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Abstract

Urban growth has resulted in increased built up area, primarily catering to the housing sector
and rising household incomes have resulted in increased energy demand of buildings. Urban
areas are responsible for almost 68% to 74% of global CO; emissions from energy use derived by
conversion of fossil fuels into electricity. With increasing demand the energy grids are unable to
meet the targets leading to deficit and power outages. Decentralized energy generation systems
need to be promoted within the scope of existing housing development to immediately meet the

increasing energy demand and achieving global carbon emission targets.

Existing studies highlight the gap in relating the performance of Renewable Energy Sources (RES)
within the context of the built environment. The present research tries to assess the micro
generation potential of solar and wind resources within existing housing typologies. The research
hypothesis is formulated accordingly as - Solar and Wind Energy based Residential Hybrid Energy
Mix (RHEM) model can meet 25% of existing household energy demand.

As part of the work, industry standard computer modelling and simulation tools like ANSYS Fluent
for Computational Fluid Dynamics (CFD) analysis and DIVA - a parametric daylighting tool of
RHINO 3D are used to assess wind and solar energy output. This is followed by a microgrid
simulation software - HOMER (Hybrid Optimization Model for Multiple Energy Resources) that is
used to define the performance of a Residential Hybrid Energy Mix (RHEM) Model based on
choice of RES for each housing typology.

The case study area comprises of urban areas of Union Territory of Chandigarh, Panchkula from
Haryana and Mohali from Punjab collectively known as the Chandigarh Urban Complex (CUC).
CUC experiences extreme climatic conditions and has high household affordability and
penetration of electrical appliances. Based on comparative analysis of housing typologies of CUC
four Representative Residential Units (RRUs) are identified — low rise plotted housing (detached,
semi-detached and row), low rise group housing, medium rise group housing and high rise

apartments.

The energy performance of each RRU is assessed on basis of household questionnaire survey and
compared with simulated assessment using Energy Plus to generalize and define the energy

consumption benchmark across each typology. The questionnaire survey is intended to collect
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Abstract

information related to existing conditions of household, cooling and heating needs, internal plug
load intensity and household occupancy patterns. The simulated assessment of RRUs using
EnergyPlus is undertaken considering the parameters defined by IGBC, GRIHA, ASHRAE and TERI
for energy efficient buildings. The validity of the model is checked by comparing the simulated

energy estimate with monthly electricity bills.

The household energy assessment reveals that occupants spend most of their time in the living
room and bedrooms. Also, cooling demand is the major consumer of annual electricity followed
by lighting and heating demand. Comparison of different RRUs highlights that high rise
residential units need not necessarily be energy intensive due to their scale, it is the case of
plotted development that can impact energy performance. The survey highlights that joint
families are prevalent across the low rise plotted unit which may be an advantage with respect
to social structure, but can act as a deterrent to energy consumption due to behavioural issues.
Also, it is understood that dissemination of information for the promotion and easy acceptance
of renewable infrastructure by the home owners is necessary as only 12-14% of existing home

occupants are aware of similar strategies.

The household energy benchmarking is followed by assessment of existing wind resource in CUC
and its feasibility as a potential energy generating resource is measured across the housing
typologies. Assessment is undertaken using both statistical and ANSYS Fluent, a Computational
Fluid Dynamic (CFD) tool to visualize and understand the pattern of wind in and around buildings.
The approach is conservative as the north western dominant winds have only been used as part
of the assessment. The statistical process involves deriving the parameters of the Weibull
function, a prominent approach to define wind speed probability. Wind flow dynamics are
analysed at the scale of each typology and various locations are identified for placement of wind
turbines. In addition, numerical assessments are undertaken to calculate the maximum wind
energy that can be generated. With reference to observed wind speed of 2.26m/sec, CFD based
analyses highlight wind speeds are accelerated to 3.25-4.85m/sec due to the different built-form
configurations and commercial micro wind turbine of 1kW is able to generate energy equivalent

to 118-340kWh/year based on its location across the varied housing typologies.

Solar energy as a resource restricted to retrofitting has been looked at from a new perspective

of inclusion in housing with the use of parametric tools — DIVA and Grasshopper. Its maximum
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potential and viability considerations are investigated to derive more innovative and dynamic
solutions. With an an annual average horizontal irradiance of 5.21kWh/m?/day and physical
development based on a sectoral grid it is possible to integrate solar infrastructure into the

households of CUC.

On the basis of technical and simulated assessment, it is observed that out of the four different
typologies, medium rise group housing with connected roofs have highest solar generation
potential. The vertical high rise apartments have the inherent weakness of low roof area
compared to overall built-up area thus reducing the solar output. Plotted development exhibits
varied results based on their form and orientation. Some of the units overshadow others thereby
influencing their contribution. The low rise group housing performs equivalent to the medium
rise typology but the low width of each block results in more overshadowing in comparison to

the latter thereby effecting the output.

Built form geometry and building controls have a great role to play in the enhancement of solar
energy generation. In simulation models it is observed that the inclusion of 0.9m parapet wall
leads to overshadowing thereby reducing effective solar area and energy generation. The study
of built form and its contribution towards solar energy generation is undertaken based on the

solar envelope concept defined by Prof. Ralph L. Knowles.

Finally, assessment of the availability of solar and wind resource is integrated in the framework
of a Residential Hybrid Energy Mix (RHEM) Model that relates the actual energy demand of the
RRUs with a mix of renewable energy choices. HOMER simulation software is used to find the
optimum renewable energy infrastructure composition based on solar and wind resources along
with the diesel generators as backup option. The energy mix meeting the energy demand with

low Cost of Energy (COE) is considered as the most viable option.

It is observed that on an average wind and diesel based infrastructure incorporated at the site
level rather than the roof consume around 10-12% of the total plot area. In similar context, Solar
PV infrastructure can be installed covering 60% of roof area with remaining 40% left for essential
services. Under ideal conditions the rooftop based Solar PV layout can meet up to 24-26% of
actual energy demand. Various avenues like interconnected roof policy, exploiting spaces in

between building blocks at higher level in case of high and medium rise housing need to be

Jadavpur University Xi



Abstract

devised for enhancing the area for solar PV and wind based energy generation to generate more

power.

Future avenues of the research include redefining/reframing existing building controls with the
scope of promoting solar and wind based renewable energy. Further, development of a visual
decision tool for the aid of home owners and architects in making decisions regarding micro
generation can help in making optimum design solutions and achieve energy sustainability.
Emphasis should be to relate energy based goals that can be achieved as an outcome of built
form development and usage patterns rather than forcing mandatory guidelines for installation

of solar infrastructure irrespective of the above considerations.

Realization of a true solar city starts from a household. As architects it is our responsibility to
meet the demands of the household by ensuring all possible conservation measures and passive
design inputs so that there is minimum energy demand from the households. The demand that
arises should be addressed through inclusion of renewable infrastructure right from the design
concept stage. For this to be achieved it is necessary to simulate the scenario and find all possible
alternative solutions through the use of modern day computational tools along with the

integration of our traditional knowledge and wisdom.

The study highlights that there is no clear winner or loser in case of solar and wind based
renewable energy generation in the housing sector. Both the resources have their inherent
advantages and disadvantages. Integrating them together in form of hybrid energy mix model
can compensate each other’s shortcomings. Hybrid energy systems should be promoted in
comparison to stand alone systems as they aid in ensuring energy supply in case of failure of any

one of the resources.

Here it is also pertinent to mention that RES infrastructure in form of hybrid energy systems need
to be implemented at neighbourhood level to maximize the gains out of renewable resources

and achieve energy sustainability in the housing sector.
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Chapter 1
Introduction

1.1 Scope of Micro Generation in Housing

Urban areas are responsible for almost 68% to 74% of global CO, emissions from global energy
use (Seto, 2015) derived by conversion of fossil fuels into electricity. Owing to the location of the
resource and scale of the power generation the electricity grid networks are designed as
vertically integrated networks with large power plants and passive household grid. The energy
grids owing to increasing demand are unable to meet the targets leading to deficit and power
outages. Increase in energy consumption and rise of dependency on energy imports has
emphasized the need localized generation apart from efficient use of energy. If measures are not
taken, lack of substantial energy infrastructure will impend the development of about 60% urban

population in India by 2030 (MoUD, 2012).

Housing is a necessity for human survival in urban areas. It is a measures of an individual’s ability,
viability and determination for survival in the urban world. Urban growth has resulted in
increased built up area, primarily catering to the housing sector and rising household incomes
have resulted in increasing energy demand of buildings. To immediately meet the global carbon
emission targets decentralized energy generation systems have to be promoted within the scope
of existing housing development rather than awaiting creation of new renewable energy

integrated setups (Madlener & Sunak, 2011).

The interaction between various elements of architectural form and their influence on overall
energy behaviour individually is apparent through statistical assessment but when the need is to
understand collective interaction between various aspects of built form there is a need for
computational tools (Attia et al., 2012). Modern day computational tools can be used to simulate
and understand the multi-variable interaction of energy and built form across various housing

typologies and determine the consumption and generation patterns.

Analysis of the built form and energy interaction taken across various housing typologies - plotted
unit, row housing, medium rise unit and high rise unit at building and neighbourhood level shall
aid in understanding the potential of each typology and also defining guidelines for energy

generation in future housing (Bahaj & James, 2007).
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1.2 Background Study

Renewable energy planning and management by creating the right energy mix and bi-directional
energy chain conditions (Bandyopadhyay, 2017) shall be the guiding criteria for a sustainable
energy future across housing sector. There is a need to understand the role of small and
microgeneration energy systems based on renewable energy resources at the household level
and their contribution towards energy targets. The attempt is not to meet the operational energy
demand but also integrating the end user into the energy management system so as to reduce

energy wastage.

There are concerns associated with existing strategies from the perspective of an architect and
the end user that need to be addressed. The first concern with existing strategies is that they are
technical in nature but there is a need to understand the actual potential of urban level
renewable resources like solar, wind and biomass considering the architectural character and
built form configuration of various housing typologies (Coles et al., 2015). The second concern
that needs investigation is the ideal conditions under which these resources either on standalone
or combined hybrid mode become viable energy sources for the housing community. The third
concern is related to ways of empowering the home owners in making a conscious decision about

choice of renewable energy infrastructure rather than forcing them to follow a set of guidelines.

1.2.1 Urbanization and World Energy Scenario

Urban areas occupy only 2% of the total land area on earth but our cities are going through
transformation and by 2050, 70% of world’s population is expected to live in urban areas.
Urbanization is an outcome of the economic development, leading to population growth, better
economic and livelihood opportunities which result in increased resource consumption. Urban
areas account for two-thirds of total global energy demand, with electricity being the primary
form of energy (Al-Juaied and Whitmore, 2009). Better access to electricity in urban areas over
traditional fuels has resulted in an increasing ownership of electrical appliances which results in
increasing energy demand (UNEP SBCI, 2009). To meet this growing demand governments
propose creation of non-renewable fuel based energy generation infrastructure, primarily coal
which not only add to the financial burden on governments but also add towards global carbon-

dioxide emissions (Salat, 2009).
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Buildings form the major fabric of our urban landscape and are the major consumers of urban
energy accounting to 32% of global energy consumption and also contributors towards 25% of
global CO; emissions (World Energy Outlook, 2016). To reduce the energy burden of the built
environment energy efficiency and conservancy measures at various levels have been proposed
to ensure better energy access, reliability and security (Jones, 1991). With the up rise in natural,
seasonal and man-made disasters the urban areas are completely shut off from basic services
thereby prompting the need to promote onsite energy generation using renewable energy
sources like solar, wind, hydro, biomass etc. (Li, 2005). A major hurdle in promotion of renewable
energy systems is the guarantee in meeting energy demand and uncertainty in quantifying the

payback (WRI, 2014).

Buildings primarily housing form 80% of total built environment and play a major role in the
energy balance of urban areas. Energy security within the housing sector can help improve the
quality of life by enhancing comfort and improving indoor and outdoor conditions. Various policy
interventions have been made to reduce the demand side along with energy conservation at
various levels of housing, but the implementation has not delivered desired results leading to
energy insecurity (Smil, 2003). Also, user behaviour and varied age groups lead to diverse energy

consumption patterns challenging energy demand predictions.
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1e
Figure 1.1: Change in Primary Energy Demand (Source: World Energy Outlook 2017)

As per International Energy Agency (IEA, 2016) with the aggressive implementation of renewable
energy generation, and promoting energy conservancy it is possible for buildings to reduce CO;

emissions up to a tune of 5.8 billion tonnes (Gt) by 2050 and reducing greenhouse gas emissions
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by up to 83% as per business-as usual scenario (Juaied & Whitmore, 2009). Countries and cities

around the globe have committed through master plans to reduce their part of global carbon

emissions.
& 36
New Policies Scenario
B sessensearsy 44% Efficiency
28
24
Sustainable 2%  Fuel-switching
Development Scenario ’
20 | 9%  CCS
16 I T T 1
2010 2020 2030 2040
Figure 1.2: Comparison of CO, emissions between Sustainable Development and New Policies

Scenario (Source: World Energy Outlook, 2017)

1.2.2 Urbanization and Energy Scenario of Urban India

India is one of the major growing economies of the world and by 2020 would be the ‘World’s
Youngest Country’ with a major portion of its population forming the workforce. India’s urban
population owing to economic development and better opportunities has increased from 20% in
1971 to 31% in 2011 of total national population (Census, 2011). At this rate by 2020 the urban

population is expected to form 40% of total national population.
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Figure 1.3: Climatic Action Scenarios of India (Source: Climate Action Tracker, 2017)
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Electricity is the major form of energy consumed in urban areas and its generation contributes
to 35.5% Carbon Emissions in India. In 2016-17 as per Central Electricity Authority (CEA, 2015),
80.6% of the electricity was produced by burning coal, diesel or gas in thermal power plants,

10.5% from hydro-energy projects, 3.1% from nuclear power plants and 5.8% from renewables.

India on October 02, 2016 has committed through its Nationally Determined Contribution (NDC)
under the Paris Agreement to lower its carbon emissions intensity in 2030 by 33-35% of its GDP
from 2005 levels and also generate 40% of its energy from non-fossil based fuels. In continuation
to these commitments the Government of India has initiated the National Energy Policy which

aims to ensure 175 GW renewable energy generation by 2022.

e ot
2013
non-OECD dverage _
World average _
QOECD average _
L‘ii?' 0% 5% 10% 15% 20% 25% 30% 35%
. Comparative Transmission and Distribution (T&D) Losses of India to World
Figure 1.4:

Economics (Percentage of total electricity generated) (Source: EIA, 2014)

India also faces the challenge of Transmission and Distribution (T&D) losses amounting to 23% of
total electricity produced at national level, which is almost three times of world average and in
some Indian states it is up to 50% (EIA, 2015). The major reason behind T&D losses is attributed
to electricity theft, faulty or tampered electricity meters and need for upgradation of
transmission infrastructure. The viable option to reduce T&D losses is by avoiding electricity
transmission over longer distance and control over transmission through decentralized power
generation based on renewable energy sources across various sectors of the society and

economy (Bhatia & Gulati, 2004).

