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Abstract

Smart urban buildings are being built as a synergetic deployment of renewable energy sources
and electric vehicles. These buildings employ rooftop solar (depending on space constraints) to
reduce grid dependence and as per our assessment have high profit margins by either
contributing to the grid stability and/or having local aggregation for optimum routing of power.
A large influx of rooftop solar photovoltaics (PV) deployments has been seen in buildings over
the past decade due to lucrative net-metering schemes introduced by the various governments,
including Pakistan. However, the selection of optimum technology for large-scale rooftop PV
installations and the introduction of a comprehensive profitable architecture in smart buildings
has remained an open question for the PV and smart grid research community, respectively,
primarily due to the evolving space of the technology as well as changing regulations around
feed-in tariffs (FiTs). Precisely, in the context of profit maximization and operational viability
(technical) for smart buildings, it is needed to assess the a) optimum solar PV technology for
rooftop deployments under constraints (low irradiance and partial shading conditions), b)
lucrative business propositions for smart building (with solar PV, storage and/or charging
infrastructure) and c)total harmonic distortion (THD) in current and voltage as a power quality
parameter to gauge the stability of low voltage distribution network. Therefore, in this thesis all
these research areas are explored leading to a novel and comprehensive framework for the

profitable electricity sharing mechanism among multiple buildings.

Firstly, it is examined that under low irradiance and partial shade, the performance of thin film
(TF) PV outshines the power output from crystalline silicon (c-Si) PV. However, due to the
relatively low efficiency of TF PV modules, larger rooftop area is required to extract similar
amount of power compared to c-Si. Henceforth, given the facts that TF PV panels are lower cost
and perform well under low irradiance and partial shading conditions these modules are

optimum for localities without significant space constraints.

Secondly, to cope with the challenge of lowering the overall electricity tariff for the consumers,

a novel business model is proposed for multiple buildings having bilateral contracts and
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connected with the grid, simultaneously. The proposed business architecture catersfor the profit
margins of each participating building, whether it has rooftop solar PV or not. The detailed results
from the model signify that smart building (with solar and storage) earn up to 43 % of annual
profits after incorporating installation costs of photovoltaic-battery system. Further, secondary
buildings (without solar or storage) achieve 3 - 16 % of savings in the electricity costs based on
different contracted loads and agreement tariffs. This work can further enhance the utilization
of solar energy resources via rooftop solar photovoltaic to help mitigate the per capita carbon
dioxide emissions in countries like Pakistan with high dependency on fossil fuel for electricity

generation.

Thirdly, the integration of electric vehicles in smart building enables added options of electricity
trade for the prosumer (smart building) along with the optimized charging of electric vehicles. It
allows the smart building to earn up to 87 % profit and secondary buildings electricity cost saving
goes up to 41 %. To further facilitate the charging station integration in smart building, vehicle-
to-everything (V2X) concept is introduced. The optimized charging and discharging of electric
vehicles in the parking station of smart building enables the fleet of electric vehicles to earn
savings up to 66 %. In addition, primary building (smart building) earns profit up to 62 % whereas
the electricity cost savings of secondary buildings ranges from 2- 20%. Resultantly, the objective
of lowering overall electricity cost with the introduction of profit maximizationframework for the
smart building, secondary buildings and electric vehicles on a local level is successfully achieved

in this thesis.

Lastly, the technical evaluation of rooftop grid-connected PV systems with high diffusion of non-
linear loads facilitates the integration of rooftop solar PV as a distributed energy resource in the
low voltage networks. The results reveal that the installation of solar PV at alternate buses allows
to operate within the limits for total harmonic distortion in voltage and current. Overall, this
thesis presents a detailed techno-economic model for smart building(s) having bilateral contracts
with secondary buildings and charging infrastructure for electric vehicles, along with a detailed
assessment of the power quality parameters for grid-connected rooftop solar PV in low voltage

networks.
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Chapter 1

Introduction

1.1 Contextand Motivation

Pakistan's circular debt in the energy market has become an inevitable challenge for the
government. At the end of the previous fiscal year, FY2020-21, the circular debt in the power
sector reached PKR 2.33 trillion [1]. The amount of financial shortfall that the central power
purchasing agency (CPPA) cannot pay to power supply industries is known as circular debt [2].
This gap is due to (a) the disparity between the actual cost of providing electricity and the
revenues collected by power distribution companies (DISCOs) from sales to customers plus
subsidies; and (b) insufficient payments to CPPA from collected income by the DISCOs [2, 3]. This
revenue shortfall ripples through the entire energy supply chain, from electricity generators to
fuel suppliers, refiners, and producers, resulting in a fuel shortage for public sector thermal
generating companies (GENCOs), a reduction in power generated by Independent Power
Producers (IPPs), and increased load shedding. Also, due to higher end consumer tariff, the
customers that do not ableto pay their electricity bills to distribution companies cause a liquidity
crisis, preventing power companies from making payments to transmission companies, which

then default on oil and gas payments to suppliers [4].

