | 375.3 | 865.7 | 1.00
July 326.4 | 485.0 | 622.3 | 673.1 | 641.9 | 531.0 | 338.0 | 853.1 | 1.00
August | 451.4 | 580.5 | 671.9 | 686.5 | 598.2 | 452.2 | 241.4 | 824.2 | 1.00
September| 613.0 | 695.6 | 718.0 | 672.0 | 536.7 | 312.5 | 103.5 | 749.3 | 1.00
October | 717.0 | 750.1 | 735.6 | 609.3 | 430.6 | 196.5 | 86.5 | 645.2 | 1.00
November| 781.6 | 773.1 | 692.6 | 534.4 | 291.1 | 85.7 72.4 | 521.8 | 1.00
December| 793.7 | 767.6 | 671.8 | 491.4 | 253.3 | 65.7 65.7 | 466.4 | 1.00
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Table A.3: System cooling and heating design parameters

COOLING HEATING
DB 32.5°C 5.6 °C
WB 255 °C 1.8°C
Sensible | Latent Sensible | Latent

Zone Loads Details (W) (W) |Details| (W) (W)
Window and Skylight Solar Loads | 11 nv 926 - 11 nmv? - -
Wall Transmission 144 m? 168 - (144 m?2| 217 -
Roof Transmission 224 m? 42 - (224 m?2| 249 -
Window Transmission 9 m? 206 - 9 m? 440 -
Skylight Transmission 1m? 31 - 1m? 65 -
Door Loads 27 m? 336 - 27 m? | 715 -
Floor Transmission 225 m? 0 - 225 m? 0 -
Partitions 0 m2 0 - 0 m2 0 -
Ceiling 0 m? 0 - 0 m? 0 -
Overhead Lighting 648 W 454 - 0 0 -
Task Lighting ow 0 - 0 0 -
Electric Equipment 675 W 675 - 0 0 -
People 6 431 360 0 0 0
Infiltration - 0 0 - 0 0
Miscellaneous - 500 400 - 0 0
Safety Factor 1%/1%| 38 8 1% 17 0
Total Zone Loads - 3805 | 768 - 1703 0
Zone Conditioning - 3330 | 768 - 1645 0
Plenum Wall Load 0% 0 - 0 0 -
Plenum Roof Load 70% 97 - 0 0 -
Plenum Lighting Load 30% 194 - 0 0 -
Return Fan Load 224 L/s 0 - |65L/s 0 -
Ventilation Load 4L/s 34 107 | OL/s 1 1
Supply Fan Load 224 L/s 4 - 3L/s -1 -
Hot Deck Supply Fan Load 0L/s - | 62LJ/s -1 -
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Duct Heat Gain / Loss 0% 0 - 0% 0 -
Total System Loads - 3659 | 875 - 1644 1
Central Cooling Coil - 3659 | 875 - -28 0
Central Heating Coil - 0 - - 1671 -
Total Conditioning - 3659 | 875 - 1644 0
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Figure A.1: July temperature profile

Table A.4: Sensible zone capacity and corresponding air flow

Space Name | Cooling| Time Air | Heating | Floor | Flow/Area
(kW) Load |(L/s)| (kW) | (m?) | L/(s-m?)
House Near Tyre 3.8 July 1500 | 287 1.7 225.0 1.28
Table A.5: Space ventilation analysis
Space Area | Maximum | Supply Air | Outdoor Air | Outdoor Air
(m?) | Occupants (L/s) (% of supply) (L/s)
House Near Tyre |225.0 6.0 286.9 2.0 5.7
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Table A.6: Air system design load summary