If the targets envisioned by the Government of India are to be achieved it requires identifying

the right set of tools and strategies across various sectors of Indian economy. One such strategy

Jadavpur University 5



Chapter — 1 | Introduction

is the ‘National Solar Mission” which aims to develop ‘Solar Cities’ across India. A total of 60 cities
have been identified and Master Plans being prepared with the primary aim of promoting off-

grid solar based power generation.

The Government of India has proposed various national plans and programmes as part of the
NITI Aayog for overall urban development with specific measures addressing energy demand like
Power for All by 2022, Housing for All by 2022, 100 Smart Cities and 175 GW of renewable energy
by 2022 (NITI AAYOG, 2017). The attempt is to develop strategies that have co-benefits through
mandatory or voluntary involvement of stakeholders or agencies and also ensure liability in
meeting the desired targets. Defining measurable targets with specified timeframes and
introducing a penalty mechanism have also been proposed to check in case desired goals or

deadlines are not achieved.
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India’s Solar Goals as part of National Solar Mission

Figure 1.5: .
gy (Source: World Resources Institute, 2016)

The National Solar Mission envisions setting of utility scale grid-connected solar parks on sites
primarily deemed to be waste lands. The mission also proposes setting up 1 GW of solar power
infrastructure on rooftops of government, commercial and residential buildings. This requires
investigation of existing built forms and their design characteristics in meeting the requirements
of the occupants and also enhancing the potential of rooftop solar infrastructure. No such

initiatives have been proposed at urban level for wind based renewable energy generation.
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1.2.3 Housing and Energy Demand

On the consumer side, industry and domestic sector are the primary consumers of electricity at
42.10% and 23.53% (Prayas, 2016). The rate of growth in electricity consumption by the industry
from 2010-2015 is 26.56% whereas for domestic sector it has increased by 34.70% (CE, 2015).
The revised Energy Conservation Building Code (ECBC) launched in 2017 defined guidelines to
ensure 50% reduction of energy demand in buildings by 2030. With a major part of the housing
stock yet to be built the domestic sector is going to be a key component in mitigating the goals
set by India with respect to energy demand and carbon emissions. The India Energy Security

Scenarios (IESS) 2047 Tool (http://indiaenergy.gov.in/) by the NITI Aayog envisions that by 2047

with a determined effort scenario based on higher energy efficiency and conservation measures

the domestic sector energy demand shall reduce to 12.6% of total energy demand.

Industry:
9,920 TWh
Cooking:
522TWh - Commercial Lighting
T & Appliances: 181 TWh
Total Energy
. Buildings Commercial Heating
Demand: 2,287 TWh & Cooking: 580 TWh
18,125 TWh
-~ Domestic Lighting
R & Appliances: 622 TWh
Pumps & Tl o .
Tractors: "~ _| | Residential Heating
798 TWh N & Cooling: 925 TWh
Telecom:
Transport: 184 TWh
4,414 TWh Source: India Energy Security Scenarios 2047
Note: TWh = terawatt hours {Determined effort scenario, all level )
Figure 1.6: India’s Projected Energy Demand 2047

(Source: World Resources Institute, 2016)

Domestic energy consumption is highly dependent on housing typology, location, energy
consuming activities within the household, socio-demographic and economic conditions of the
occupants, varying needs of multiple age groups within the house, types of electrical appliances
and their efficiency, etc. Indian housing is going through major transformation in the past decade
with the most notable feature being the growth in high rise medium density and high rise high

density housing.
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Urban and peri-urban areas have become major centers of aggressive competition between the
private developers to take advantage of the situation leading to development of high rise gated
housing projects promoted majorly by private developers termed as ‘Integrated Gated Housing
Townships’. The varied household configurations within these housing projects have opened up
options for people from different economic classes and affordability levels, but without any

consideration to the pressure created on both land and resources.

Though the embodied energy of a dwelling in these townships is generally lower than that of an
individual household, they are intensive in the operational energy which represents a major
component of energy in the total life cycle of a building. With a competitive market and price

conscious consumer selling out the dwelling units is a major challenge for most of the developers.

a) Plotted / Row Housing b) Medium Rise c) High Rise

Figure 1.7: Prevalent Upcoming Housing Typologies in Urban Periphery

To attract the masses and also ensure affordability, the urban gated housing developments
comprise of varied housing typologies like plotted, row housing, medium and high rise but
predominantly high density in character (as indicated in figure 1.7) and; integrated with energy
intensive infrastructure including lifts, fire safety systems, centralized air conditioning systems,
electronic surveillance, etc. They are dependent on backup energy networks to compensate for
power outages and failure of the power grid. The households are also flooded with energy
intensive electrical appliances primarily split air conditioners and geysers rather than
understanding the importance of more efficient centralized facilities and their integration into

overall design.

To meet the ever increasing energy demand in these townships owing to already deficient power

supply from the grid, backup power systems are provided and listed under Unique Selling Point
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(USP). The backup systems comprise of generators which run on conventional fossil fuels like
diesel. The whole setup involves huge initial investment and recurring maintenance costs, which
later on influences the monthly expenditure of households in these townships. Apart from cost

they contribute towards global carbon emissions.

1.3 Need of the Study

Energy access to all and energy security are key for the sustainable development of the urban
areas. With growing environmental concern it is necessary to promote renewable energy systems
with equal access to all. Conflicting interests and lack of a decision tool to guide the process of
incorporating renewable energy infrastructure into the housing design process is one of the

major cause for not achieving desired energy targets by the domestic sector.

From the perspective of an Architect the nature of existing guidelines need to be end user
oriented to give strategic, customisable and situation specific solutions. Energy efficiency
guidelines laid down by the Energy Conservation and Building Code (ECBC) need to be linked with
‘Micro Generation Potential’ to ensure implementation of energy generation and efficiency
strategies right at the design conceptual stage. Linking energy efficiency with sustainable energy
generation can ensure overall reduction in energy demand, promoting energy security, reduction
in energy bills, lowering investment required to set up new energy infrastructure and overall

environmental development.

Solar access in the modern day context is associated with energy, health, prosperity, quality of
life and aesthetics. It also has a greater impact on the overall architectural and urban pattern of
our cities. As Ralph Knowles (Knowles, 2003) observed that solar access is everybody’s need and
right. Ensuring solar access has a direct reflection on the daylighting, heating, cooling and
ventilation needs of the built environment (Ratti et al., 2005). It also defines the potential and

output of solar renewable energy infrastructure.

With increasing density and rising building heights the concept of solar access to every household
becomes a challenge. In countries like Hong Kong there are strict guidelines that permit every
household a minimum of 2 hours of direct sunlight every day. It is necessary in India’s context

that if we need to ensure creation of sustainable urban areas based on ‘Solar City’ concept and
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energy efficient neighbourhoods, architects need to play a key role in understanding these

forgotten concepts and put them to application.

Architects of the new era are also expected to have design, visual and scientific skills as the
profession demands an integrated design approach. Today’s buildings are supposed to abide by
set of development controls without compromising on user comfort, adaptability to climatic
challenges and consume the least of energy resources. The impact of buildings on the
environment need to be assessed and a synergy established between energy efficiency and

energy generation strategies based on renewable and hybrid energy sources.

Architects need to take initiative in defining this new form of integrated design process which
not only aims to meet specific design requirements and aesthetics but also integrates energy
goals and renewable energy infrastructure as part of the design process. To achieve this a major
change in mind set is required wherein buildings should not be considered as energy consumers,
rather they should be considered as energy generators and avenues explored to integrate various

renewable energy generation systems as part of the built form.

Home owners and architects are facing a lack of general awareness, technical advancements and
guiding process for inclusion of alternate renewable energy sources into the built environment,
which is effecting the overall investment in renewable energy infrastructure and meeting a major
portion of household energy demand. Existing strategy of ‘Solar Cities’ involves promotion of
solar based renewable energy systems with solar PV or solar thermal infrastructure getting due
attention (Mariam et al., 2013). But, within the existing urban fabric some of the urban forms
have higher solar potential over others owing to their built form, development controls and

orientation.

It is necessary that alternate microgeneration strategies like wind, combined heat and power
(CHP) and biomass need to be looked into as well so as to mitigate their inclusion into the
domestic sector both technically and architecturally. This requires understanding the viability
conditions of each of these renewable energy source and measures to enhance their
microgeneration contribution at household level. Incorporating the research into a visual

platform can aid architects and homeowners in decision making.
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1.4 Area of Research

Promotion of microgeneration based infrastructure in the housing sector involves two major
aspects — first, understanding the relationship between energy, design of buildings and
neighbourhoods to define the viability conditions for each of the renewable energy sources
(Hinnells, 2009). Second, application of microgeneration technologies on a larger scale, thereby

making them efficient and economical.

The study area taken as part of the research is Chandigarh Urban Complex comprising of Union
Territory of Chandigarh, Panchkula from Haryana and Mohali from Punjab. The significance of
the study is also because Chandigarh is selected as a model city for the promotion of ‘Solar City’
concept with the goal to meet 10% of total energy demand through solar and renewable energy

systems.

The research looks into the performance of solar and wind resources in the existing housing
typologies and existing site layout or arrangement of units. The performance of the resource is
a measure of the necessary upgradation that the typologies need to undergo thereby enhancing
the existing potential. The research aims to enhance the potential of the existing solar and wind
resource by understanding their performance within the context of existing housing
development. Modern day computational tools have been used as part of the study to aid in the

analysis of complex scenarios.

To overcome the deficit caused by a particular energy source owing to regional or climatic factors
an integrated energy model ‘Residential Hybrid Energy Mix (RHEM) Model’ is proposed that
integrates various renewable energy sources to ensure standard energy generation over the
year. Simulated assessment of the performance and contribution of each energy model across
various typologies and meeting a major portion of household energy demand shall be a measure

of its viability.

1.5 Key Research Questions and Research Hypothesis

Assessing the promotion of microgeneration infrastructure within the context of existing housing
stock can aid in meeting the growing energy demand of for the future housing stock. The
assessment process would require multi-objective optimization to achieve desired results. This

necessitates the use of evolutionary ‘Parametric’ based computing tools. The research uses 3D
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simulation models of different housing typologies to quantify the overall energy performance
and microgeneration potential. Details about the various computing tools used as part of the

research are discussed briefly in Research Methodology, Section 1.9 of Chapter 1.

Wind based microgeneration has the least environmental concerns and needs less maintenance
than the solar infrastructure. Wind based energy generation within the urban context especially
the housing sector is under neglect and if given the right boost can be more economical than

solar based energy generation.

Research Question 1:

How do existing typologies of Chandigarh Urban Complex perform with respect to wind based

microgeneration?

Wind energy has been established to be more mature and higher output generating option at
global scale. Wind as a renewable energy resource at urban and building level has a great
potential if its turbulent character in the urban environment could be exploited. Also, it gives
architects a challenge to design buildings that are aesthetic and also take advantage of wind. The
guestion intends to establish the role, design considerations, maximum potential and viability of

wind based energy sources within the context of existing housing typologies.

Research Question 2:

How do existing typologies of Chandigarh Urban Complex perform with respect to solar based

microgeneration?

Solar based microgeneration is already on the rise with a lot of input from the government and
various agencies. But the existing retrofit based process of integrating solar infrastructure is
aimed only to meet targets. There is no provision for the home owner to take a stand based on
the actual potential of solar energy from their roof. The question seeks to find out if the existing
housing typologies are capable to generate the desired energy outcome? Which typologies of
Chandigarh Urban Complex are capable to meet their energy needs with basic solar
infrastructure? What are the built form considerations under which solar based microgeneration

is viable and can achieve maximum potential?

12 Siddhartha Koduru



Assessing the Potential of Micro Generation to Achieve Energy Sustainability in the Housing Sector

Research Question 3:

What would be the character of the Residential Hybrid Energy Mix (RHEM) Model? How would

it aid in choosing between stand-alone and hybrid renewable energy systems for housing?

The question address the conceptual framework of inter mix model of wind and solar resource
termed as Residential Hybrid Energy Mix (RHEM) Model and applicable across various housing
typologies. The model is intended to ensure maximum contribution towards household energy
demand by a mix of solar and wind energy systems. The overall contribution by each solar and
wind energy source across various housing typologies is different. The model gives due
consideration to the viability conditions under which each of the renewable energy system can
contribute their maximum to energy generation. What will be the character of the model so that

it can achieve maximum output?

With the Solar City concept defining a 10% energy generation based on renewable energy
systems and the vision of the NITI AAYOG to reduce national domestic energy consumption to
12.6% of total energy generated by 2047. The guidelines defined by ECBC in 2017 to ensure 50%
reduction in energy demand of buildings by 2030. Based on the targets the research is guided by

the hypothesis:

“Solar and Wind Energy based Residential Hybrid Energy Mix (RHEM) model can meet up to

25% of existing household energy demand.”

1.6 Aim and Objectives of the Study

The aim of the research is to define the viability conditions for integration of solar and wind based
renewable energy systems across different housing typologies and identify measures to enhance

their microgeneration potential.

The energy mix is influenced by the inherent weakness of both the solar and wind resources, like
in case of solar maximum output is achieved during summers owing to the high intensity of solar
radiation and clear skies whereas the contribution shall reduce during monsoons and winters due
to rain, fog and cloudy conditions. To understand the performance of each of these energy
sources, they are subject to assessment considering various housing typologies — plotted, row,
medium rise and high rise. In some cases the assessment is undertaken at neighbourhood level.