On the other hand, the implementation of competitive electricity markets in Pakistan's power
industry has the potential to lower electricity rates. In his context, central power purchasing
agency - guarantee (CPPA-G) has developed a model known as competitive trading bilateral
contract market (CTBCM) [2, 5]. The CTBCM is created with the goal of creating a competitive

wholesale market. Bulk power consumers (BPCs) are the ones who can buy directly from the



market. This form of contract can be particularly beneficial in the wholesale power market to
integrate current energy purchase agreements (EPAs) and/or power purchase agreements
(PPAs) into several contracts between a generator and different purchasers [3, 5]. This strategy
will bring competition to the electricity sector and promote the energy sector's long-term
financial viability through procedures that will remain successful despite political shifts. The
CPPA-G, which presently purchases power from power companies, will cease to exist, and
distribution companies (DISCOs) will purchase power directly from power companies. The CPPA-
G will serve as a market operator, handling settlements, balancing, and invoicing, as well as
managing independent auctions for additional capacity procurements. Indeed, this will increase
the efficiency of the power market and, in the long run, lower the consumer end electricity tariff

[6].

However, there is still a lot of attention and efforts required to establish and integrate the local
electricity markets in the power sector of Pakistan. Local electricity markets generally operate
without market operator with the provision of peer-to-peer (P2P) power sharing/trading at a
local level [7-10]. This challenging issue of transformation to local electricity markets in Pakistan
can be handled with the introduction of aggregation model with bilateral contracts in solar
assisted smart building. Usage of local resources to generate electricity by the large consumers
such as industries, commercial and residential buildings and bilateral contracts among the
buildings helps to achieve the goal of shifting and implementing comprehensive local electricity
market model in Pakistan. The proposed model has been tested in New Zealand settings;

however, itis entirely adaptable to Pakistan's electricity sector.

Rooftop solar PV coupled with storage at smart building in bilateral contracts with the secondary
buildings helps to achieve the lucrative profits for each entity. Optimized charging of electric
vehicles and vehicle-to-everything (V2X) technologies are seen as a way forward in this context
in terms of achieving economical, technological, and environmental advantages. Electric vehicles
earn savings from local optimized charging and trade with the smart building and grid. Grid
congestion can resultantly be avoided with the applicability of this profit model which will
contribute towards the adoption of local electricity market and resultantly lowering the

electricity tariff in the coming years in a country like Pakistan.



1.2 Research Challenges

1.2.1 Research Direction

The thesis work is structured following two research directions. The first line of research
identifies the optimum PV technology for large-scale installations on the rooftop of buildings to
extract the maximum power from the solar PV under low irradiance and partial shading
conditions. Depending upon the performance of PV system under low irradiance and partial
shade, ideal candidate for rooftop solar PV installations is identified. The second line of research
focuses on the profit maximization of multiple buildings with bilateral contracts along with the
optimized charging and discharging of electric vehicles in smart building allows to achieve the
maximum profit for each participating building and fleet of electric vehicles. Last, the technical
power quality assessment of grid-connected PV systems under high diffusion of non-linear loads

facilitates the integration of distributed energy resource into the low voltage network.

1.2.2 Scientific Contribution

This thesis first contributes by the detailed performance assessment of two types rooftop solar
PV technologies through [Paper A]-[Paper B]. The optimum type of solar PV technology under

low irradiance and partial shading conditions for large-scale rooftop deployments is identified.

Performance of PV panels under low irradiance. Low irradiance, which is common in the
mornings, evenings, and on overcast days, reduces the efficiency of solar panels from their rated
(standard testing circumstances) value. Due to their growing market share, [Paper A] assesses
cadmium telluride (CdTe) thin film panels (TFP) and compares their low irradiance performance
to traditional crystalline-Silicon (c-Si) panels. The performance of both material systems is

examined over a four-year period in order to assess their respective changes in efficiency and

energy production.

Performance of PV panelunder partial shade. The creation of hotspots in active operation under
partial shade has a substantial impact on the dependability of solar photovoltaic (PV) panels. In
[Paper B], hotspots in traditional crystalline-silicon (c-Si) and developing thin-film (TF) PV

modules areinvestigated, as well as the impact of shade on their performance. In various shadow



circumstances, both module technologies respond differently, with the TF panel technology

providing superior outcomes in terms of hotspots and power output.

The second line of work contributes to the proposition of novel architecture for profit
maximization of multiple buildings (in bilateral contracts) and electric vehicles through [Paper C]-

[Paper F].