DESIGN COOLING DESIGN HEATING
DB 32.5°C 5.6 °C
WB 255 °C 1.8°C
Sensible|Latent Sensible|Latent
Structure Area (m?)| (W) | (W) |Area(m?)| (W) | (W)
Window and Skylight Solar Loads| 11 926 - 11 - -
Wall Transmission 144 168 - 144 217 -
Roof Transmission 224 m? 42 - 224 m? 249 -
Window Transmission 9 m?2 206 - 9 m?2 440 -
Skylight Transmission 1m? 31 - 1m? 65 -
Door Loads 27 m? 336 - 27 m? 715 -
Floor Transmission 225 m? 0 - 225 m? 0 -
Partitions 0 m2 0 - 0 m2 0 -
Ceiling 0 m? 0 - 0 m? 0 -
Overhead Lighting 648 W 454 - 0 0 -
Task Lighting ow 0 - 0 0 -
Electric Equipment 675 W 675 - 0 0 -
People 6 431 | 360 0 0 0
Infiltration - 0 0 - 0 0
Miscellaneous - 500 | 400 - 0 0
Safety Factor 1% /1% | 38 8 1% 17 0
Total Zone Loads - 3805 | 768 - 1703 0
Zone Conditioning - 3330 | 768 - 1645 0
Plenum Wall Load 0% 0 - 0 0 -
Plenum Roof Load 70% 97 - 0 0 -
Plenum Lighting Load 30% 194 - 0 0 -
Return Fan Load 224 L/s 0 - 65 L/s 0 -
Ventilation Load 4L/s 34 107 0L/s 1 1
Supply Fan Load 224 L/s 4 - 3L/s -1 -
Hot Deck Supply Fan Load 0L/s 0 - 62 L/s -1 -
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Space Fan Coil Fans - 0 - 0 -
Duct Heat Gain / Loss 0% 0 - 0% 0 -
Total System Loads - 3659 | 875 1644 1
Central Cooling Coil - 3659 | 875 -28 0
Central Heating Coil - 0 - 1671 -
Total Conditioning - 3659 | 875 1644 0
Table A.7: Zone load
House near Tyre Design Cooling Design Heating
Zone Loads Details Se(nvs\;? le LR;S;] t Details Se(nvs\;;) le LR;S;] t
Window anlijoilgé/light Solar 11 m2 959 i 11 m2 i i
Wall Transmission 144 m? 161 - 144 m? 217 -
Roof Transmission 224 m? 36 - 224 m? 249 -
Window Transmission 9 m?2 209 - 9 m?2 440 -
Skylight Transmission 1m? 31 - 1m? 65 -
Door Loads 27 m? 340 - 27 m? 715 -
Floor Transmission 225 m? 0 - 225 m? 0 -
Partitions 0 m2 0 - 0 m2 0 -
Ceiling 0 m? 0 - 0 m? 0 -
Overhead Lighting 648 W 454 - 0 0 -
Task Lighting ow 0 - 0 0 -
Electric Equipment 675 W 675 - 0 0 -
People 6 431 360 0 0 0
Infiltration - 0 0 - 0 0
Miscellaneous - 500 400 - 0 0
Safety Factor 110&)/ 38 8 1% 17 0
Total Zone Loads - 3833 768 - 1703 0