The criteria for assessment shall be based on the floor area, geometry or form and height of the
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housing typology. The built form of any housing typology has a direct relationship with heating
and cooling needs, but the emphasis of the study is to estimate the area available on roof and
wall for solar energy generation. The impact of the housing form and geometry on wind resource
potential needs to be investigated. The overall goal of the research can be defined by a series of

smaller aims listed below:

1) To define potential of solar and wind resource in microgeneration across various typologies

2) To establish the ideal conditions under which solar and wind based microgeneration systems
are viable for each typology at household, building or neighbourhood level

3) To enhance microgeneration potential through identification of ideal energy mix using

‘Residential Hybrid Energy Mix (RHEM) Model’

Each of the aims is guided by a set of objectives listed below:

1) To define potential of solar and wind resource in microgeneration across various typologies
- Identification of predominant housing typologies in Chandigarh Urban Complex (CUC)
- Establishing Household energy consumption patterns across typologies
- Simulation of microgeneration assessment of different energy source across typologies
- Comparison between microgeneration potential and actual energy demand
2) To establish the ideal conditions under which solar and wind based microgeneration systems
are viable for each typology at household, building or neighbourhood level
- Defining solar based microgeneration viability and promotion conditions across typologies
- Defining wind based microgeneration viability and promotion conditions across typologies
- Identifying physical interventions in built form to enhance the microgeneration potential
3) To enhance microgeneration potential through identification of ideal energy mix using
‘Residential Hybrid Energy Mix (RHEM) Model’
- Conceptualize the framework of ‘Residential Hybrid Energy Mix (RHEM)Model’
- Comparison of solar and wind energy resource in standalone and hybrid conditions

- Establishing the ideal renewable energy mix to meet typology specific energy demand

1.7 Scope of Research
The primary focus of the study is to understand the relation between primary energy demand of
households and measures to meet a major portion of the demand through hybrid renewable

energy systems.
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The study discusses scenarios specific to existing housing typologies. 3D models of different
housing typologies are subjected to parametric simulation in order to assess their energy
performance based on built form characteristics laid down by the National Building Code (NBC,

2016), Energy Conservation Building Code (ECBC, 2017) for heating and cooling needs.

The scope of research is limited to application of solar and wind based renewable energy system
in standalone and hybrid mode within the context of the housing sector. The study focuses on
the active role of solar and wind energy infrastructure and not passive utilization. Other forms of
microgeneration systems - Biomass and CHP systems have not been considered as part of the

study owing to their contribution towards carbon dioxide emissions and particulate matter.

Energy simulation assessment of the housing typologies is undertaken on basis of building
envelope guidelines laid down as per ideal case scenario of ECBC and GRIHA. Energy conservation

measures are considered to be of highest standards thereby ensuring least amount of wastage.

1.8 Limitations

The first major limitation of the study is that as part of the household energy assessment the
impact of user behaviour on energy demand has not been considered as part of research.
Secondly, in case of solar and wind based renewable energy assessment the influence of
vegetation and trees has not been considered as part of the study. In CFD analysis the limitation
on number of faces resulted in not considering trees and vegetation. In solar analysis the impact
of vegetation is primarily on vertical surfaces of low rise structures as a result vegetation is not
considered as part of rooftop assessment. Thirdly, the role of balconies and other projections

has been negated in CFD analysis owing to complexity in geometry.

1.9 Research Methodology

The research methodology (as indicated in figure 1.8) behind the research is from the perspective
of an architect and appraisal of the built form. Study of existing housing typologies is undertaken
to delineate Representative Residential Units (RRUs) and their energy demand assessed through
house hold survey. This was followed by creation of 3D computational models in SketchUp for

analysis in EnergyPlus. The energy assessment defines the energy consumption patterns of each

typology.
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Statistical analysis of wind data from metrological center is undertaken to identify the most
probable wind speeds. But the performance of winds in the built environment is dependent on
existing built forms, so the 3D computational models are subjected to Computational Fluid
Dynamics (CFD) assessment in ANSYS Fluent. Sensors are placed at defined locations to derive
data of high velocity winds within the site and also define the locations of placing the wind
turbines. The wind velocities derived are used to calculate the wind energy potential by
integrating data of micro turbines ranging from 1 kW to 5 kW and assess the energy output. This
gives us the potential of wind resources in the different typologies. Solar assessment is done
using DIVA a parametric lighting tool to assess the radiation received by a surface based on the
angle of inclination and distance between the surfaces. Using test model conditions the
assessment of solar energy based on different inclination angles and distance between panels is
undertaken. Similar assessment is done for facade based panels to identify the potential of BIPV
systems. This resulted in the solar potential across typologies. The combination of both solar and
wind resources into a Residential Hybrid Energy Mix (RHEM) model is undertaken in HOMER
software and multiple scenarios generated to define the potential and contribution of each
resource. Some of the key computational tools used as part of the study and their role are

detailed below.

1.9.1 ANSYS Fluent

ANSYS Fluent is a CFD tool used to model flow, heat transfer, turbulence and other fluid dynamics
related applications as per need ranging from aircraft design to blood flow in the body. In the
study ANSYS Fluent is used to model flow of wind and study its behaviour in response to the
physical development of existing housing typologies.

1.9.2 DIVA for Rhino

DIVA for Rhino is a parametric daylight and energy modelling plugin to undertake environmental
performance evaluation ranging from individual buildings to urban context. In the study the
plugin assesses the performance and energy output of rooftop Solar PV panels. It is also used in
Grasshopper to study the shadow free area available for solar applications.

1.9.3 Grasshopper for Rhino

Grasshopper is a graphical algorithm editor integrated into the Rhino 3D modelling workspace
that allows building scripting in form of visual algorithms. In the study it is used along with DIVA

to study the role of Solar Envelope and assessment of rooftop and fagade based Solar PV panels.
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oo S et

¢ Trend of urbanization and its effect on household energy demand

¢ Energy conservation and need for promotion of energy generation at household level

¢ Need to study the behaviour of solar and wind resources within context of existing housing
¢ |dentifying energy mixes and energy choices depending on household energy demand

¢ How do existing typologies of Chandigarh Urban Complex perform with respect to

both wind and solar based microgeneration?

What would be the character of the Residential Hybrid Energy Mix (RHEM) Model? How would
it aid in choosing between stand-alone and hybrid renewable energy systems for housing?

'

Research Hypothesis
“Solar and Wind Energy based Residential Hybrid Energy Mix (RHEM)
model can meet up to 25% of existing household energy demand”

Chapter -1

To define potential of solar and wind resource in microgeneration across various typologies
To establish the ideal conditions under which solar and wind based microgeneration
systems are viable for each typology at household, building or neighbourhood level

To enhance microgeneration potential through identification of ideal energy mix using
‘Residential Hybrid Energy Mix (RHEM) Model’

.\.

Domestic Energy and Global Scenario

Solar and Wind Based Energy Generation

Computational Tools for Assessment of Dynamic Energy Resources
Conceptual Framework of Hybrid Energy Mix (HEM) for Energy Decisions

Chapter - 2

;
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¢ |dentifying the housing typologies of Chandigarh Urban Complex (CCU)

Collecting information related to building controls, plans, sections and elevations
e Defining Household Energy Benchmark

Chapter - 3

Household survey questionnaire to measure
e Household Energy Demand

e Occupancy and user behaviour

'

Defining the Household Energy Benchmark

L

Weather data from Metrological Department and Chandigarh Airport
e Statistical Assessment of Observed Wind Data from 2010-15
e Defining Probable Wind Speeds and Weibull Function Parameters

e Measuring the performance of observed wind data within the context of RRUs

ANSYS

FLUENT

e Creation of 3D models of RRUs in SketchUp

Chapter - 4

¢ Creation of mesh using ANSYS Mesher and importing into ANSYS Fluent
Creating boundary conditions and simulating based on varied wind speed
Observing the wind pattern and concentrations to derive simulated wind speed

¢ Locating wind turbine and calculating wind speeds.

.
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e Weather data from Metrological Department and Chandigarh Airport
¢ Defining the actual roof area
¢ Assessing the shadow free area on roof

¢
w + 7

Rhinoceros’ grasshopper

e Creation of 3D Models in Rhinoceros for Analysis
e Generating the ‘Solar Shading’ Algorithm in Grasshopper
e Computation of shadow free area

\
& + D

Rhinoceros’ DIVA FOR RWINO

Chapter - 5

e Creation of 3D models of RRUs in SketchUp

e Creation of mesh using ANSYS Mesher and importing into ANSYS Fluent

¢ Creating boundary conditions and simulating based on varied wind speed

e Observing the wind pattern and concentrations to derive simulated wind speed
e Locating wind turbine and calculating wind speeds.

J
& +

Rhinoceros’ grasshopper

Creation of parametric models of different plotted typologies of CUC
¢ Integration of ‘Solar Envelope’ algorithm to define the ideal solar unit
e Assessment of change in the quantitative aspects of the built form.

e Assessment of change to the physical formz

J

Residential Hybrid Energy Mix (RHEM) Model

T

Defining the RHEM model based on solar and wind energy resource

Simulating using HOMER (Hybrid Optimization Model for Multiple Energy Resources)
Identifying ideal energy mix for different RRUs and identifying the possible choices
Defining the contribution of renewable sources in meeting actual demand.

Chapter -

T
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Future Research Avenues

¢ Reframing of Building Controls to Promote Solar and Wind Microgeneration
e Creation of Visual Interactive Tools Interlinking Built Form and Microgeneration

e Assessing Impact of Residential Density Patterns and Household Occupancy on
Energy Demand and Microgeneration

Conclusion

e Answers to the research questions
e Guidelines for promotion of solar and wind energy
e Enhancing the potential of household energy through mitigation of energy mix

=t -
Chapter - 8 Chapter - 7

Figure 1.8 : Research Methodology

1.10 Conclusion

The study is a step towards understanding the role of microgeneration within the context of
housing. It attempts to assess the behaviour of solar and wind resources within the context of
existing housing typologies. The study is undertaken in various stages aimed to understand the
energy performance of existing households, assessing the potential of wind resource within the
turbulent conditions of the built environment, maximizing the output from solar resources and
defining a conceptual energy mix model that aims to maximize renewable energy output and its
inclusion depending on multi-dimensional factors. The outcome can guide future researchers in
promotion of renewable energy systems at micro level and thereby contribute towards the

common goal of ensuring energy security to all and also reduce global carbon emissions.
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Chapter 2
Review of Earlier Works

2.1 Introduction

Electrical energy has become a major source for the sustainability of human life. As the global
population is increasing, dependability on electricity has also increased. Statistics estimate that
the world population may reach to 8 billion by 2020 and this increase is typically in developing
countries. This necessitates the expansion of utility grid to meet this ever-increasing demand
(Jaganmohan et al., 2012). In the existing energy distribution network, the grid is overloaded and
faces problems of fossil fuel depletions, less efficient and ageing machinery at generation; poor
efficiencies in transmission and distribution; high installation and operational costs at
distribution. To address these issues the power sector is undergoing rapid change. India’s grid
connected Renewable Energy Sources (RES) capacity has increased seven times to about 35 GW
in the last decade. India has also set up an ambitious target of installing 175 GW of RES by 2022,
which implies an addition of 3 MW of RES capacity for every 2 MW of conventional capacity
added. RES is highly weather dependent making load management an important tool to increase
its utility. Load management either includes reducing load (i.e. use of electricity) through

conservation and efficiency, or shifting it to time periods when RES generation is high.

Besides, steady evolution of the regulatory and functional changes of electric utilities there is a
new theme of local power generation using RES at distribution level to form flexible, modular,
and task-oriented systems known as Micro Generation. Micro Generation grids are being formed
as an aggregation of various distributed resources and storage systems typically located at the
site of use and seamlessly integrated with the utility grid (Bozchalui MC et al., 2012). The primary
fuel of these micro grids include RES such as solar, biogas, hydel, wind, hydrogen, etc., and at
times conventional fuels like diesel and natural gas. Micro Generation based microgrids operate
in utility grid as a single and self-controlled entity called island operation or integrated and

running in parallel with national grid called grid mode operation (Nelson et al., 2006).

The chapter looks into the applicability of two major RES — wind and solar in the development of
micro grids in Chandigarh within the context of housing. The study looks into literature and
existing studies relevant to understanding household energy demand and methods of estimating
the demand. This is followed by looking into the applicability of wind resource as energy

generating option and defining its potential at urban level using statistical and Computational
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Fluid Dynamics (CFD) based analysis. The solar potential assessment is done using industry
standard based DIVA a parametric computational tool for RHINO 3D. The study also looks into
the concept of ‘Solar Envelope’ and its role in enhancing solar potential through mitigation of the
built form, but for the purpose of the study the scope is restricted to plotted units. Finally the
scale and size of the micro grid based on both wind and solar resource and optimized using
HOMER (Hybrid Optimization Model for Multiple Energy Resources) a microgrid simulation
software with the operational and economic parameters compared to define the optimal hybrid

energy system.

2.2 Household Energy Demand and Estimation

Electrical energy has become a major source for the sustainability of human life. As the global
population is increasing, dependability on electricity has also increased. Existing literature
indicates that studies in the past have been undertaken to model the electrical demand at the
utility level (Paatero et al., 2006 and Larsen et al., 2004). Different assessment methods like
short-term load forecasting (Gross et al., 1987), neural network (Hippert et al., 2001 and Deihimi
et al., 2013), fuzzy logic (Ukil, 2007), genetic algorithm and expert systems (Bennett et al., 2014)
have been used in the past. These methods are applied in absence of details regarding household

appliance list and user group details.

Capsso (1994), Swan (2009), Paatero (2006) and Larsen (2004) in their works highlighted the
reliability of bottom-up approach in estimating and simulating the household energy
consumption based on the end user. The approach estimates the energy demand based on the
appliance list in the household. This enables to assess the impact of a particular appliance on the
overall energy demand and derive a usage pattern. The working process of the bottom-up

approach is highlighted in the figure. 2.1.

The bottom up approach is a continuous learning based system. Based on the data sets already
created in its system the category of household if given, the list of appliances in the household
are listed statistically. Estimation of hourly electricity demand requires extensive data sets about

the consumer and the appliances list at household level.

A typical limitation for detailed bottom-up method as detailed by Capasso (1994) and Larsen
(2004) is the need for extensive detailed information about the house, its occupants and the

electrical appliances. To collect such information there is a need for conducting household
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surveys which are quite exhaustive. In case of household survey of similar typology units like in
an apartment complex instead of undertaking survey of each household representative

household based data samples and statistical averages are derived.

Setup Input Data

Household Load Define a set of
Curve Generation appliance in the

Loop household

Appliance Load Curve

Generation Loop
Data Output and

Verification

Define hourly power
over the total time

Sum up the appliance load curves
into household load curve

Figure 2.1. Working Process of a Bottom-Up Approach (Luo and Ukil, 2015)

A questionnaire prepared to undertake household surveys as part of the study across four major
housing typologies of Chandigarh Urban Complex is listed under Annexure — 1. All electrical
appliances that are shortlisted and used for energy estimation are considered to be energy rated

with highest energy conservation.