Optimized power dispatch for multiple buildings in bilateral contracts. [Paper C] presents a
grid-interactive photovoltaic-storage system in a multi building scenario with net-metering. A
simulation model is developed for an interconnected multi building environment with a primary
building owning the photovoltaic-battery system. Multiple secondary buildings can procure
power from the primary building based on suitable bilateral contracts. The applicability of the
model is demonstrated through real-time load demand of three buildings along with actual time-

of-use pricing data from the utility in the city of Auckland, New Zealand.

Optimized charging of electric vehicles in smart building. The integration of renewable energy
sources with specific energy storage systems in buildings is becoming feasible, and there are
multiple well-documented benefits. Allowing electric vehicles (EVs) in these smart building
provides more choices for optimizing power flows and lowering electricity costs. In [Paper D], a
mixed-integer linear programme (MILP) is devised to optimize the profitability of the smart
building, as well as the financial gains to secondary buildings (without solar and storage) and an
EV fleet. The smart building's charging system also helps EVs load by taking into consideration
elements including feeder time-of-use (TOU) tariffs, negotiated rates between buildings, and EV

charging pricing.

Optimized charging and V2X operation in smart building. Smart buildings are being built as a
synergetic deployment of electric vehicles (EVs) and renewable energy sources. Smart charging
of electricvehicles and vehicle-to-everything (V2X) technologies are seen as a way forward in this
context in terms of achieving economic, technological, and environmental advantages. [Paper E]
proposes a framework for the multi-objective techno-economic optimization for profit
maximization of multiple inter-connected buildings (with bilateral contracts) and scheduling of

EVs. The primary building owns the photovoltaic system coupled with storage and charging



infrastructure for electric vehicles. Based on appropriate bilateral contracts, several secondary
buildings can purchase power from the primary building. The optimized charging of electric
vehicles at affordable rates using local resources at the primary building assists the grid in
managing the EVs load during peak hours. Real load profiles for three buildings, actual time-of-
use tariff and stochastic information of EVs (initial state-of-power, arrival and departure times)

are used to validate the model in Auckland, New Zealand.

Technical evaluation of rooftop grid-connected PV systems. Grid voltage levels and total
harmonic distortion (THD) at the low voltage (LV) distribution feeder are affected by the high
penetration of grid-connected PVs, non-linear loads, and bidirectional power flows. [Paper F]
evaluates LV power quality issues with high non-linear loads at the point of common coupling
(PCC). Various examples of PV penetration (0 % to 100 %) are tested at the radial modified IEEE-
34 bus system to assess total harmonic distortion in the current (THD;) and voltage (THD.) at PCC

for practical feeder data in a weak grid environment.

1.3 ThesisOutline

In addition to Chapter 1, there are five other chapters in the thesis.

Chapter 2 presents the contribution towards the comprehensive qualitative and quantitative
assessment of two types of PV technology for rooftop spaces under low irradiance and partial
shade. In the 1% part, chapter discusses the performance of crystalline silicon and CdTe thin film
PV modules under low irradiance. The 2" part discusses the formation of hotspots and
performance evaluation of crystalline silicon and thin-film PV modules under partial shading

conditions.

Chapter 3 presents thesis contribution to profit maximization of building with solar photovoltaic-
storage system having bilateral contracts with multiple buildings. The 1 part discusses the
literature review for the grid-connected rooftop solar PV topologies. The 2"¥and 3" parts present
the contribution to the thesis and proposed system architecture for the rooftop PV systems,
respectively. In the 4" part, detailed mathematical modeling with objective function and system

constraints is presented. The results of two case studies and three scenarios for the evaluation



of proposed framework is presented in 5t part. The 6t" and last part of the chapter discusses the

detailed financial analysis for multiple building involved in the trade.

Chapter 4 entails the contribution towards the integration of electric vehicles in smart building
with bilateral contracts. The 1%t part discusses the comprehensive literature review for the smart
buildings with the integration of electric vehicles. The contribution to the thesis with the
enablement of V2X capability in smart buildings is discussed in 2"d part. The 39 part presents the
system overview for the profitable electricity trade among smart building and fleet of electric
vehicles with optimized charging. The mathematical model for the optimized charging of electric
vehicles with objective functions and optimization constraints are presented in 4t" part. In the 5t
part, the detailed results of optimized power dispatch and financial gains of multiple buildings
under two different cases are discussed. In the 6% part, a detailed optimization problem is
formulated for the profitability of each participating entity with V2X concept embedded into the
system. The 5t part of the chapter discusses the results of optimized power dispatch for each
building and fleet of electric vehicles with V2X capability. The 7th and last part presents a

comprehensive financial analysis for the multiple buildings and fleet of electric vehicles.