195




Table A.8: Envelope loads for space

Area Cooling | Cooling | Heating
EXPOSURE U-Value W/(m2-°K)|Shade Coeff
m?2 Trans (W)| Solar (W)|Trans (W)
North wall | 34 0.097 - 26 - 51
Window 1 | 2 3.050 0.450 52 77 110
Door 9 1.703 - 113 - 238
East wall | 43 0.097 - 48 - 65
Window 1 | 2 3.050 0.450 52 103 110
south wall | 34 0.097 - 45 - 51
Window 1 | 2 3.050 0.450 52 93 110
Door 9 1.703 - 113 - 238
West wall | 34 0.097 - 42 - 51
Window 1 | 2 3.050 0.450 52 447 110
Door 9 1.703 - 113 - 238
Roof 224 0.071 - 36 - 249
Skylight 1 3.019 0.456 31 240 65
Table A.9: Summer design data
Dry-bulb| Specific Sensible|Latent
Temp |[Humidity|Airflow|CO2 Level| Heat | Heat
Component Location| (°C) | (kg/kg) | (L/s) (ppm) wW) | (W
Ventilation Air Inlet 32.5 |0.01778 4 400 34 107
Vent - Return Mixing| Outlet 26.4 | 0.00981 | 224 3138 - -
Central Cooling Coil | Outlet 12.8 |0.00848 | 224 3138 3659 | 875
Supply Fan Outlet | 12.8 |0.00848 | 224 3138 4 -
Cold Supply Duct | Outlet | 12.8 |0.00848 | 224 3138 0 -
Heating Supply Fan | Outlet 26.2 | 0.00965 0 3194 0 -
Central Heating Coil | Outlet | 43.3 | 0.00965 0 3194 0 -
Hot Supply Duct | Outlet | 43.3 | 0.00965 0 3194 0 -
Zone Air - 25.1 |0.00965| 224 3194 3330 | 768
Return Plenum Outlet 26.2 | 0.00965 | 224 3194 291 -
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Table A.10: Winter design data

Dry- Specific Airflow CO2 | Sensible | Latent
Bulb Humidity Level Heat Heat
Component |Location| (°C) (kg/kg) (L/s) | (ppm) (W) (W)
Ventilation Air Inlet 5.6 0.00282 0 400 -1 -1
vent-Returm | 5 et | 205 | 0.00779 3 792 ; ;
Mixing
Ce””‘ggi:loo"”g Outlet | 12.4 | 0.00779 3 | 792 28 0
Supply Fan Outlet | 12.8 0.00779 3 792 1 -
Cold Supply | & viet | 12.8 | 0.00779 3 | 792 0 i
Duct
Hea“”gaﬁ“pp'y Outlet | 20.8 | 0.00788 62 | 800 1 -
Ce””"go'?lea“”g Outlet | 433 | 000788 | 62 | 800 | 1671 ;
Hot Supply Duct| Outlet | 43.3 | 0.00788 62 | 800 0 -
Zone Air - 20.8 | 0.00788 65 | 800 -1645 0
Return Plenum | Outlet | 20.8 0.00788 65 800 0 -

Table A.11: Roof details

Outside Surface Color

Light

Absorptivity

0.450

Overall U-Value

0.071 W/(m2-°K)

197




Table A.12: Roof layers details (inside to outside)

Layers Thickness|Density| Specific Ht. | R-Value |Weight
mm kg/m? |kJ / (kg - °K)|{(m2-°K)/W| kg/m?
Inside surface resistance | 0.000 0.0 0.00 0.12064 | 0.0
203mm HW concrete | 203.200 |2242.6 0.84 0.11741 | 455.7
RSI-6.7 batt insulation | 200.000 | 8.0 0.84 4.202 1.0
Asphalt roll 1.588 |1121.3 151 0.02698 | 1.8
Acoustic insulation 58.420 0.0 0.00 6.63870 | 0.0
Asphalt sheathing 12.700 |1121.3 1.47 0.25303 | 14.2
Outside surface resistance| 0.000 0.0 0.00 0.05864 | 0.0
Totals 395.908 - 14.085 | 472.7
Table A.13: Window details
Detailed Input Yes
Height 1.52 m
Width 1.52 m
Frame Type Aluminum with thermal breaks
Internal Shade Type Drapes - Semi-Open Weave - Light
Overall U-Value 3.050 W/(m?-°K)
Overall Shade Coefficient 0.450
Table A.14: Glass details (gap type 6mm air space)
Glazing Glass Type Transmissivity|Reflectivity|Absorptivity
Outer Glazing 6mm clear low-e 0.639 0.116 0.245
Glazing #2 |6mm blue-green reflective 0.282 0.295 0.423
Glazing #3 not used 1.000 0.000 0.000
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Table A.15: Door details

Gross Area

9.0 m?