2.3 Wind Resource and its Potential in Urban Built Environment

Wind power is rapidly growing as n popularity in recent years along with other major renewable
types of energy resources. Efforts in the past have been carried out to conduct power density
analyses for micro-wind turbines catering primarily to suburban areas (Ledo et al., 2011;
Matahaba et.al, 2012; Millward-Hopkins et.al, 2013; Dahbi et al., 2013 and Ying et al., 2015).
Wind as an energy resource needs to be further studied in urban areas as it is prone to high
turbulence intensity due to buildings as indicated in figure 2.2 and the directional factor also
varies with one location to another, making it difficult to pin point the ideal location for
placement of wind turbines (Toja-Silva et.al, 2013; Walker et al., 2013 and Morbiato et al.;
2014).
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Despite the potential of urban wind power, there are many issues in incorporating wind
generation into urban situations (Sunderland et al., 2013). The seasonal variation of the wind
due to the local climate, landscape, building shapes and other obstacles in the complex urban
environment can substantially influence wind speed and local turbulence intensity in the process
of selecting suitable installation sites of micro-wind turbines to exploit wind energy (Kalmikov et
al., 2010). The location of micro wind turbines with the consumption sites results in reducing
transmission and distribution losses and the saving the cost of extra infrastructure needed over
a distributed network thereby enhancing power production and also saving within the context of

densely urbanized areas (Merten et al., 2002).

A
inertial
sub-layer
2-5HY
/\/\/ roughness
/\/\/\/—‘ sub-layer
= ) — O =H urban canopy
v v layer
e
street
10- 100 m
Figure 2.2: Schematic Diagram of Urban Boundary Layers

(Source: Barlow, 2014)

Li (2015) and Bontempo (2014) highlighted that low wind speed and high turbulence in and
around buildings reduce wind power yield and also result in stress on turbine blades effecting
their efficiency and causing wear and tear. This results in questioning the deployment of micro-
wind turbines in and around urban areas. There is a need to accurately estimate wind speed and

possible energy yield that can lead to identifying potential mounting sites of micro-wind turbines.

Earlier studies have employed varied statistical and computational tools such as the Weibull
analysis, micrometeorology data, experimental measurements and Computational Fluid
Dynamics (CFD) to evaluate the wind power available for energy production (Cace et al., 2007;
Mertens et al., 2002 and Chandel et al., 2014).The Weibull analysis can in general provide useful
information for the macro-siting of wind turbines but lack the precision for micro-siting. Hence,
high resolution measurements and more accurate wind field statistics are necessary for micro-
siting so as to improve power output from wind turbines in urbanized areas (Leblebici et al.,

2013). To determine the airflow field, on-site measurements are the most commonly used
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approach to acquire local wind data; however, they are also costly and time-consuming (Blocken
et al., 2014). Instead, CFD techniques have been confirmed as an affordable alternative to
simulate the wind flow for application and installation of micro-wind turbines on different
potential sites in congested urban environments with less time and investment as modern

computer systems have a growing computational power to- cost ratio (van Hooff et al., 2014).

In effect, the local wind characteristics above the roof of buildings in dense urban areas are
indeed highly complex and the adaptability of wind turbines to such real life cases has not been
assessed yet (Balduzzi et al., 2012). For instance, a number of studies have analyzed wind energy
for the airflow across an isolated building (Ohunakin et al., 2011 and Ledo et al., 2011) or two
identical buildings (Lu et al., 2009 and Khayrullina et al., 2013) without taking into consideration

the surrounding structures.

The possible installation sites of wind turbine systems obtained from CFD simulations have been
further integrated into building designs to realize the implementation of urban wind power
(Padmanabhan, 2013 and Watson et al., 2007). In considering the complicated geometry of
urban areas, Kalmikov (2010) used CFD simulations to assess the wind energy potential on the
campus of the Massachusetts Institute of Technology (MIT) campus in the USA. No major study

has been undertaken to study the wind flow within the context of housing.

As the wind field above the roof of buildings is very different from that over flat terrains or around
isolated buildings, it is important that local wind characteristics such as the flow pattern, velocity
and turbulence intensity are examined and carefully analyzed before integrating wind turbines
into built environments. Previous research has demonstrated that CFD simulations are very
useful for capturing small-scale details around urban features owing to the finer scale topography

of computational models.

Moreover, field measurements are necessary to validate the CFD predictions in local urban
environments as well as compare them against the results from wind tunnel experiments,
because only field data can completely indicate the real complexity of the problem under
investigation (Moonen et al., 2012). However, studies in which field measurements have been
used to verify CFD models for evaluating urban wind energy are extremely limited (Kalmikov et

al., 2010 and Tabrizi et al., 2014) and even wind tunnel experiments are relatively scarce.
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Hence, there is the need to properly validate the predictions of local airflow characteristics
specifically wind speed and wind direction to define probable wind speeds and ideal location of
wind turbines as part of this study. As mentioned above, various overly simplified methods that
use Weibull analysis and local weather data have been carried out in studies to determine the
potential installation sites of micro wind turbines and estimate the wind power generation for

urban environments.

However, relatively few studies have conducted detailed analyses of the interactions of building
configurations with the wind to resolve the airflow field that the turbines may experience during
their operation. The influence of the local urban topology on the wind speed and turbulence
intensity fields in a given locality is therefore an important determinant of the optimum location

of micro-wind turbines.

Statistical tools can resolve data sets spanning over years and give optimum results but to resolve
the distributions of wind speed, power density and turbulence intensity within the turbulent

context of housing built forms CFD tools like ANSYS Fluent need to be employed.
2.3.1 Statistical Estimation of Wind Speed

The use of reliable meteorological data is of major importance in wind turbines installation
planning. However, it is not usually economic or practical to make long term measurements in
any potential urban development site for installation and therefore, the use of existing data is

imperative.

Consequently, for a methodology to be generalized to a wide range of sites, it is desirable to be
able to translate data available from public weather stations to the target location. The data
collected from the regional meteorological station contains the hourly wind speed and direction
values at a reference point at 15m height, where the flow is considered not to be obstructed by
any obstacles. Based on the data collected a series of statistical tests (Akpinar, 2006) are

conducted to define the probable wind speed that are considered for CFD analysis.

a) Time Series based Distribution of Wind Data

The monthly average wind speed (Vm) and the standard deviation (o) are calculated for the

hourly series wind data based on equation 2.1 and 2.2.
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1 N .

Vi = ﬁ(zizl Vi) Equation. 2.1
and
1 1/2

_ N . 2 ;

Gts_ [ﬁzizl (Vl Vm) ] Equatlon. 2.2
Where Vm= Average wind speed (m/sec) ot = Standard deviation of data (m/sec)
vi= Hourly wind speed (m/sec) N =Total wind speed data measured hours

b)  Frequency Distribution of Wind Data

The domain of observed wind data are divided into intervals with a difference of 1 m/sec. Wind
speed bins are created starting with 0-1 m/sec, mean wind speed (Vi) for each class interval are

calculated using equation 2.3 along with frequency of occurrence of each wind speed class (fi).

N
v
yoZivi 1few o] Equation. 2.3

S - =
Zinifi N
The probability of occurrence of measured wind speed f(Vi) is calculated using the equation 2.4.

£, £
f(vy) = N—lf = ﬁl Equation. 2.4
15

The standard deviation (om ) of the mean wind speed are calculated using the equation 2.5.
1 1/2
- [ N-1 Z“iﬂ:lfi Avi— vy )2} Equation. 2.5

c¢) Comparison of Time Series and Frequency Distribution of Wind Speed Data

A comparison of the average wind speed (Vm and V) and standard deviation (cts and o) from
time series and frequency distribution of wind speed data derived from equation 2.1-2.5 is

conducted and the relative error (eyand &5) of the average wind speed is derived.

d) Calculating the Weibull Parameters

To characterize the wind profile of a site statistical assessment of the wind data is done using the
two parameter Weibull and two parameter Raleigh distribution. The Weibull distribution is

defined by two parameters, ‘k’ the dimensionless shape parameter and ‘c’ the scale parameter
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measured in m/sec. The ‘f(v)’ probability density function (PDF) and ‘F(v)’ cumulative density

function (CDF) of the Weibull distribution are defined as per equation 2.6 & 2.7.

fv) = (é) (g) k_leXP l— (E) k] Equation. 2.6

and
mk
F(v) = 1-exp —(—) Equation. 2.7
c
Where f(v) & F(v) = Probability of observing wind speed ‘v’
vV = Wind Speed (m/sec) ¢ = Weibull scale parameter (m/sec)

k = Weibull dimensionless shape parameter
Estimation of the Weibull parameters ‘k’ and ‘c’ is done using two numerical methods listed
below:

i)  Energy Pattern Factor Method (fepr) and
i) Empirical Method (fem)

e) Energy Pattern Factor Method (fepr)

The energy pattern factor method (Akdag et al., 2009) is based on the average wind speed

calculated from the observed wind data. It is defined by the equation 2.8.

e (el =)

= = 3 Equation. 2.8
(Vn )3 1 0y,
p &=l "1
Where Fep= Energy Pattern Factor Vv = Wind Speed (m/sec)
Vm = Mean Wind Speed (m/sec) n= Count of wind speed data hours

Based on the value of Fep, k and ¢ are defined on basis of the equation 2.9 and 2.10.

k=1+ (3-69 / ( E, )2) Equation. 2.9
and
C=—_Ym
'.(1+1/k) Equation. 2.10
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Where Fep = Energy pattern factor k = Weibull shape parameter
Vm = Mean wind speed (m/sec) ¢ = Weibull scale parameter (m/sec)

I' = Standard gamma function

The standard gamma function (I') is given by the equation 2.11.

o
I['(z) = / e 't* tdt Equation. 2.11
0

f) Empirical Method (fEM)

The empirical method is based on the mean wind speed (V) and standard deviation (o) of

observed wind data. The k and ¢ values derived using the equation 2.12 and 2.13.

k = (G/ Vim )_1°089 Equation. 2.12

and

Vi

C=——m __ _
C{a+1/k) Equation. 2.13

Where k = Weibull shape parameter
G = Standard deviation
Vm = Mean wind speed (m/sec)
¢ = Weibull scale parameter (m/sec)

I'" = Standard gamma function

g) Rayleigh Distribution (fg)
The Rayleigh distribution is a special form of the Weibull distribution where the Kk value is
considered as equal to 2. It is a one parameter based entity as a result it has less flexibility and

suitable for certain wind conditions.

h)  Comparison of Energy Pattern Factor (fepr), Empirical Method (fem) and Rayleigh Function
(fr)

The k and ¢ values derived from the Energy Pattern Factor Method (fepe) and Empirical Method

(fem) are plotted using the Probability Density Function (PDF) of Weibull and Rayleigh distribution

along with the observed wind data. To confirm the accuracy in estimating the wind speeds three

statistical tests are undertaken.
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i) Root Mean Square Error (RMSE)
i) Coefficient of Determination (R?)

iii) Chi-square Test (x?)

i) Root Mean Square Error (RMSE)

The Root Mean Square Error (RMSE) is a measure of the deviation between the actual and
predicted values. The value is expected to be near to zero. Lower value of RMSE indicate
successful prediction in comparison to deviation in care of higher values. RMSE is expressed in

form of the equation 2.14.

1/2
1 N .
RMSE = [E . Zi=l (vi — x; )2 ] Equation. 2.14

Where yi = Observed data Xi = Predicted data N = Number of observations
i) Coefficient of Determination (R?)

The R? is a linear relationship between the measured data and predicted data from various
distribution functions. The value of R? is expected to be higher with the maximum value being
equal to 1. The Coefficient of Determination is expressed by the equation 2.15.

N —\2 N 2
. L — — N ¢ = X
RZ = 2ia (i ~5) 2ia (% ~ %) Equation. 2.15

Z?il(Yi - 5;)?

Where yi =Observed data  Xi = Predicted data yi =Mean of Vi
N = Number of observations
k)  Chi-square Test (x?)

The y? is a measure of the mean square of the deviations between observed wind data and

predicted data. It is expressed by the equation 2.16 and is expected to be close to zero.

N 2
) i—1 (i — X{)
= Equation. 2.16
Xj
Where yi = Observed data Xi = Predicted data N = Number of observations

The values of the three test confirm which function derives the most probable wind speed that

are used to quantify the wind speeds specific to site conditions.
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) Wind Speeds Specific to Site Conditions

Wind speeds are subject to site conditions, two type of wind speeds that are of interest and need
to be assessed are the most probable wind speed (Vmp) and the wind speed carrying the
maximum energy (Vemax). Both the wind speeds are based on the Weibull parameters and

defined by equation 2.17 and 2.18.

1
k + 2\F* )

VEmax = € Equation. 2.17

k

and
k-1\*

Vip = € - Equation. 2.18

k

Where VEmax = Wind speed carrying maximum energy Vmp = Most probable wind speed
¢ = Weibull scale parameter (m/sec) k = Weibull shape parameter

The wind speed calculated are based on the observed wind speed data, but the wind speed varies
with height for which the Weibull parameters need to be extrapolated with increasing height to

quantify wind speeds in case of high rise structures.

m) Extrapolation of Weibull parameters

Assessing the wind speeds at varying heights statistically is possible through the extrapolation of
k and ¢ parameters of Weibull distribution. The function for extrapolation of k and ¢ for a
particular height ‘2’ are highlighted by equation 2.19 and 2.20. The extrapolated k and ¢ values
of CUC with varying heights of 10 meter interval are highlighted in table 4.18.

C; =Cgx (z/zl())n Equation. 2.19
and

K. — ko
Z
1 - 0.008811n (z/10)

Equation 2.20

Where Cz = Extrapolated value of C for height z Ci10 = Probable value of C for height of 10m
kz = Extrapolated value of k at height z kio = Probable value of k at height of 10m
z = Desired height in meter for C and k values Z10 = Height of 10m

n = Power law exponent expressed by the equation 2.21

n =[0.37-0.088 In (C; ) Equation 2.21
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n)  Wind Power Density (WPD) and Wind Energy Density (WED) with varying heights

Wind Power Density (WPD) is a measure of the wind resource available at a particular site. It is

measured in Watt per meter square (W/m2). It is expressed by the equation 2.22.

1 3
WPD = p(v) = P(v)/A = E-P-CS 'F[HEJ Equation. 2.22
Where P(v) = Wind power (W) p(v) = Wind power density (W/m?)
p = Air density (kg/m3) A = Sweep area of wind vane blades (m?)

C and k = Weibull scale and Shape parameters
The air density is dependent on the elevation of the site from sea level and defined by the
equation. 2.23.

p = po — 1.194x1074xH,, Equation. 2.23

Where po = Air density at sea level equal to 1.225 kg/m3

Hm = Site elevation from sea level

The outcome of the WPD is more relevant in the form of Wind Energy Density (WED), which is a
product of WPD and total hours in a year (T) generally taken as 8760 hours. WED is measured in

kWh/m? and derived by the equation. 2.24.