Chapter 5 contributes to the thesis with the detailed harmonic analysis of rooftop grid-connected
PV systems. The 1 part presents the comprehensive literature review for the harmonic analysis
of rooftop PV systems. The 2"9 part outlines the contributions towards the thesis for the grid-
connected PV systems. The 37, 4th and 5th parts of the chapter present the methodology opted
for the harmonic evaluation of rooftop PV systems, the total harmonic distortion introduced due

to non-linear household loads and characteristics of solar PV system deployed, respectively.

Chapter 6 summarizes the major findings from thesis and suggests future study directions.

1.4 List of Publications

The following are the papers that are crucial to this thesis:
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Chapter 2

Performance Evaluation of c¢-Si and
Thin Film PV

2.1 Performance Comparison between c-Si and Thin Film PV
under Low Irradiance

This chapter identifies the optimum solar PV technology under low irradiance and partial shading
conditions for large scale rooftop solar PV installations. Solar energy has the highest potential
(for electricity generation) among all the renewable technologies and has seen a large growth in
recent years [11] primarily due to lowering solar panel costs which have decreased from 4.0 $/W
to 0.3 S/Wp in the last decade [12, 13]. Therefore, the photovoltaic technology is now
competitive and in many cases a cheaper alternative to conventional fossil fuel based electricity
production [14]. Traditionally, crystalline Silicon (c-Si) has been commonly used for photovoltaic
(PV) applications due to low costs and mature technology with over 93 % of the market share
[15, 16]. However, due to low temperature processing [17] and maturing technology of thin film
panels (TFP), their share in the PV industry is increasing and is likely to grow at an annual rate of
around 12.9 % till 2030 [18-20]. While TFP has a potential to be considerable cheaper than c-Si,
their lower efficiency (compared with c-Si technology) will require larger deployment area for
equivalent energy production. This can be a deterrent in domestic/residential rooftop
installations in certainregions where space constraint is an important issue. However, with utility
scale deployments in deserts or large barren lands, where space is typically not a constraint, TFP

is becoming an increasingly popular choice [21].
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2.1.1 Performance Ratio Assessment and Spectral Response of Solar
Panels

For any commercial PV deployment, the ultimate goal is to maximize the power output of the
system and in turn maximize the performance ratio (PR) [22]. PR is the ratio between produced
energy to the ideal energy available [23]. Various losses such as temperature [24], shading and
mismatch effects [25, 26], wiring losses [27], inverter losses [28] affect the PR of a PV plant and
numerous remedies have been discussed in the literature. However, another important aspect,
i.e., the effect of low irradiance on the performance of solar panels is largely limited in the
literature. Several studies discuss the low irradiance loss in solar PV panels but the analysis is
largely limited to c-Si panels [29-32]. For TFPs, various studies mainly analyze system PRs in
practical environmental conditions. For instance, Schweiger et al. [33] discusses the impact of
various losses on the energy yield in different climate zones. Ozden et al. [34] also compared
outdoor performance of TFP with Si and analyzed the relative PRs for operation in Turkey.
Further, Huld et al. [35] presented a method for estimating the PV energy yield in large
geographical area. Several other studies [36-39] also present PR and energy output variations of
TFP and assess related aspect for performance enhancement. While all these papers assess PR
and factors that affect the PR, the explicit quantification of low irradiance loss for TFP has not
been reported in the literature. Therefore, in this chapter, this loss due to varying irradiance on
CdTe TFP (the highest used thin film technology with more than 50% share in thin film PV market
[13, 40]) is quantified. The energy produced from a typical CdTe panel setup is analyzed and
compared with that of c-Si system for four years through the hourly data available through
National Renewable Energy Laboratory (NREL) [41]. This analysis is then extended to measured
high-granularity (15-mininterval) irradiance data for eight days and comparison is made between
CdTe TFP and conventional c-Si panels based upon specific energy yield on per day basis. This
work will therefore be very useful in making technological assessment of panel technology in

future deployments particularly in areas with high irradiance variations.

For evaluating the performance of solar panels, itis critical to analyze the material performance
in terms of their spectral responses. SR is the ratio of photo-generated short circuit current ata

given wavelength to the incident power density or photon flux [24]. Alternatively, itis also given

11



as the ratio of current generated by the solar cell to the power incident on the solar cell. Lower
bandgap materials have a peak spectral response in the infrared, while greater band gap
materialshave a maximum spectral response in the visible or higher energyarea. The relationship
between spectral response and a material's quantum efficiency (QE) at a specific wavelength is
given by (2.1) [42]. c-Si and CdTe have different bandgaps at room temperature which results in

different cut-off wavelengths (Ag) given by (2.2).