Door U-Value

1.703 W/ (m2-°K)

Table A.16: Glass details

Glass Area 0.0 m?
Glass U-Value 3.293 W/ (m?-°K)
Glass Shade Coefficient 0.880
Glass Shaded All Day? No

Table A.17: Overhang and fins details

Over hang Projection from surface 700.0 mm
Over hang Height above window 100.0 mm
Over hang Ext. past RH side of window | 100.0 mm
Over hang Ext. past LH side of window | 100.0 mm
Left Fin Right Fin
Projection from surface | 500.0 mm Projection from surface 700 mm
Height above window 100.0 mm Height above window 100.0 mm
Dist. from edge of window | 100.0 mm | Dist. from edge of window | 100.0 mm

Table A.18: Wall details

Outside Surface Color

Light

Absorptivity

0.450

Overall U-Value

0.097 W/(m2-°K)
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Table A.19: Wall layers details (inside to outside)

Thickness|Density| Specific Ht. | R-Value [Weight

Layers mm kg/m? |kJ / (kg - °K)|(m?-°K)/W| kg/m?
Inside surface resistance 0.000 0.0 0.00 0.12064 | 0.0
plaster light weight aggregate | 19.500 0.0 0.00 0.27200 | 0.0
13mm plywood 12.700 | 544.6 1.21 0.10952 | 6.9
expanded polystyrene rigid board| 58.420 | 32.0 0.00 6.65357 | 1.9
R-24 Roxul Thermal Insulation | 104.140 | 0.0 0.00 2.80000 | 0.0
102mm LW concrete block 101.600 | 608.7 0.84 0.26683 | 61.8
Outside surface resistance 0.000 0.0 0.00 0.05864 | 0.0
Totals 296.360 - 10.28120 | 70.6
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Appendix B: A Matlab Code for Determining the Sound

Pressure Level of the Acoustic Materials.

Clear all
Clc
Close all

%Finding the thickness of the thermal and acoustic Insulation that
would satisfy the...

%requirements

% THERMAL CONDUCTIVITY

R_acoustic=zeros (1, 60);

LENGTH=zeros (1, 60);

RT=zeros (1, 60);

R_ins=zeros (1, 60);

T (2) =24; % Inside Temperature C

T (1) =32.8; % Outside Temperature C

Ri_air=0.12; % m2.C/W Resistance of inside air film
Ro air=0.03; % m2.C/W Resistance of outside air film

R_light _weight_concrete_block=0.26683; % m2.C/W Resistance for 4"
thickness

R_plaster=0.2722; %m2.C/W Resistance for 0.75" light weight Gypsum
plaster.

R_plywood_sheating=0.111; % m2.C/W Resistance forl/2"

RTS=10; % Thermal resistance fTor above Wall composition set By
Designer.

%ACOUSTIC INSULATION
R_acoustic=46; % Spl level to be attenuated.
Db=20; % SPL attenuated by 1" expanded Polystyrene.

For n=1:1:60
LENGTH (n) =n/10;
R_acoustic (n) = (LENGTH (n))*Db;
IT (R_acoustic - R_acoustic (n)) <=10"-6
n;
R_acoustic (n);
LENGTH;
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Break
End
End

R_expanded_polysterene_rigid _board=max (LENGTH)*0.57728*5; %units are
in c.m2/w

Thickness_Acoustic_insulation=max (LENGTH); %Units IN Inch.
%R-1"=0.7 m2*K/W FOR R_24 ROXUL THERMAL INSULATION
For K=1:1:60

R_ins(K)= 0.70*(1+K/10);

RT(K)=Ro_air+R_light_weight_concrete_block+R_plywood_sheating+R_ins(K)+
Ri_ailr+R_expanded_polysterene_rigid_board;

IT (RTS-RT (K)) <=10"-6
K;
Break

End
End;
Thickness_Thermal_insulation=1+max (K)/10; % units are iIn inch.
% refcoeff tf
% Plots reflection coefficient from a transfer function, after being