P 1 3
WED = p(v) T = 20 ¢ -1 ;&3 .F[l+—].T Equation 2.24
A 2 k
Where P(v) = Wind power (W) p(v) = Wind power density (W/m?)
p = Air density (kg/m3) A = Sweep area of wind vane blades (m?)

c and k = Weibull scale and Shape parameters

2.3.2 Computational Fluid Dynamics (CFD) based Estimation of Wind Speed

Urban built environment and the shape of its buildings have a great effect on the wind speed and
turbulence intensity thereby affecting the overall energy output from wind turbines. The layout
of buildings and their built character is of prime importance in defining the location of wind
turbines (Burton et al., 2001 and Rafailidis, 1997) so as to ensure optimum cut in velocity to
generate energy. Vegetation an integral part of urban environment plays a major role in the
surface roughness along with other factors like varying building heights, air temperature and built
form configuration thereby influencing simple winds and convert them into gusty, turbulent and

varying in speed and direction.
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Accurate simulation of wind speed and direction in built environments is necessary to estimate
the probable Wind Power Density (WPD) and Wind Energy Density (WED). Numerical based
Computational Fluid Dynamics (CFD) simulation can aid in accurate prediction of wind speeds
within complex urban settings. Modelling of wind flow in the urban settings and around buildings
has already been undertaken using CFD simulation (Mertens, 2003; Santiago et al., 2007 and
Heath et al., 2007) and turbulence models of varying degree like the Large Eddy Simulation (LES)
(Uchida et al., 2008 and Tutar et al., 2004), Direct Numerical Simulation (DNS) (Takahashi et al.,
2006) and varied forms of Navier-Stokes equation. The flow conditions required and computing

resources dictate the choice of turbulence models.

In spite of very few earlier studies listed in table 2.1 the application of the three dimensional
Reynolds averaged Navier Stokes (RANS) equation in urban settings has established it as the ideal
model to simulate the wind flow and its behaviour in the complex built form of housing typologies

(Menter, 1994).

Recent CFD studies on evaluation of wind power in built environment

2.1:
Table (Yang et al., 2016)
2D /3D
Publication /3. Configuration Turbule-nce Validation
Analysis Modeling
Heath et al. Urban landscape considered an Wind
D
(2007) 3 array of cubes Steady RANS Tunnel
:(za(;';‘(;;m" etal. 3D simplified model of MIT campus ~ Steady RANS  On Site
Ledo et al. An array of cubic buildings with Wind
D RAN
(2011) 3 different types of roofs Steady > Tunnel
Balduzzi et al. . . Wind
(2012) 2D Generic urban environment Steady RANS Tunnel
Khayrullina et al. Two simple parallel rectangular Wind
D RAN
(2013) 3 building blocks Steady > Tunnel
Abohela et al. An array of cubic buildings with Wind
D RAN
(2013) 3 different types of roof SELY > Tunnel
Tabrizi et al. A rectangular building with a .
D RAN
(2014) 3 radius of 200m surrounding area Steady > On Site
Toja-Silva et al. A rectangular building with Wind
(2015a) 3D inclined solar panels SUEEL A Tunnel
Toja-Silva et al. - Wind
(2015b) 3D A rectangular building Steady RANS Tunnel
Wang et al. . - Wind
(2015) 3D Two perpendicular buildings Steady RANS Tunnel
r;gfet)et al. 3D Generic urban environment Steady RANS On Site
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a) Three Dimensional RANS Computational Model

The three dimensional Reynolds Navier Stokes (RANS) equation defined by the equation 2.25 is
based on the original incompressible Navier Stokes equation and has been used in various studies
to simulate and measure the velocity and pressure parameters of wind. Due to the open nature
of the RANS equation different situation specific turbulence models have been associated as
extensions like the standard k- transport model (Shih et al., 1995 and Karava et al., 2011). The
standard k-& transport model assumes the flow to be fully turbulent and the effects of viscosity

are expected to be negligible.

The standard k-gtransport model used in previous studies dealing with turbulent incompressible
wind flows that are part of the built form configurations is used to measure the turbulence kinetic
energy k and its specific dissipation rate ¢ based on the equation 2.26 and 2.27.

oU;

=0
Ba:i
U, 5 op 3 Equation. 2.25

v + Pa—w(Uin) = ~ o + 3—%(2MSI:3‘ — puzl;
J 0 d ok ;
= (PR) + 5 (pkuu) = =— {(M + U&k) g] + G+ Gy~ pa—TYy + 5 Equation. 2.26

i j 7

and

0 d 3 #\ O g
pr (ps) + o, (peu;) = a_x] [(# + ?s) a_x]] + Cls% (Gi + CxGp) — Czng +5 Equation. 2.27

Where k = Turbulence kinetic energy & = Dissipation rate of Kinetic energy
Gk = Generation of turbulence kinetic energy due to mean wind velocities
Gb = Generation of turbulence kinetic energy due to buoyancy
Ym = Contribution of fluctuating dilatation to overall dissipation rate
ok and o = Turbulent Prandtl numbers for k and ¢

Cis Cys, Cs-= Constants

2.3.3 Measuring Wind Parameters and Turbine Energy Output

The energy output of a wind turbine is based on the kinetic energy generated by the wind that is
converted into electrical energy on basis of mechanical movement of the turbine blades. The

electrical energy generated by a wind turbine at a certain speed is defined by the equation 2.28.
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The power density of wind (Pdensity) is defined by the power in the wind divided by the swept are

of the wind turbine.

1
R=: pAU’xCxnxn, Equation. 2.28

Where Pv= Power in the wind (kilowatt) p = Air density (kg/m?3)
A = Swept area of the wind turbine (m?) U = Mean wind speed (m/sec)
Cp= Maximum Power Coefficient Ng = Efficiency of Generator

Np = Efficiency of Gearbox

The maximum power coefficient (Cp) is a measure of the actual power captured by the wind

turbine in comparison to theoretically wind power available and expressed by the equation 2.29.

B
C= FR Equation 2.29

Where Cp= Power Coefficient Pr = Realized wind power by turbine

P = Wind power available
The value of Cp theoretically can reach a value of 0.53 called the Betz limit in thermodynamics
but due to aerodynamic and mechanical conversion losses the value is considered between 0.25
and 0.45. In the case of wind turbines Cp is termed as the Tip Speed Ratio (TSR), a point at which

the power captured by the turbine is the highest.

The electrical power generated by a wind turbine is less than the actual potential owing to impact
of losses in the gear box and generator. Both these are defined by efficiencies ng and np, based
on the power output to power input. The gear box efficiency (ng) is considered to be 90-95%
whereas the generator box efficiency (nb) ranges between 50-80% defined by the quality of the

model. For a grid connected wind turbine setup the npvalue is typically 80%.

Wind speeds and turbulence intensity at varying heights estimated through the CFD simulation
are used to develop the velocity boundary layer and turbulence intensity layer varying with

height based on the power law equation 2.30.

a
Z
U=U (—-) Equation. 2.30
Zref
Where U = Wind speed estimated at a particular point o = Wind shear
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Uref = Wind speed at a reference height

Z = Height of the point for wind speed estimation

Zref = Height of the reference wind speed
The thickness of the boundary layer is dependent upon the wind shear which is influenced by
time of day, height, surface material of buildings, temperature, terrain and turbulence. Higher
value o of indicates larger vertical gradient of wind speed. In case of neutral conditions, o is

considered equal to 0.143.

b) Test Models and Mesh Generation

The CFD based simulation is undertaken using academic version of ANSYS Fluent (Release 18.0).
The academic/student version of ANSYS Fluent restrict the meshing of models to a maximum of
5,12,000 elements (ANSYS 15 User Manual, 2013). The models comprising of the built forms
either grouped as a single unit or separate blocks and the ground surface are generated in
SketchUp and then imported into ANSYS Fluent. The numerical surface grid based meshed
models are generated through ANSYS Meshing tool. To ensure accuracy without effecting the
quality of the mesh scaled computational models of existing housing typologies are used. Also
to meet the meshing constraints set by the academic version of ANSYS Fluent vegetation is
negated as part of the analysis. The mesh is generated using the patch independent tetrahedron
meshing method which ensures the refinement of the mesh especially near the faces and edges,

but maintains larger elements whenever required to ensure faster computation.

c) CFD Boundary Box Geometry and Conditions

Bounding Box

™. 5H

_

Outlet

st 15H

v
Z
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a) Horizontal Dimensions of the CFD Bounding Box
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b) Vertical Dimensions of the CFD Bounding Box

Boundary Condition Type / Value
< Enclosure Type Fluid
2 X N Model Type Solid
: = Near Wall Treatment Standard Wall Functions
‘ = \7 };\//’ Wind Velocity (m/sec) 2.19 m/sec
= i : Simulation Model k-£ model (2 equation)
' Solver Type Pressure Based
Pressure Atmospheric
o & Gravity -9.81 m/s?
; Time Steady

c) Final Meshing Model d) Boundary Conditions of CFD Simulation

Figure 2.3. CFD Bounding Box Geometry Conditions and Final Model Generated

The bounding box geometry and boundary conditions for CFD analysis are detailed out in the
figure 2.3. The dimensions of the bounding box are defined with reference to the height of the
highest object in the mesh. The inlet and side dimensions of the bounding box are 5 times the

height and 15 times the height towards the outlet (Richard et al., 1993).

2.4 Solar Resource and its Potential in Built Environment

If the 19th century was the age of coal and the 20th of oil, the 21st will be the age of the sun.
The use of renewable energy is no more a substitute, but rather a modern complement that is
aimed at energy saving. However, the use of renewable energies is currently viewed mainly as a

goal within the scope of new buildings.

Solar energy is set to play an ever-increasing role in generating the form, and affecting the
appearance and construction, of buildings. The principal reason for this is that photovoltaic (PV)

systems which produce electricity directly from solar radiation are becoming more widespread
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as their advantages become apparent and as costs fall. PVs are an advanced materials technology

that will help us design buildings which are environmentally responsible, responsive and exciting.

Within the built environment solar energy can be divided into two applications - passive and
active. In a passive system, solar energy is directly used as a source of natural light and radiated
heat through the windows and building envelopes. In case of active systems, solar energy is
transferred from a photovoltaic module and thermal collectors in the form of electricity and heat

respectively.

Solar thermal and photovoltaic facilities can be particularly well integrated if they are planned
along with the building as a whole from very early in the design. Solar technologies imply vast
opportunities for aesthetics and interesting solutions and solar heating technology is amongst
the least expensive in the area of renewable energy (Hermannsdorfer and Rub, 2005; and

Kjellerup et al., 2010).

The importance of planning and design concepts that contribute to an increase in public
acceptance of the solar building through convincing visualization and realization has to be
emphasized. The installation of a solar facility during the renovation of an existing building
produces both synergies and savings. Solar facilities can also be easily integrated into planned

extensions in the form of retrofits (Hermannsdorfer and Rub, 2005).

Despite of these facts, a large portion of the potential to utilize solar energy still remains unused
today (Devin, 2006). According to the International Energy Agency (IEA, 2009), this is caused by
several factors:

e Economic factors;

e lack of technical knowledge;

e reluctance to use ‘new’ technologies; and

e Architectural (aesthetic) factors

Evolutionary parametric and Building Information Management (BIM) computational tools like
RHINO, Revit, Grasshopper etc., make it is easy to employ solar energy in its passive form and
integrate active form infrastructure right from the design concept stage and pushing renewable

energy generation based goals as a major component of every housing project (Attia et al., 2016).
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2.4.1 Modelling Solar Radiation

It can be argued that the most important factor influencing photovoltaic electricity generation is
the amount of incoming solar radiation. Solar radiation, or insolation, is the sun’s energy reaching
the earth’s surface. It is comprised of three components: direct beam, diffuse, and ground-
reflected radiation (Perez et al. 1987). Figure 2.1 displays the way the three components reach

the earth’s surface.

1t
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Figure 2.4: Components of Solar Radiation

Direct radiation is the direct beam of solar energy that is intercepted by the surface without any
interactions with particles in the atmosphere (Hetrick et al., 1993). Diffuse radiation is the
intercepted radiation that is scattered in the atmosphere by gases and aerosols (Hetrick et al.,
1993; Kumar et al., 1997). Reflected radiation is reflected from terrain and surrounding surfaces
(Kumar et al. 1997). Together, direct, diffuse and reflected radiations make up global radiation,

or total radiation, reaching the surface.

Solar design of buildings is very much site specific. Architectural building design must respond to
both exterior context and interior programming. Using simple graphical tools is one of the ways
to develop and evaluate solutions specific to the building being designed. They allow the architect
to perform a number of tasks quickly and accurately such as determining shadows’ cast,
determining spatial relationships between buildings and sun access to public space or to the
internal spaces of buildings, etc. In some cases, the important information is not really
guantifiable at all, but is qualitative or perceptual. One of the leading concept related to sun and

the built environment is the ‘Solar Envelope’ concept by Prof. Ralph L. Knowles (1980).
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2.4.2 Defining Actual Roof Area for Solar Energy

Determining the actual solar potential for urban renewable applications can be a challenging
task. The complex urban environment, with varying building block densities and even more so
building elevations, combined with limited available construction data about the existing building

stock, are the main reasons for the difficulties emerging in the effort to assess solar potential.

Jakubiec and Reinhart (2012) explain that two of the most crucial components for calculating PV
potential include the amount of solar radiation reaching the surface and the amount of useable
rooftop area that can be dedicated to photovoltaic panels. Jo and Otanicar (2011) propose a
methodology for quantifying the usable rooftop surface by accounting for existing obstructions
like chimneys, air conditioning equipment and skylights that would limit the space available for

PV panels.

In practice, different approaches have been applied for estimating the solar energy potential in
an urban setting. A state-of-the-art review has been carried out in (Freitas et al., 2015) comparing
21 computational solar radiation models ranging from simple 2D visualization and solar constant
methods, to more sophisticated 3D representation and web-based solar maps. A common
element of the analyzed tools is that they mostly focus on the solar yield only, the demand side
and the solar distribution system characteristics are not taken into account. For very precise
calculations the most appropriate option is 3Dmodeling and building simulation. A good example
to mention is the DIVA tool developed for daylighting and solar energy performance evaluations

of individual buildings and urban landscapes (DIVA, 2015).

Buildings heterogeneity and the complexity of the urban environment generally require
assumptions and input data for the solar energy use computation, which will ensure that only
safe propositions and valid information will be produced about PV utilization, thus eliminating
possible misleading of researchers and energy policy makers. The key that enhances the
significance of the present research was, as supported by Gadsden et al. (2003) and Rylatt et al.
(2001) the development of an attractive and alternative estimation model, which can extract
from digital urban maps the solar energy potential, without the need for time-consuming and
expensive site surveys. Therefore, the recognition of the construction constraint variants, which
interfere with the solar energy utilization in residential buildings, was set as the primary goal. The

second target regarded the formulation of an accepted, validated and comprehensive model for
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the approximation of the suitable built areas for PVs under both architectural and solar aspects.
The latter involve the determination of architecturally available roof areas and thereafter the

approximation of suitable unshaded areas.