* A

SR = th * QE (1) o
L 1240

s =g @) ™ 2.2)

A higher cut-off wavelength of 1100 nm lies in infrared region where low energy photons are
absorbed. Therefore, spectral sensitivity of c-Si peaks at this value of wavelength, (adapted from
[43]) whereas CdTe based cells having bandgap of 1.54 eV at STC correspond to a cut-off
wavelength of 800 nm with spectral sensitivity peaking between 650-800 nm of the incoming

spectrum shown in Figure 2.1.
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Figure 2.1 Spectral response of c-Si and CdTe under spectral irradiance of 1000 Wm2 and 500 Wm2, respectively.

2.2 SolarPanelModeling and Low Irradiance Results

In order to quantify the effects of low irradiance, it isimportant to analyze the parameters which

affect the panel output. The short circuit current density (Jsc) for any material system is given by
(2.3).

]sc=f G(A) = SRQ) *d (1) 23

Here G (A) and SR(A) are the input irradiance and spectral response respectively at a specific
wavelength [44]. Jscis calculated under varying irradiance conditions by integrating the product
of aforementioned quantities over available range of given wavelengths. The short circuitcurrent

decreases as input irradiance declines depending upon on the solar insolation as well as the



spectral response of the material being employed for absorptions [37]. The reverse saturation

current density (Jo) is given by (2.4).

E
Jo=CT?®xexp (- —=)

where Cis a constant that varies based on the material type and doping, and T is the temperature
in Kelvin. The value of C used in the analysis is 17.90 mA/cm?K3, both for CdTe and c-Si [45].
Further, the open circuit voltage (Voc) and fill factor (FF) and the efficiency (n) of a solar panel

can be calculated using (2.5) - (2.7), respectively [31].

0 (2.5)

Vye — In (v,, +0.72)

FF =
Vye T+ 1 (26)
_ ]/OC ]SCFF
Pin @.7)

where v, = kV;;q, k is the Boltzmann’s constant, T is cell temperature, g is the charge on an

electron and Pin is the incident power given in W/m2. The low irradiance performance of CdTe is
better as compared to c-Si due to the fact that the peak of spectral response of CdTe liesin the
visible region of the incoming spectrum whereas the peak of spectral response of c-Si lies in the
infrared region. It is however important to analyze this effect and quantify the gainsin terms of
CdTe deployment. A 4 year beam irradiance data at 1-hr internal, acquired from NREL [41] is
analyzed for the location in Lahore which shows an enhancement of energy production through
CdTe for the year 2011-2012 and 2013-2014. A comparison of annual energy yield from c-Si and
CdTe for four years is listed in Appendix A2. Figure 2.2 shows the comparison of the ideal energy

available to the annual yield for c-Si and CdTe for year 2011-2012. It is evident that over multiple
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years’ same nature of variations is observed with respect to specific energy yield. In order to
obtain the percentage loss in efficiency under low levels of irradiance, the difference between
the efficiency at STC and non-standard irradiance values is computed. Under STC the rated

efficiency (nsrc) can be given as (2.8).

kT Tsc(r) )
Voc @) Jse(r) FF(r) _q ln( Jo +1 ]55(7") FE.

Pintsto P (sTo)

(2.8)

Nstec =

where Voc(r), Jseiryand FFyr) are the rated values of open circuit voltage, short circuit current density
and fill factor at 1-sun condition (Pi»= 1000 Wm™2), respectively. The value of efficiency at lower

insolation levels represented by n” can be written as (2.9).

V,OC.IISCFF/ B q In ]O +1 ] SCFF
P’ B

n= (2.9)

,
in P in

where P’ip is the input power at low irradiance (typically varying throughout the day). The
percentage decrease in efficiency of solar PV panel to calculate the difference in energy outputs

from rated energy values can be written as (2.10).
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Figure 2.2 Comparison of ideal energy available to the energy produced by c-Siand CdTe for year 2011-2012

under non-standard conditions.

In order to further evaluate the performance of two panel systems based on real data, a high

granularity 8-day measured data (4 summer and 4 winter days) has been analyzed for practical

rooftop deployment of PV panels at Lahore University of Management Sciences [46]. The data

for winter season and summer has been measured through an installed irradiance monitoring

station (SMA Sunny Sensor Box), shown in Appendix Al. For the analysis, standard 1 kWpk PV

systems for each technology is considered and analyzed for energy yield per 15-min granularity.

Results of c-Si and CdTe for 4 days of winter season are shown in Figure 2.3.
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It can be observed from Figure 2.3 that the energy yield from CdTe panels is higher compared to

c-Si and the overall results are summarized in Table 2.1. Typically, in winter days, when the
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insolation levels are significantly lower than the standard values, the energy difference between
the c-Si and CdTe TFP is comparatively higher than the energy variability during summer days
where high insolation days are more prevalent. It can be observed from Table 2.1 that for day 2
where high variation in insolation levels are seen, the additional energy yield of CdTe TFP is

highest among all winter days.