% exported as a .csv Tile.

a=0.077/2; % Radius
f = 1:2600;

For n = 1: length (f)
K (n) = 2*pi*f (n)/343;
Ka (n) = k (n)*a;

Rtheo (n) = 1 + 0.01336*ka (n) - 0.59079*ka (n) ~2 + 0.33576*ka (n)
A3 - 0.06432*ka (n) "4

End

Vmicl_WOOD=xlsread ("ACOUSTIC_PROJECT.xlIsx", 10,"C24:C2023")/0.000254;
Vmic2_WOOD=xlIsread ("ACOUSTIC_PROJECT.xlIsx", 10,"B24:B2023")/0.000254;
DT=0.0002;
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[Hest_WOOD, fest WOOD] = tfestimate (Vmic2_WOOD, Vmicl WOOD, [1, I[1.
5199, 1/dt);

For n=1: length (Hest_WOOD)
Hestmag WOOD (n) = abs (Hest_WOOD (n));

Hestphase WOOD (n) = atan2 (imag (Hest WOOD (n)), real (Hest_WOOD
M));
End

Vmicl _3=xlIsread ("ACOUSTIC_ PROJECT.xlIsx", 8,"B24:B2023")/0.000254;
Vmic2_3=xlIsread ("ACOUSTIC_ PROJECT.xlIsx", 8,°C24:C2023")/0.000254;
DT=0.0002;
[Hest_3, fest 3] = tfestimate (Vmic2_3, Vmicl 3, [1, [1, 5199, 1/dt);
For n=1: length (Hest_3)

Hestmag 3 (n) = abs (Hest_3 (n));

Hestphase 3 (n) = atan2 (imag (Hest_3 (n)), real (Hest_3 (n)));
End
Vmicl_1=xlIsread ("ACOUSTIC_ PROJECT.xlIsx", 7,"B24:B2023")/0.000254;
Vmic2_1=xlsread ("ACOUSTIC_ PROJECT.xlIsx", 7,7C24:C2023")/0.000254;
DT=0.0002;
[Hest 1, fest 1] = tfestimate (Vmic2_1, Vmicl 1, [1, [1, 5199, 1/dt);
For n=1: length (Hest_ 1)

Hestmag 1 (n) = abs (Hest_1 (n));

Hestphase 1 (n) = atan2 (imag (Hest_1 (n)), real (Hest_1 (n)));
End
% calculate Reflection coefficient
c = 343; %speed of sound
L = 0.15; % Dimensions of impedance tube
s= 0.02;
f=1: length (fest_1);
For n= 1: length (fest_1)

k = 2*pi*fest_1 (n)/c;
% R(n)=(Hest(n)-imag(Hest(n)))/(real (Hest(n))-Hest(n));

R 1 (n) = (Hest_1 (n)-exp (-i*k*s))/ ((exp (k*s) - Hest_ 1 (n))*exp
(1*k*2*L));

Rexp_1 (n) = abs (R_1 (n));
Rphase_1 (n) = atan2 (imag (R_1 (n)), real (R_1 (n)))*180/pi;

end
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c = 343; %speed of sound
L = 0.15; % Dimensions of Impedance tube
s= 0.02;
f=1: length (fest_3);
For n= 1: length (fest_3)
k = 2*pi*fest_3 (n)/c;
% R(n)=(Hest(n)-imag(Hest(n)))/(real (Hest(n))-Hest(n));

R 3 (n) = (Hest_3 (n)-exp (-i*k*s))/ ((exp (k*s) - Hest 3 (n))*exp
(1*k*2*L));

Rexp_3 (n) = abs (R_3 (n));
Rphase_3 (n) = atan2 (imag (R_3 (n)), real (R_3 (n)))*180/pi;
End
For n= 1: length (fest_WOOD)
k = 2*pi*fest_WOOD (n)/c;
% R(n)=(Hest(n)-imag(Hest(n)))/(real (Hest(n))-Hest(n));
R_WOOD (n) = (Hest_WOOD (n)-exp (-i*k*s))/ ((exp (k*s) - Hest_WOOD
(M))*exp (1*k*2*L));
Rexp_WOOD (n) = abs (R_WOOD (n));

Rphase WoOD (n) = atan2 (imag (R_WOOD (n)), vreal (R_WOOD
(n)))*180/pi ;

end

% Plots the theoretical curve fTor the reflection coefficient of an
open-ended impedance tube.