Several authors have applied GIS techniques, empirical rules and statistical analyses quantifying
the solar energy utilization potential in the urban fabric. Some of them took into detailed
consideration shading effects and construction restrictions, in order to examine a small-scale
sample of representative building typologies and then extrapolate the results on a whole region
level (Theodoridou et al., 2012). Others, for the same purpose, just applied simplified reducing
coefficients on the built urban surfaces studying them as a whole and without in depth
calculations. Wiginton Nguyen and Pearce (2010) developed a five-step procedure for estimating
the PV potential on rooftop areas, by geographically dividing a certain region, assessing a sample

of typical buildings and finally analysing results by applying built areas-population relationships.

For the rooftop PV suitable areas calculation process, they set parameters such as shading effects
and roof component unavailable areas, by using relative coefficients found in literature. Pillai
and Banerjee (2007) focused on the potential estimation for Solar Water Heating (SWH) systems
successfully linking micro and macro-level factors from an individual end-use to a market level,
and when it came to detailed accounting for suitable areas, they proposed an arbitrary utilization

coefficient.

Similarly, Lehmann and Stefan (2003) presented a mathematical correlation between solar
energy usable areas and population density in the EU, while total available roof and facade areas
were multiplied by a theoretical exploitation factor of 0.9 and 0.66 respectively. Following the
same pattern, Yue and Wang (2006) evaluated wind, solar, and biomass energy sources in rural
regions in Taiwan with the aid of GIS analysis, by taking into consideration several local
restrictions, whereas for solar potential estimation, a 25% of the total rooftop area of the

buildings was supposed to be suitable.

Moreover, Castro (2006) focused on the forecast of possible future scenarios of grid-connected
PV buildings in Spain, without detailed consideration of restrictive installation issues such as
shading effects. The International Energy Agency estimated average PV roof areas for certain

member states, but the procedure was not described in detail (IEA, 2002).
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2.4.3 Calculating Solar Energy Potential using DIVA

Assessment of available solar radiation and available shade free roof area are essential to
calculate electricity generated from solar PV. Various aspects that are of importance include the
efficacy of the photovoltaic panel, maintenance and tilt angle. Conversion of electricity from
solar panels involves conversion from Direct Current (DC) to Alternating Current (AC). Hofierka
and Kanuk (2009) estimated the photovoltaic potential in urban areas and calculated the total

annual electricity output in kWh from a solar panel using the equation 2.31

Eout= Ae X Ee X G Equation. 2.31

Where Eout = Annual electricity production in kWh
Ae = Total surface area of solar panel in m?
Ee = Annual mean power conversion efficiency of solar PV panel

G = Annual total global irradiation (Wh/m?)

The parametric tool DIVA is an optimized daylight and energy modelling plugin for Rhino 3D. It

aids in calculating the energy output from solar radiation incident on a surface as in figure 2.5.

Figure 2.5: Solar Shadow and Radiation Mapping using DIVA for Rhino 3D

Danks et al. (2014) compared DIVA with industry standard rendering and geometric tools like
RADIANCE, Open Studio and Daysim and found that DIVA and Daysim predicted realistic solar
radiation. Hofer et al. (2016) integrated solar PV panels into shading devices and parametric
analysis supported by creating the exact solar 3D solar position over the panels using DIVA.
Jakubiec et al. (2011) used DIVA through grasshopper interface to visualize building performance
through parametric design workflow process at the neighbourhood scale. Based on the studies

DIVA has been shortlisted to study energy output from rooftop solar PV panels.
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2.4.4 Parametric Solar Envelope Algorithm

The solar envelope concept by carries an implied moral obligation to use the sun and to relate to
it formally. The designer is encouraged to differentiate building and urban form in graphic
response to orientation. One side of a building will not look like another and one side of a street
will not look like another. Development will tend to be lower on the south side of a street than
on the north where a major southern exposure is thus preserved. Streets take on a directional
character where orientation is clearly recognized (Knowles, 1980). The solar envelope calls for a
design strategy based on natural rhythms. Sunlight is assured within the envelope's boundaries,
hence designers can make use of the changing directions and properties of light without fear that
a taller building will one day cancel their ideas. The potential exists to conceive of architecture in

other than static terms of form and space.

The solar envelope is a construct of space and time: the physical boundaries of surrounding
properties and the period of their assured access to sunshine. The way these measures are set
decides the envelope's final size and shape. First, the solar envelope avoids unacceptable
shadows above designated boundaries along neighbouring property lines; these boundaries have
been called shadow fences (Knowles, 1980). The height of shadow fences can be set in response
to any number of different surrounding elements such as privacy fences, windows, or party walls.
Their height may also be set by adjacent land-uses with, for example, housing demanding lower
shadow fences than commercial or industrial uses. Different heights of shadow fence will affect

the shape and size of the solar envelope as displayed in figure 2.6.

CPimes | SerView  Dinelzy  Seiect von ) Wik | Tearurm, o7 ==
4 'v\"-;‘\ae—,\ees,uﬁq o i S

T

" Mose i3 Motenoi| 9 Merics

Figure 2.6: Parametric Algorithm to generate Solar Envelope
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Second, the envelope provides the largest volume within time constraints, called cut-off times.
The envelope accomplishes this by defining the largest theoretical container of space that would
not cast shadows off-site between specified times of the day. Greater periods of assured solar

access will be more constraining on the solar envelope.

2.5 Basis of Hybrid Energy Mix (HEM) Model

In recent years, renewable power generation has become good choice to meet environmental
protection requirements and electricity demands. Because of the complementary between solar
and wind energy resources, solar-wind-diesel hybrid systems present an unbeatable option for
the supply of small electrical loads for some remote locations where no utility grid power supply
exists (Diaf, 2007). Sometimes, when there is no sun, there is plenty of wind. Compared with
standalone solar or wind systems, the PV-wind hybrid system has two main advantages. First the

reliability of the system is enhanced. Secondly, the size of battery storage can be reduced.
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Figure 2.7: Annual Wind Speed and Direct Normal Radiation Graph of Chandigarh

In case of CUC, figure 2.7 highlights that from May to July low Direct Normal Irradiation (DNI)
represented by blue line is compensated by high wind speeds represented by red line, whereas
from October to December high DNI balance out low wind speeds. It is during the month of July
to August that both the resources have their lowest availability and need a third source to

compensate for the shortage in power generation.
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There are various Hybrid Energy Models proposed in previous studies, but for the purpose of the
study and defining a Solar PV, Wind, Diesel Generator based Residential Hybrid Energy Mix
(RHEM) model a two-step process is used. The first step involves defining the various

components of the energy mix that will be part of the model.

a)  Solar PV Array

The output from the Solar PV array is calculated on basis of the equation 2.32

E sotarpv=Ypv Fev (Gt/ Gr,s7¢) [1+a (Tc- Te, stc)] Equation 2.32
Where

Ypv = Rated capacity of the PV array (power output under standard test condition (kW)
Fepv= PV derating factor

Gt = Solar radiation incident on the PV array in current time step (kW/ m?)

Gr, stc = Incident radiation at standard test condition (1 kW/m2)

o = Temperature co-efficient of power (% °C)

Tc = PV cell temperature in the current time step (°C)

Tc, stc= PV cell temperature under standard test condition (25°C)

Temperature effects the overall performance of Solar PV cells but if the assumption is that there
is no effect of temperature on the PV array, then the temperature co-efficient of power (o) is
considered to be zero and equation 2.33 is modified as:

E solarpv = Ypv Fpv (Gt - Gr, 57¢) Equation 2.33

b)  Wind Turbine

The output from the wind turbine is calculated on basis of the equation 2.34

E solarpv=0.5A pV3Cp (B, \) Equation 2.34
Where
A = Rotor swept area in m? B = Pitch angle
p = Air density in kg/m?3 A = Speed ratio

V = Wind velocity (m/sec)

Cp = Power co-efficient of wind turbine specific to the wind turbine design
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c) Diesel Generator

The diesel generator is a standby power option. The output of the diesel generator is based on

listed parameters and manufacturer specifications in HOMER software (www.homer.com).

i) Intercept Coefficient (no load fuel consumption of generator / rated capacity) (I/hr/kW)
ii) Slope (marginal fuel consumption of the generator) (I/hr/kW)

iii) Lower Heating Value iv) Density (kg/m3)

v) Carbon Content (%) vi) Sulfur Content (%)

vii) Lifetime (Years)

d) Battery
The typical parameters of the battery bank listed below and basis of its performance are defined

by manufacturer specifications in HOMER software (www.homer.com).

i)  Nominal Capacity (kWh) ii) Nominal voltage (V)

iii) Nominal capacity (Ah) iv) Round trip efficiency (%)
v) Max charge current (A) vi) Max discharge current (A)
vii) Lifetime (Years) viii) Cell stack lifetime (Years)

e) Converter
The primary role of the converter is to convert AC to DC (rectifier) or DC to AC (inverter). The
efficiency of the inverter or rectifier is based on manufacturer specifications defined in the

HOMER software (www.homer.com).

2.5.1 Optimization Method - Stage 1

The optimization of the RHEM model is undertaken at two stages. The first step deals with the
Power Balance Constraint defined by the equation 2.35.

E soiar pv + E wind Turbine + E Diesel Generator + E Battery Equation 2.35

=E Household Load E Unmet t E Loss T E Excess Power

Where
Pov = PV array output power Pioad = Load consumption power
Pgenerator = Generator output power Poattery = Battery output power
Pwind = Wind turbine output power Ploss = Loss power
Punmet = Unmet power Pexc = Excess power

The power reliability constraint is given by equation 2.36

W Unmet/ W Consumpt[on S 0.1% Equation 2.36
Where
W unmet = Unmet work per year W consumption = Load consumption work per year
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2.5.2 Optimization Method — Stage 2

The outcome of stage 1 are ranked based on their qualification with respect to the Net Present

Cost (NPC) as defined in equation 2.37.

NPC - Ci + Cl‘ de + CO X fd + Cf X fd_ Sde Equation 2.37
Where
Ci= Capital cost Cr = Replacement cost
fq = Discount factor Co = Operation cost
Ct = Fuel cost S = Salvage value

The hybrid energy model defines the optimum energy mix to generate desired energy output
with financial options. The model calibrates both the maximum and minimum investment
required and corresponding benefits. It depends on the end user to define the investment factor

or the output desired to come to a conclusion.
2.6 Chandigarh and its Residential Energy Consumption Pattern

The Union Territory of Chandigarh (latitude 30° 44’ 29.335" N, longitude 76° 46’ 5.0376" E and
altitude 308 meters) as shown in figure 2.8 is located in the foothills of the Shivalik hill ranges in

the north, which form a part of the fragile Himalayan ecosystem.

B Chandigerh, Crandigarn, India

Chandigarh, India

Photo tours

Figure 2.8: Administrative Boundary Map of Chandigarh UT
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It covers an area of approximately 114 km? and shares its borders with the states of Haryana in
the south and Punjab in the north. The surrounding districts are of Mohali, Patiala and Ropar in

Punjab and Panchkula and Ambala in Haryana.

The UT of Chandigarh has only been declared at ‘Solar City’ in 2011. But with the surrounding
counter magnet cities of Panchkula, show in fig 2.9(a) from Haryana and Mohali, shown in
fig. 2.9 (b) from Punjab included into a combined area called the Chandigarh Urban Complex

(CUCQ), the study was conducted for the whole of CUC.

b) Mohali, Punjab

Figure 2.9: Administrative Boundary Map of Panchkula (Haryana) and Mohali (Punjab)
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Chandigarh has a sub-tropical continental monsoon climate characterized by a seasonal rhythm:
hot summers, cold winters, unreliable rainfall and great variation in temperature (- 1°Cto 41.2°C).
The 20 year average rainfall for Chandigarh is 1100.7mm. The area experiences primary four
seasons:

i) Summer or hot season (March to June)

i) Monsoon (July to August)

iiii) Autumn (September to October)

iv) Winter (November to February)

In order to quantify the Residential Electricity Consumption (REC) in Chandigarh, it is important
to understand the profile of existing energy consumption pattern. Residential Electricity
consumption (REC) is the total electricity used by households to run appliances like ceiling fans,
televisions, and refrigerators. New technology can be energy efficient but also makes usage of
more appliances affordable resulting in higher ownership. Rapid electrification, increasing
incomes, and technology development is resulting in people buying more appliances in the future
and thus using more electricity to run them. As per Census of India, 2011 was estimated to be
10.265 lakh, whereas the population of Panchkula (Urban) was 2.12 lakh and that of Mohali
(Urban) was 1.47 lakh.

—Special area, 9.65%

|

Agriculture & water

bodies, 9.96% \

Transportation, 1.12%

Public/Sent Public,
3.92%
Industrial 5.04% Residential/
Commercial, 64 82%
. Land Use Pattern of Chandigarh
Figure 2.10: &

(Source: http://chandigarh.gov.in)
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Chandigarh city covers an area of approximately 114 km2 (i.e. 28169.9 acres). In addition 25.42
km2 of hilly catchments area is declared as Wildlife Sanctuary. It has been observed that the
residential and commercial sectors cover the maximum area of the city. This sector covers an
area of 73.9 km2, followed by agriculture & water bodies (11.36 km2), industrial (5.75 km2),
public/semi-public (10.71 km2) and transportation (1.28 km2) and around 9.65% (11 km2) is

categorized as special area. The land use pattern of Chandigarh is presented in figure 2.10.

2.6.1 Electricity Consumption Scenario

The peak electricity demand of Chandigarh is around 284 MW which is being met from different
Central/State Generating stations22. The UT Chandigarh has no generating capacity of its own.
At present, the City is receiving 67% of its power through Mohali (PSEB), about 10% through
Dhulkote (BBMB) and remaining 23% through Nalagarh. The connected load of the Chandigarh
is reported as 901.78 MW, while the maximum demand is approximately 284 MW. The
connected load of public lighting has been reported as 3.51 MW.

Chandigarh city ranks first in India in the Human Development Index23, quality of life and
e-readiness; hence per capita electricity consumption of the city is much higher than that for
India. The per capita consumption of electricity in Chandigarh has increased from 253 kWh in
1967-68 to 1224 kWh in 2007-08. Accordingly the electricity consumption has increased from
0.138 MU per day to 5.5 MU on a particular day. Figure 2.11 presents the pattern of per capita

electricity consumption in Chandigarh from the year 2000 to 2006.