Table 2.1 Energy output by c-Si and CdTe for four days of winter and four days of summer under low irradiance.

Day Specific Energy Yield Specific Energy Yield Additional Production Output of
of Si (kWhr/kWx) of CdTe (kWhr/kWpi) CdTe (%)
Winter
1 2.46 2.50 1.62
2 0.53 0.56 5.66
3 3.09 3.13 1.29
4 2.68 2.73 1.87
Summer
5 5.48 5.53 0.91
6 5.95 5.99 0.67
7 5.12 5.17 0.97
8 6.73 6.78 0.74
Total 32.04 32.39 1.09(Weighted average)

This is primarily due to higher change (reduction) in efficiency of c-Si panel as compared to TFP
under quite low light conditions. The temperature coefficients both for c-Si and CdTe have
distinct effects on the overall energy yield of the PV modules and it sometimes dominate the
irradiance effect [33, 47]. Therefore, this chapter primarily targets to present a rationale under
merely low irradiance or overcast conditions without taking into account the temperature or
partial shading effects. Overall, CdTe produced 1.09 % higher specific energy yield which would
lead to higher PR. In order to further analyze the relative gains in CdTe, it is important to evaluate
its performance for short circuit current, open circuit voltage and fill factor under low irradiance.

The currentincreases during the day time as irradianceisincreasing and vice versa. However, the
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magnitude of current increase is different for c-Si and CdTe primarily due to the difference in
bandgap, which results in different overall current contribution. This directly affects the open

circuit voltage value, which in turns affectsin FF as well as efficiency.

Therefore, it is important to analyze the variations in relative efficiency under varying insolation
levels for all eight days during winters and summers. The resulting plots of relative efficiency (nre)
given by (2.11) [33] are shown in Figure 2.3 which clearly show that a higher relative decline in
efficiency is observed for c-Si compared to CdTe during the winter period in comparison to
summer season where largely insolation levels are closer to standard values. Thus, the effect of
lower irradiance is more obvious in winter days compared to summer days with CdTe TF panels

showing an overall superior performance.

An (.11)

Mret = 100 — (%)

Nstc

The percentage change in efficiency as a function of insolation intensity can be expressed as

(2.12) [48].

%) = |—

A kT In(n) 2.12
i ] 100 (212)
Nsrc q Voc

Where “n” corresponds to the number of suns under which solar PV module is operated. For c-
Si and thin film (CdTe) under low irradiance, (2.12) takes the form as (2.13) and (2.14),

respectively.

19



22D (9%) = 3.95 * In(n) (213)
nsrc

AnCTe) (o) = 2.31 % In(n) (2.14)
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Figure 2.3 Variation in relative efficiency of c-Si and CdTe for 4 days of winter w.r.t. varying irradiance.

From Figure 2.3, it can be inferred that the daily results acquired though the analysis of c-Si and
thin film correlates with the relationships given in (2.13) and (2.14), respectively. The uniformity
in the results for 1-hr interval and 15-min interval is an interesting outcome of the analysis and
suggests that 1-hr granularity is proving sufficient for reasonably accurate solar energy
predictions. Further, higher variationsin the energy yield are expected for winter months due to
lower irradiances or equivalent peak sunlight hours. This is already established for c-Si in our
earlier work that energy harvested through the course of whole year mainly depends upon the
equivalent peak sunlight hours (EPSH) available for the whole day [31]. This generally means that
the decline with respect to varying irradiance in the performance of CdTe TFP (as well as c-Si)

would be lower in summer compared to winters with overall 1% relative gains in CdTe.



2.3 Performance Comparison between c-Si and Thin Film PV
under Partial Shade

A larger number of thin film (TF) implementations are seen due to lower costs of production,
where high temperature processing in the TF module manufacturing is not required unlike the
conventional c-Si technology [15, 49, 50]. In recent years, the efficiency of TF panels has also
increased, moving its utilization from laboratory to commercialization [20, 51]. Therefore, it is
also important to evaluate the performance and reliability of these panels compared with the c-
Si modules. The performance of conventional c-Si PV panels under partial shading conditions is
deteriorated due to series cell connections, where a small amount of shade on any part of the
panel can severely affects the output power of the module [52, 53]. This effect is quantified as
mismatch losses [54], which can be reduced by using bypass diode(s) across a module. In
addition, these bypass diodes also minimize hotspots which may accelerate the aging of panels
and, in severe cases, result in irreversible malfunctioning. Partial shading also affects the

performance of TF modules and this should be analyzed as well compared to the conventional c-

Si panel technology.