=S

» close all

=S

v clear all

% clc

a=0.077/2; % Radius
Ftheo = 1:2600;

For n = 1: length (ftheo)
K (n) = 2*pi*ftheo (n)/343;
Ka (n) = k (n)*a;

Rtheo (n) = 1 + 0.01336*ka (n) - 0.59079*ka (n) ~2 + 0.33576*ka (n)
A3 - 0.06432*ka (n) "4

End
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Figure ("name”, “Theoretical Reflection
Coefficient”, "numbertitle”, "off")

Plot (ftheo, Rtheo)

Xlabel (“Frequency, (Hz)")

Ylabel ("Rtheo _0%)

Axis ([0 2600 0 1.1])

%refcompare.m

% compares reflection coefficient of a measurement against the

% theoretical curve and then plots fig files as input.

% load theoref.mat

%% To plot from previous figures
[Figfile, figpath] = uigetfile (" .fig’, “Select the Tig file");
Open (fullfile (figpath, figfile))

Line = findall (gcf, "type","line");

Fexp = get (line (2),"xdata");

Rmag = get (line (2),"ydata®);

Close all

%% Plotting

Figtitle = inputdlg ("Figure title?”, “Title");

Figure ("name®, figtitle {1}, "numbertitle®, off")

Hold on

Title ("Magnitude®)

Xlabel ("Frequency (Hz)*")

Ylabel ("|R]7)

Plot (fexp, Rmag, “color®,"r")

Plot (ftheo, Rtheo,"linewidth®, 2)
Axis ([0 2600 0 1.1])

Legend ("Experimental”, “Theoretical®)

Grid on
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% save figure
IT exist ("tfpath®)
Cd (tfpath)
Elseif exist (“figpath®)
Cd (Figpath)
End
Hgsave (gcf, [Figtitle {1}," theocompare®])
Saveas (gcf, [Figtitle {1}," theocompare®], " png*)

plot(fest_1,Rexp_3, “DisplayName®, "Rexp_3", "XDataSource®,"fest_17,"YData
Source®, "Rexp_3"); ...

hold
all;plot(fest_1,Rexp_1,"DisplayName”,"Rexp_1°7,"XDataSource","fest _17,"Y
DataSource”,"Rexp_1%);...

Hold off; figure (gcf);

%plot (fest_WOOD, Rexp_WOOD, "DisplayName* , "Rexp_WOOD VS.
fest WOOD", ”XDataSource~,

% “fest WOOD",*YDataSource®,"Rexp_WOOD"); figure (gcf)
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Appendix C: Exergoeconomic Analysis and Optimization Code

%%OPTIMIZATION OF TOTAL SYSTEM COST $/HR Vs. GLOBAL SYSTEM EXERGETIC
%%EFFICIENCY .

% Using Multiobjective genetic algorithm

%%

clc;

clear;

%@gaplotrankhist @gaplotscorediversity @gaplotdistance @gaplotselection
options = gaoptimset;

options = gaoptimset (options, "PopulationSize®, 120);

options = gaoptimset (options, "ParetoFraction®, 0.65);

options = gaoptimset (options, "CrossoverFcn®, {@crossoverintermediate
 »:

options = gaoptimset (options, “Display”, “off");

options = gaoptimset (options, "PlotFcns®, { @gaplotpareto P

[x,fval,exitflag,output,population, score] =
gamultiobj (@PHD_PROPOSAL_SYSTEM1, 27, [] [] . .