B 162

Year

| oss

T T T T T T T 1
800 850 900 950 1000 1050 1100 1150 1200

Per Capita Electricity Consumption of Chandigarh

Figure 2.11:
& (Source: www.indiastat.com and www.chandigarh.gov.in)
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The major energy consuming categories are residential, commercial/Institutional (offices and
shops), municipal services, industrial and transport. Within residential, commercial and
municipal services, the major energy sources of energy are electricity, LPG, and kerosene. The
Residential sector of Chandigarh is the major electricity consumer and utilizes 36.68 percent of
the total electricity consumption of the city as per the Engineering Department (Electricity Wing),
Chandigarh Administration. Figure 2.12 presents the sectoral electricity consumption pattern of

the city in 2006-07.

Industrial (Low and

Medium Voltage), Industries (High
12.57% Voltage), 13.03%

Commercial, 29.29%

/Pub]jc lighting, 1.51%

Agriculture, 0.14%

Miss, 6.75%

\Domest:ic, 36.63%

Sector-wise annual electricity consumption (in MU)

Figure 2.12:
g (Source: www.chandigarh.nic.in/statistics)

2.6.2 Residential Sector of Chandigarh

Chandigarh is the first planned city of the country and has highest per capitaincome (Rs 1, 10,676
in 2008) in India. Hence it might be assumed that maximum of the households are in medium
and high income levels. According to Census 2011 there are 244134 houses in Chandigarh; out
of which 26428 houses are located in rural area and 217706 houses are in urban area of the city.
It has been observed that more than 90 percent houses are permanent type, 7 percent are semi-
permanent and around 3 percent are temporary houses in the city. Figure 2.13 presents the use

pattern of census houses in the city.
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Figure 2.13: (Source: Census of India 2011)

The distribution of total households of the city has been made on the basis of number of
members and numbers of dwelling room in the house. The city has maximum one dwelling room
houses (41.9 %) followed by two rooms (24.8%), three rooms (18.6%) and up to six rooms and
above (3.3%). It has been observed that the average family size of the city is 4.4 persons per
household and median 2 of the number of rooms. Household statistics of the city has been
presented for distribution by size of house and size of family by in figures 2.14 and 2.15
respectively.

Six rooms and No exclusive

Five rooms,
above, 3.30%

2.80%

rooms, 1.00%

Four rooms,
7.70%

One room,
41.90%

Three rooms,
18.60%

Two rooms,/

24.80%

Distribution of Households by number of Dwelling Rooms

Figure 2.14: (Source: Census of India 2011)
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Figure 2.15: Distribution of Households by Family Size

(Source: Census of India 2011)

The electricity consumption in residential sector of Chandigarh is rapidly increasing as shown in
figure 2.16. The total electricity consumption in residential sector was reported as 435.35 MU in
2007; while it was 357 MU in 2004. With almost all residential houses of the Chandigarh city are
fully electrified, it is estimated that out of total households 99.3 percent were electrified in 2011

and using electricity for lighting application.
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Total Electricity Consumption in the Residential Sector of Chandigarh

Figure 2.16:
& (Source: Environment Information System (ENVIS Centre) Chandigarh)

The load distribution pattern in residential sector of Chandigarh has been assumed similar to a
planned city; which shows energy consumption pattern in domestic applications. The distribution

of electricity consumption in the residential sector as presented in figure 2.17 shows that cooling
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and lighting consumes more than 70 percent of the electricity. This is a more generic view and

needs to be reconfirmed through house hold surveys.

Refrigerator, 13%

Lighting, 28%

\Evaporative coolers,
4%

\Televisicn, 4%

\Others, 10%

\Fan, 34%

Electricity Consumption Pattern in Residential Sector

Figure 2.17:
gure (Source: Steps towards an Energy Efficient Building)

2.6.3 Energy Demand Forecast of Chandigarh

In has been observed that the per capita consumption of electricity in Chandigarh has increased
from 253 kWh in 1967- 68 to 1615 kWh in 2010-12. On the basis of time series based data of last
seven years it is estimated that the per capita electricity consumption will be increased up to
1827 kWh in 2018 (short term); and up to 2019 (long term) it will be 1975 kWh. Hence the per
capita electricity will be increased up to 60 percent. The projection trend of per capita electricity

consumption with years is presented in figure 2.18.
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J (Source: www.indiastat.com and www.chandigarh.gov.in)
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2.6.4 Electricity Consumption in Residential Sector

The time series forecasting has been made on basis of the data of electricity consumption in
residential sector from 2008 to 2012. It is estimated that the total electricity consumption in
residential sector will increase up to 1246 MU in 2014 and 2103 MU in 2018; while it was reported
as 435MU in 2007. Figure 2.19 presents the projection of electricity demand in residential sector
up to 2018. The residential sector as per future projections has been found to be the major
energy consumer sector in the city followed by commercial and industrial sectors. Figure 2.20
presents the comparative pattern of annual electricity consumption in various sectors with the

total electricity consumption up to 2018.
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(Source: Environment Information System (ENVIS Centre) Chandigarh)

Figure 2.21 highlights the contribution of electricity towards Green House Gas Emissions and with
the Government of India on October 02, 2016 committing through its Nationally Determined
Contribution (NDC) under the Paris Agreement to lower its carbon emissions intensity in 2030 by
33-35% of its GDP from 2005 levels and also generate 40% of its energy from non-fossil based
fuels. This was followed by the creation of National Energy Policy which aims to ensure 175 GW
renewable energy generation by 2022. An extension of the same is the National Solar Mission
under which cities around India have been termed as ‘Solar Cities’ and measures to promote

renewable energy systems primarily solar based are in place.
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2.7 Renewable Energy Resource Availability in and Around Chandigarh

Chandigarh has a wide forest and agricultural land around it making it quite rich in biomass
resources. But a major portion of the forest is protected and reserve, transporting agricultural
waste and storing it creates logistic and storage problems. Also, the ban on burning of
agricultural waste that leads to pollution doesn’t permit agricultural waste as a fuel source.
Therefore there is negligible scope for biomass based power generation in Chandigarh. Municipal
Solid Waste (MSW) predominantly household or domestic waste collected from all sectors is

categorized and being transported to the dumping ground at a landfill site of 46 acres near village
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Dadu Majra run by a private company, Sector-38. With no MSW plant of its own Chandigarh

cannot generate power from waste.
2.7.1 Solar Energy

Chandigarh receives a good amount of solar radiation over the year. It has been observed that
the annual global solar radiation over the city is 1944 kWh/m?, while the annual diffuse radiation
is 846 kWh/m?. The global solar radiation over the inclined surface (at latitude) is estimated as
2155 kWh/m? annually. Figure 2.22 presents the daily values of solar radiation on horizontal and
inclined surface in Chandigarh for each month. The data needs to be verified with real time or

latest information collected from Chandigarh Meteorological Department.
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Solar Radiation Information of Chandigarh

Fi 2.22:
igure (Source: ENVIS Centre, Chandigarh)
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2.8 Conclusion

The literature studies undertaken as part of the chapter give an insight into the field of renewable
energy generation based on solar and wind resources. From an architect’s perspective the
various studies undertaken and tools applied to address multi-dimensional issues and promote
micro generation in various housing typologies are discussed. Estimating the household energy
demand based on bottom up approach aids in defining the energy targets to be attained by
renewable energy infrastructure. The potential of wind energy is understood on basis of
statistical tools as well as advanced CFD simulations that result in more precise comprehension
of wind behaviour and wind speed estimation in and around buildings. The understanding of
solar energy is limited to retrofitting in the housing sector. Certain modern day computational
tools are also revisited to revive forgotten concepts like the Solar Envelope and its application in
promoting renewable energy generation and reducing energy consumption. Finally, the study of
energy models are undertaken to highlight the need for promotion of hybrid energy systems over
standalone setup. In this perspective the role of HOMER software in defining the choice and mix
of hybrid energy system to be employed as part of the research is reviewed. The chapter
concludes with a discussion based on data from secondary sources on the existing energy

scenario of the case study area which forms the basis of work in the subsequent chapters.
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Chapter 3
Built Form and Energy Consumption Pattern of
Chandigarh Urban Complex

3.1 Choice of Urban Centre

Due to the increase in energy consumption and rise of dependency on energy imports, the
efficient use of energy is becoming increasingly important. On a generic scale, out of the total
energy produced around 45% is spent to meet the demands of the housing sector. Domestic
energy consumption is highly dependent on its housing typologies, location, various energy
consuming activities within the household, socio-demographic and economic conditions of the
occupants, varied needs of multiple age groups within the house, types of electrical appliances

and their efficiency, etc.

To detail out the performance of micro-generation in the housing sector with such variable
factors, it is necessary to define the choice of urban centre as part of study. The choice should
ideally be uniform in development, have different housing typologies in its urban form,
reinforced strict urban controls so that any proposal if implemented would have a uniform
degree of implementation and output. The locational factor of the urban centre should be such
that it faces extreme conditions of weather with no major energy generation resource. Such an
urban centre would be the ideal platform to demonstrate the true potential of renewable micro-
generation and its role in meeting demands of the housing sector. The search for such a city

point towards one obvious choice — Chandigarh.

3.2 Introduction to Chandigarh Urban Complex (CUC)

Why Chandigarh? Chandigarh is the capital of two neighbouring states of India, Haryana and
Punjab. It has earned the status of a Union Territory with an independent administrative area of
its own. It was the outcome of partition of India after its independence, a vision of then Prime
Minister of India, Pandit Jawaharlal Nehru — as a model city of Independent India and hope to

house the migrating population without disparity from Pakistan.

Chandigarh also termed as ‘The City Beautiful’ owing to its lush greenery and beautiful
surrounding context was envisaged and conceived by renowned international architect,
Le Corbusier. It is to date one of the best examples of urban design and architectural excellence

world over. It has varied housing typologies to meet the needs of varied socio-economic groups
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ranging from low rise plotted and row (low, medium and high density) housing to medium rise

low density and medium rise high density developments.

Chandigarh, maggio 1952 3 Campidoglio 12 Residenza del Primo 19 Istituto superiore e ospedale
Piano urbanistico definitivo 4 Corte di giustizia Ministro ‘odontoiatrico
della prima faso di 5 Universita 13 Residenza del Capo della 20 Ospedale
realizzazione che comprende 6 Stadio Magistratura 21 Malernita
abitazioni e servizi per 150 000 7 Mercati generali 14 Biblioteca 22 Sarai
abitanti e il Campidogho 8 Stazione ferroviaria 15 Museo 23 Teatro
9 Centro commerciale 16 Scuola di arti applicate 24 Istituto Politecnico
10 Municipio 17 College statale maschile 25 Croce Rossa
; Ps:’;:::‘;o 11 Istituto di ingegneria 18 College statale femminile 26 Boys Scouts

Vie principali (V2) e Scuole elementari
Vie secondarie (V3) ©  Scuole medie
Strade locali (V5+V6) ®  Scuole superiori
Spazi aperti e parchi -+ Centri sanitari
Affari e commercio ®  Centri comunitari
Zona industriale 5 zu:::z i
u
Arve paconal EEW  Spazi aperti interni

DzaEil|

Layout Plan of Chandigarh as proposed by Le Corbusier

i d:
Figure 3 (Source: www.fondationlecorbusier.fr)

Aided with a high rank in the Human Development Index, the lifestyle of the people and their
affluence to electrical energy consuming devices has resulted in increasing domestic energy
demand. Locational factors and harsh climatic conditions with hot summer and cold winters are
also a major cause of high energy consumption. Electricity is imported from neighbouring states
with major source of power being the Bhakra-Nangal Hydel Power Project, Himachal Pradesh.
With increasing energy demand, new sources of power with decentralized generation need to be

exploited and promoted to meet seasonal variations and handle urban disasters.

Chandigarh has been continuously growing. Over the past decade it has been experiencing an
average decadal population growth rate of 11.4% that has resulted in the development of
counter magnets in the neighbouring states of Punjab and Haryana. The new urban centres —

Panchkula in Haryana and Mohali in Punjab have been developing on the sectoral pattern of

Chandigarh.
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Chandigarh today is trying to balance the rapid urban growth and also maintain the architectural
character. With strict built form development controls already in force to preserve the identity
of the city, the housing typologies of Chandigarh are not expected to undergo major changes
thereby ensuring uniform implementation of strategies at household level. As a result the new
development areas in Panchkula and Mohali are experiencing maximum growth with increasing

high rise high density housing.

To promote uniform urban development and infrastructure sharing, an administrative boundary
termed as the Chandigarh Urban Complex (CUC) as indicated in figure 3.2 was defined as part of
a plan prepared by the Chandigarh Union Territory Government comprising of urban areas
spanning three administrative regions - Chandigarh Union Territory, Mohali (Punjab) and
Panchkula (Haryana) along with peripheral cluster of small villages and towns in 2011 (TCPO,
2011). With 80% portion of land use meant for residential and commercial development, CUC is
the ideal site to study the impact of built environment on micro generation of energy in the

domestic sector.

Aol
7N
>

R Cl andigarh
_Airport

Urban Areas forming Chandigarh Urban Complex (CUC)

Figure 3.2: (Source: With reference from www.maps.google.com)

3.2.1 Locational and Climatic Features of CUC
Chandigarh Urban Complex (CUC) is located at 30.73° N latitude, 76.78° E longitude at an altitude

of 350 meters above mean sea level. It is situated at the foothills of the Shivalik ranges, forming
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part of the Himalayan ecosystem. It is listed under the Zone IV (high hazard) zone of earthquake
categories. The city is flanked by Haryana on the east, on the west and south by Punjab and on
the north by Himachal Pradesh. The primary weather information for Chandigarh Urban Complex
(CUC) is collected from the Weather Station at Chandigarh International Airport. The climatic
data ranges from January 01, 2010 to December 31, 2015 and is collected from a source 10 meter

above the ground level.

CUC experiences extreme climatic conditions with the peak temperature reaching 46°C during
hot dry summers and dipping to 1°C in cold winters. The predominant wind direction is from

North West to South East with average wind speed of 2.5-3.0m/sec.

3.2.2 Existing Power Scenario of CUC

The UT of Chandigarh has no power generation of its own and the power requirement is met
through firm share as well as unallocated quota from the Central Generating Stations. At present
the UT of Chandigarh is receiving 51% of electricity from Nalagarh, Himachal Pradesh based
Power Grid Corporation of India Limited (PGCIL), 40% power from Mohali based Punjab State
Electricity Board (PSEB) and the remaining 9% from Dhulkot, Haryana based Bhakra Beas
Management Board (BBMB) (MECON, 2016).