Hotspots appear due to the series arrangement of solar cells. This results in the shaded region of
the panel operating in the reverse-biased condition dissipating power as heat. Large uniform
shading is generally less problematic for panels. However, under a high ambient temperature,
uneven cell level shading significantly increases the possibility of hotspots [55]. Hotspots affect
the PV modules in terms of reliability and may result in accelerated aging affecting the long term
performance [56, 57], as aforementioned. Solar PV panels typically has a manufacturer warranty
of more than 25 years for consistent operation under rated conditions. However, the occurrence
of hotspots in practice affects the overall operation and under severe hotspots, cell encapsulate,
joints and metal contact or the glass cover can break, subsequently resultingin module downtime
[58]. Furthermore, the number of bypass diodes and their orientation also affect the
performance of these panels [59]. TF module technologies are becoming more competitive due
to increasing efficiencies and better module performance than c-Si PV modules in high-shade

scenarios [47, 60]. This is primarily due to the monolithic cell orientation within a panel, where
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cells with a long rectangular structure are uniformly integrated, resulting in lower hotspots [55,
61]. However, it is necessary to evaluate these hotspots and resultant temperatures to compare
the two panel technologies. This is performed in this chapter on the system installed at Lahore
University of Management Sciences (LUMS). In addition, the power production performance of
the two in the same orientation to quantify the performance of the two systems (i.e., TF and c-Si

panels) with varying shade conditions is benchmarked in this chapter.

2.3.1 c¢-SiPVandThin Film PV Panels Construction

It is well known that in conventional c-Si solar panels, a number of cells are connected in series.
Each cell behaves as an individual power source and for optimum power production, each must
produce similar currents. TF PV modules, on the other hand, have long, narrow, and rectangular
cells connected in series. The current flow is two-dimension (2D) due to the internal structure of
series-connected cells, as shown in Figure 2.4 [61]. While each solar cell has an intrinsic layer of
semiconductor in between the p- and n-type regions which creates an appreciable distance

between these layers. This separation allows high tolerances against larger reverse voltage

stresses during extreme partial shading conditions [62].

The 2D current-flow nature can be explained: each cell consists of multiple sub-cells connected
in parallel, Nparaitel. The total number of sub-cells connected in parallel per each cell depends upon
the width and area of the module. The number of series-connected cells, Nseries, depending on
the panel length, can also be observed. This unique geometrical orientation and inherent internal
structure of TF solar cells enable high tolerance levels against high reverse break-down voltages.
As a result, the probability of the occurrence of hot spot damages within a module is minimized.
The electrical model for each individual sub-cell of CIS based TF can be depicted, as shown in
Figure 2.5 [61], where Ipn is the light-generated current, Ip is the diode current, /s»is the current
flowing through the shunt resistance, and /re,cis the conduction band offset also known as

generation enhanced recombination [61]. It can be given as (2.15).

q [v (2.15)
Leecg = IrecoVexp ﬁ E
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in which lreco is the Poole-Frenkel parameter known as the breakdown current prefactor

(mA/V.cm?) depending upon the defect level, Er (lreco™ E7), V is the terminal voltage (V), and m

is the break down currentindex (V°-) [63].

p ®
/ +
’!‘ e —— ——
_,«"‘ “parah‘el
4 [
£
I
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t___ : Nseries
D

Tpn lrecs Ip Isu

Figure 2.5 Internal structure of a TF sub-cell.

The rest of the electrical model for TF sub-cells is similar to the well-known c-Si models with
respect to the diode current, short circuit current and open circuit voltage represented as (2.16)-

(2.18), respectively [64].
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S
o= lo(exp (3) = 1
q [v (2.17)
I = Iph_ID_IrecO Vexp k_T E
Voe = Lin (2 + 1) (2.18)
q Ip

Furthermore, Figure 2.4 illustrates the fact that for each TF module, only one bypass diode is
connected unlike a typical c-Si module. The system under consideration mainly consists of three
modules connected in seriesto form a string, across which asingle DC to AC inverter is connected.

For the entire string, three bypass diodes are employed.