[298,28,39,238.6,0.4,5.897,0.012,0.04,15,1.1,2.51,29,0.673,0.021,0.294,
91.82,0.04,7.2,0.66,64.85,9.4,6.66,12.63,30.72,62.31,5.83,0.7934],

[307,33,47,280.4,0.7822,8.929,0.02888,0.06,20,3.4,4,38,0.935,0.029,0.37

,106.7,0.07,7.9,0.69,74.85,18.77,30.18,22.69,32.04,98.05,5.95,0.9182] ,0
ptions);
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Appendix D: Acoustics Experimental Description

o Experimental set up

The experiment is conducted at the acoustics and noise control lab at the UOIT campus
where SPL and reflection coefficients are measured for the following acoustical materials
by two different techniques:

e Impedance tube experiment

A speaker is placed at the face of one end of a tube and is sealed properly by using
two wooden flanges to insure that there is no leakage of transmitted sound, while at the
other end the individually tested material, 1" of rigid polystyrene foam and 2" of Roxul
fiberglass is fixed by two flanges to secure the test in place and to make sure that no noise
is leaking. Two Pressure microphones are installed at the surface of the tube as shown in
the following figures the experiment was conducted to calculate the reflection

coefficients using: A 100x15 cm PVC pipe arranged as shown in Figure D.1.
In this study, procedure and evaluation of Impedance tube method will follow [46, 47]:

“In this method, a broadband stationary random acoustic wave in a tube is
mathematically decomposed into its incident and reflected components using a simple
transfer-function relation between the acoustic pressures at two locations on the tube
wall. The wave decomposition leads to the determination of the complex reflection
coefficient from which the complex acoustic impedance and the sound absorption
coefficient of a material and the transmission loss of a silencer element can be

determined.”
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Mic.1 Mic.2

Generator -
(Speaker)

Standing Wave Apparatus
( Impedance Tube )

Figure D.1: Impedance tube.

Figure D.2: Speaker that generates the noise.

FigureD.2 shows the speaker attached to one end of the pipe through a flange

combination and is properly sealed to prevent any noise leakage from openings. The
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microphones are on the other side of the pipe where S = 2 cm. and L= 15 cm being the
distance from the face of the acoustic material to the first microphone.

Figure D.3: Impedance tube with the two microphones inserted along with the 3 inch acoustical
material installed and well sealed.

Figure D.3 shows the impedance tube with the specimen to be tested and the two
microphones that carry the voltage signal back to the sensor signal conditioner shown in
Figure D.4 which is connected to the analog output series instrument Figure D.5 and to
the lab view software Figure D.6 to analyze the signal and perform the required tasks.

L T

Figure D.4: Sensor signal conditioner.
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Figure D.5: Analog output series instrument.

Figure D.6: Equipment to transfer signal from microphones into lab view software.

e Enclosure experiment
In this experiment an enclosure is made up of:

e 3 inch stone wool Roxul insulation material+ 1 inch rigid foam insulation made
from Expanded Polystyrene (Figure D.7).
e 3 inch stone wool Roxul insulation material+ 2 inch rigid foam insulation made

from Expanded Polystyrene (Figure D.8).
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The enclosure is made up of the acoustic material as indicated in Figures D.7 and
D.8.The enclosure is well sealed to avoid any sound leakage and a free field microphone
is installed inside the enclosure while a generated noise is built on the outside using a
speaker .The microphone signal is connected to the analog instrument and then
transferred to the lab view software where the FFT algorithm produces rms voltage
values that is recorded at different frequencies’ and then transformed into pressure signal
by multiplying with the voltage to pressure sensitivity factor of the microphone. After

which the SPL is calculated and the attenuation by each material can be evaluated.

Figure D.8: 3” Roxul stone wool fiberglass +2" expanded rigid polystyrene insulation foam
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