The UT of Chandigarh through a mutual agreement signed with the Government of India in
August 2016 has agreed to be part of the program 24x7 power for all. The objective of the
program is to connect all unconnected homes to the power grid by the 2018-19 thereby ensuring

affordable power, quality of life and energy security all over the year (MECON, 2016).

In 2014-15, UT of Chandigarh had power availability of approximately 1734 MU but with a growth
of 35% by 2018-19 the power demand is expected to reach 2328 MU. There was no peak energy
storage in the past but from the past two years it is around 6% to 12% even after contribution
from the Central Generating Stations. The peak demand is expected to increase by 20% from
395 MW in 2014-15 to 473 MW in 2018-19. Accordingly, to meet the demand, the Electricity
Department will have to purchase additional power from open market, banking arrangement or
power exchanges. This will be especially required from May to September as from figure 3.3 and
3.4 it can be inferred that Chandigarh experiences maximum energy demand during these

months of the year.
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The Chandigarh Electricity Department is meeting the needs of around 2 lakh consumers out of

which 86.5% are from the domestic sector. In 2014-15, the domestic sector consumed more than

46% of the total electricity supplied to UT of Chandigarh as indicated in table 3.1 and figure 3.5

with per household daily consumption being 10.50kWh (MECON, 2016). By 2018-19 projections

indicate that the domestic demand would reach 56-60%. Here it is significant to mention that the

Transmission and Distribution (T&D) losses during the same period are expected to decrease

from 12.37% in 2015-16 to 10.82% in 2018-19.
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Consumer

Domestic
Commercial
Large Supply
Small Power
Medium Supply
Agriculture
Public Lighting

Bulk Supply

Temporary
Supply
Total

Table 3.1:
2007-08  2008-09
450 433
313 318
142 145
16 17
91 101
1 1
15 14
33 39
95 124
1156.00 1192.00
0.1% 1-4%

Figure 3.5 :

3.2.3 Solar City Chandigarh

Year Wise Demand from 2007-08 to 2014-15
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In an attempt to reduce carbon dioxide emissions from thermal power plants and also meet a

portion of the increasing energy demand through non-renewable energy sources, power
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generation units primarily based on solar, thermal and municipal waste have been initiated
across India. A major step in this regard is the ‘Solar Cities’ initiative by Union Ministry of New
and Renewable Energy (MNRE), Government of India in 2010. The mission has identified about
60 cities as part of the 11" Five Year Plan period. Chandigarh has been selected as one of the
‘Solar City’ with an approved fund of Rupees 20crores by MNRE, the master plan is formulated
by Tata Energy Research Institute (TERI) and executed by local Chandigarh Renewal Energy

Science and Technology Promotion Society (CREST).

The main objective behind selection of a Solar City is that the city or urban area has the potential
to conserve and also utilize renewable energy resources like solar, wind, small hydro or employ
alternative technologies like biomass and waste available in the region to achieve 10% reduction
in conventional energy demand over a span of 5 years after execution. TERI in its master plan
has defined setting up of Solar Photo Voltaic (SPV) panel and solar water heating installations at
various locations like public and administrative buildings, land fill sites, residential and
commercial areas. The project presently under implementation involves public buildings only.
Proposal from individuals and private ownership has been invited which would attract subsidy

on the initial cost of the installation.

The UT of Chandigarh has set a target of generating 44.32 MW of power through renewable
energy sources primarily solar by 2018-19, with an expected growth of 146% from 2017-18 where
the target is 30.30 MW. CUC receives overall annual direct normal solar irradiance ranging
between 4.0-4.5kWh/m?/day, whereas the annual global horizontal irradiance ranges between
5.0-5.5kWh/m?/day. The duration of direct radiation ranges from 10-13hours/day over the year.
With targets set and solar resource assessed it is necessary to assess the siting of solar

infrastructure.

With public buildings already considered under the existing program it is the rooftops of
residential units that can be exploited. But existing technologies are very definitive in nature and
guidelines need to be reframed for alternate integration. It is important to understand that
rooftops are used for various purpose, as in case of low rise housing they are an integral part of

daily household activities apart from providing space for services like overhead water tanks.

The effective area available for installation of roof top systems in group housing is greatly

reduced with provision of lift rooms, plumbing lines for water tanks and ownership issues. In
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similar circumstance with effective space available for setting up solar technologies being 40-50%
of total roof area it is imperative that rooftop based systems alone may not be enough in
achieving desired energy output across various typologies. In case of privately developed group
housing with penthouses the effective public roof area available is further reduced. The design
guidelines for energy efficient multi storey residential buildings by Bureau of Energy Efficiency
(BEE), Ministry of Power, Government of India considers 60% of roof area available for solar
power and thermal applications (BEE, 2014) in case of composite and hot-dry climate. There is a
need to validate the same and define the benchmark of effective roof area available for solar

based energy generation across various typologies over the year.

Apart from this, to achieve a target of 10% reduction in residential demand using standard
procedures it would require creation of ideal climatic conditions whereas wind and solar
resources are dynamic in nature. If solar and wind based onsite microgeneration in existing
group housing have to be promoted, development guidelines will need reframing taking due
consideration of existing built configuration and retrofitting renewable infrastructure without

changing the architectural character.

3.2.4 Building Controls within CUC

With increasing inflow of population into CUC, Mohali and Panchkula have been experiencing
major growth in group housing projects with average number of floors ranging from 12-18.
Chandigarh architectural controls leave no scope for high rise housing, but with increasing
housing demand certain sectors have been demarcated for Chandigarh Housing Board to

undertake low rise group housing societies spanning 4 floors.

In CUC, the development of group housing projects within the sectors and peripheral areas
comes under the jurisdiction of three different development agencies, resulting in independent
and distinct building controls. In case of Chandigarh UT, the building controls are framed keeping
in view the architectural character by the Office of the Chief Architect, Chandigarh. In case of
Mohali, building controls are framed by the Greater Mohali Area Development Authority
(GMADA) and in case of Panchkula, the development of building controls is under the purview of
the Haryana Urban Development Authority (HUDA). A comparison of various development
controls related to group housing across all the three development agencies are listed in

table. 3.2.
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Table 3.2: Comparison of Building Controls for Group Housing in CUC

S. No. Parameter Chandigarh Mohali Panchkula
1. Minimum Area of Site 4047sgqm 4000sgm -
Maximum Ground
2. Coverage 40% 40% 33.33%
(% of Site Area)
3. Maximum FAR 1:1.2 1:2 1:1.75
4 Maximum Height 46’-9” 71’- 6" ':E:f:gggﬂtezu:
' (Inclusive of Parapet) (14.25 meter) (21.80 meter)
approval
Minimum Minimum 6m Minimum 6m
5. Setback or 1/3" height of or 1/3™ height of
6m . .
building building
. 2/3 height
6. Distance between blocks - /3 average neig -
of building
Density of Dwelling Units A B C A B C A B C
7. (Category Wise Units per
Acre) 25 35 45 50 60 75 20 40 60
. A B C A B C A B C
Category Wise Area of
Dwelling 130 | 93 | 75 12 | 77
8. . pto
(Area in sqm) to to to > 280 to 112 350 to 76
140 100 78 280 349
Organized Green Area
9. . 15% 15% 15%
(% of Site Area) 0

3.3 Basis of Housing Classification and Defining Representative Residential Units

Residential buildings within the CUC can be categorized based on their built character into four
major typologies. The architectural character of the housing units within individual typologies is
predominantly similar in character due to the strict implementation of development controls.
The varying factor with respect to energy consumption in the typologies is their age and occupant

behaviour.

An architectural character based typology classification of the existing residential building stock
is done as part of the research. Aydinalp et al. (2002), Bianco et al. (2009) and Attia et al. (2012)
have established that architectural built form character and layout of units across typologies have
a significant contribution towards energy consumption and generation. The research focuses on
the energy consumption of the households based on their monthly electricity bills. The energy
consumptions related with age of household, material of construction and insulation are
presently kept out of the scope of study. The built form characteristics and orientation of existing

typologies is considered to understand their role in promotion of renewable energy generation
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primarily solar and wind. For the purpose of research, the architectural form based classification

of residential units across CUC results in four major typologies as highlighted in figure 3.6.

The typologies may have units varying in plot size but the built character, setback, height and
plot coverage are predominantly common across them. In case of each typology, certain cases
are left out due to lack of availability of information and in case of 4 Kanal (2000sqm) to 8 Kanal
(4000sgm) plotted units the users were not willing to share information owing to their energy

intensive household and societal status.

1. Low Rise Detached, Semi-detached and Row Housing
e G+2 structure consisting of single or joint family unit.
e Varying plot sizes ranging between 4 Marla to 8 Kanal.
e Front, rear and one side setback.

2. Low Rise Group Housing
e G+3 structure with multifamily (single/joint) units.
e Plot areas are predominantly same.
e Front and rear setback.

3. Medium Rise Group Housing
e Medium height blocks > ground+4 floors or stilt+4
floors.
e Part of group housing setup with lift.
e Household units may vary in area.

4.  High Rise Apartments
e Forming maximum portion of housing stock.
e >8 storeyed towers.
e Provision of lift and fire safety infrastructure.
¢ Household units may vary in area.

Figure 3.6: Representative Residential Units of CUC

3.4 Assessing Household Energy Demand and Identifying Representative Residential Units

To assess the energy consumption of various housing typologies identified within CUC, a
guestionnaire is prepared and household survey is undertaken with a sample size of 20

households across each typology. The questionnaire is also used to shortlist Representative
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Residential Units (RRU) based on the extent to which the household follows the building controls
as laid down within CUC. Another factor is the information gaps in the questionnaire, with the

household having least information gaps getting due credit.

The questionnaire involves an understanding of user behavior, physical form and construction
technology of the housing units, neighbourhood development, climatic considerations, external
fenestration and issues related to already integrated micro-generation technologies. The
guestionnaire is divided into two sections — the first section deals with defining the built
character of the household and establishing it as a RRU. The RRU’s shortlisted as part of the
survey accordingly are converted into 3D models and analysed by different simulation tools

based on the type of assessment.

The second section deals with assessing the energy consumption pattern across typologies and
establishing a trend that can be generalized for similar housing typologies. The primary
respondent in case of Section-2 are home owners themselves. Tenants are not considered as part
of assessment due to their inability in decision making. The section also aids in detailing out the
list of energy intensive appliances that are common to a particular typology, hours of operation

and understanding human behaviour based on time of operation of the appliances.

3.4.1 Section —1: Defining Character of existing household and Identifying RRUs

The Representative Residential Unit (RRU) is a standard existing housing unit that is converted
into a 3D model and undertaken for simulation based assessment. The various built form

parameters defining the character of existing household and basis of identification of a RRU are

listed below:
Table 3.3 Parameters Defining the Character of Existing Household
a) Single Family / Multi Family / Ownership b) Site Coverage
c) Shape d) Height
e) Volume f) Internal Floor Area
g) Open Spaces / Balconies h) External Wall Area
i) Roof Area j) Shape of Roof
k) Window Area I) External Shading Devices
m) Construction Material n) Age of Construction

74 Siddhartha Koduru



Assessing the Potential of Micro Generation to Achieve Energy Sustainability in the Housing Sector

Some of the parameters are not directly defined in the building controls but have been
incorporated based on dealing with categorization of households to assess their energy

performance (Attia et al. 2012 and Bianco et al. 2009).

3.4.2 Section — 2: Defining existing household Energy Demand and Consumption Pattern

This section deals with defining the household energy demand on the basis of list of energy
intensive equipment, hours of operation, user-behaviour and consumption pattern across
various housing typologies. The various energy parameters that are assessed as part of the

guestionnaire are listed below:

Table 3.4 Parameters Defining the Existing Household Energy Demand

a) Family Structure and Age Groups b) Existing Energy Sources

c) Existing Renewable Energy Infrastructure d) Electrical Equipment in Use

e) Operating Hours of Equipment f) Awareness towards Energy Rating

g) Heating Needs and Usage h) Cooling Needs and Usage

i) Lighting Needs and Usage j)  Community Energy Needs and Usage

The questions related to community energy need and usage are primarily for the multi-family
dwelling with multiple ownership. This includes energy consumption towards common space

lighting, club house or community facility, landscaping, water pumping, etc.

3.5 Shortlisted Representative Residential Unit (RRU)

The Representative Residential Units (RRUs) that are shortlisted on basis of their character and
location across CUC with respect to the building controls and geometry are detailed out in this
section. With reference to the material of construction as per Census 2011, out of 2,68,758
households surveyed 88.8% households report using burnt brick as wall material followed by 5%
having concrete as the construction material. In case of floor 70% use cement as followed by
13% using mosaic and floor tiles and 10% using stone. 83.2% households use reinforced concrete
as the roofing material followed by 10% using G.l roofing sheet. Accordingly more than 91% of

houses are categorized as permanent, 7% as semi-permanent and 3% as temporary houses.

Also, as per Census 2011, out of 2,28,276 urban households in UT Chandigarh, 27.4% households
have household size of 4 followed by 19% having 3 and 17% with a family size of 6-8. In terms of

dwelling rooms 38.5% households have only one dwelling room, 25.8% have two rooms and 19%
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have three rooms. On basis of the above data the average household size is observed to be 4.4

which is considered for the present study.

3.5.1 Uppals Marble Arch, Manimajra, Chandigarh

c) Character of Built Form d) Club House in between the Blocks

Figure 3.7: Built Form Characteristics and Development of Uppals Marble Arch, Manimajra,
Chandigarh

Uppal’s Marble Arch is a housing project completed around 2011-12 and spread over 5.4 acres
in Manimajra, Chandigarh with a total built up area of 40,000sqgm. The FAR is 1.5 with 40%
ground coverage and maximum height of 15.25 meters. The development consists of 9 blocks of
5 storey arranged in three rows with green spaces in between the rows. Each floor comprises of
4 apartments thereby providing for 168 units consisting of 3 and 4 bedroom units with
penthouses on the top floor. The average area of the households ranges between 205sgm to

262sgm. The blocks are placed with the longer faces towards north and south. The volumetric
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play is achieved by provision of terraces at different levels. Ancillary facilities like club house,

gym, swimming pool, play courts and social interaction spaces are also provided.

3.5.2 Sushma Elite Cross, Gazipur, Punjab

Sushma Elite Cross is located in Gazipur, Punjab and was completed around 2015-16. It is spread
over 9 acres comprising of 348 units arranged in three towers resembling the form X and four
towers in a rectangular block form. The X form towers comprise of 13 floors each with an overall
height of 46 meter while the rectangular box towers are 12 floors each and overall height of 42.5
meter. Both the towers comprise of pent houses at the terrace level. In between the blocks is
the club house comprising of all possible facilities like gym, swimming pool, children’s play area,

etc., within its three levels.

Figure 3.8: Site Plan and Surrou