2.4 Partial Shading Results for both c-Siand Thin Film PV

Thermal images to evaluate hotspots for the c-Si modules connected in series, obtained from the
thermal camera (FLIR Vue 640 pro), are shown in Figure 2.6. Under no-shading (Figure 2.6(a)),
the panels are completely uniform with no bright spots in the image (other than the junction box,
which is close to the top of each panel). The temperature of the entire PV module is measured
to be the same as approx. 49°C at 860-Wm2 input irradiance. Furthermore, without shading,
none of the bypass diodes are ON, and thus all cells are contributing to power production. The
thermal image for the c-Si module with a bottom left cell half-shaded by a thick sheet is shown
in Figure 2.6 (b) . As a cell in series orientation is shaded, this bypasses the sub-module through
the bypass diode in ON-state. Therefore, the substring is now completely bypassed and it does
not contribute to the power output. Hence, the power produced by cells is dissipated, as heat,
which is manifested through the glowing of the cell or hotspot in the sub-module in Figure 2.6(b).
Resultant hotspot temperature is measured to be 86°C, while the shaded part reduces to 33°C
(due to the thick shade). The temperature of other two un-bypass sub-modules remain at 49°C
measured using a temperature gun. For TF PV modules, due to the 2D current-flow nature, their

performance is improved under shading conditions. The panels evaluated for the TF case are CIS-
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based panels (WRG1005) [65]. Using a thick sheet to create shading, when the individual long
and rectangular cell is not completely shaded, the shaded part appears as a darker area having a
low temperature at 44°C. While the un-shaded sub-cell has a slightly higher temperature at 48°C
in comparison to the shaded part. The current produced by the un-shaded portion of the cell can
contribute to the module current since the current has more than one direction to flow. For

symmetric shading, when the cells are partially shaded, the thermal images are shown in Figure

(a) (b)

Figure 2.6 Thermal images of a c-Si PV module (a) no shading with all cells contributing to the overall panel output

2.7.

and (b) hotspot at the partially-shaded left bottom cell.

(a) (b)

Figure 2.7 Thermal images of a TF PV module under (a) no shading and (b) partial shading on the bottom part of

the panel.

Figure 2.8 shows the measured temperatures of the shaded cellsin both PV panels with reference
to the shading percentage of the PV panel. It can be observed that in normal condition (when
there is no shading) both c-Si and TF are working almost at the same temperature (ambient

temperatures could be different as measurements were not simultaneously made). However, the
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important fact remains that the hotspots in c-Si are significantly higher, which may affect the
long-term reliability of the panel. Another reason for higher hotspots in c-Siis due to higher short-
circuitcurrents, which increases the hotspot effectin shading [66, 67]. Typically, TF modules have
higher open circuit voltages and lower short-circuit currents, which is also good for low

manifestations of hotspots [65].

B csipyv
B TF PV

(o]
o
1

(2]
o
1

Temperature(°C)

Normal Operation Shaded Area Hot Spot
Various Regions of the Panel

Figure 2.8 Effect of shading on the temperature of both types of PV Panels.

Further, to evaluate the power output from the two technologies a scaled down system with
three series-connected panels is shown in Figure 2.9. The shade irradiance is also taken as 300
W/m? i.e., 30% of the standard irradiance at the Standard Test Condition (STC) [68]. The
symmetric shading varies from no shading to 100 percent shading in a gradual manner. The half-
module shading represents roughly 17 % of the string under partial shading. But it is important
to mention that the orientations of series-connected cells and the number of bypass diodes
connected across individual modules for both systems are different due to typical configurations
[69]. For instance, for c-Si panel three bypass diodes, across each module of c-Si, are connected
and the symmetric shading reduces the power output by bypassing each of the substrings in a
gradual manner. Onthe other hand, only one bypass diode is connected across each TF module

[65]. The power output varies proportionally due to symmetric shading and single module is
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bypassed only when it is fully shaded, i.e., 100 % panel shading (33 % string under shade).

1 [

Figure 2.9 Incrementing shade from 0 to 100 % on a string of a PV system consisting of 3 series modules.

In Figure 2.10, the changes in the relative performance of the two systems under the same
irradiance are shown. For each technology, the normalized power (with respect to the maximum
for each technology) is shown for a fair comparison. PV panels for each technology are assumed
to be under partial shading with an increasing shaded-percentage area of the string, as descried

in Figure 2.9.

—&— c-Si String
—@&— TFPV String

Normalized Power Output

T T T T T T T T T
0 10 20 30 40 50 60 70 80 90100
Shaded Area of the String (%6)

Figure 2.10 Effect of partial shading on the relative performance output of both technologies under partial

shading.
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The resultant variations in the relative power outputs can also be seen in Figure 2.10, where the
production from the TF PV panels is higher than the c-Si panels under shading. The same trend
in the power drop can be seen for both technologies at 11%, 33%, and 67% shading due to the
bypass profile of the system at this level of system shading. Overall, the TF PV vyields
approximately 3.5% additional power output than the c-Si PV (on average) under the
incrementing partial shading from 0 to 100 % (see Figure 2.9) on the entire string of both PV

systems.
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Chapter 3

A Novel Rooftop Solar PV Architecture
for Profit Maximization

Following the identification of optimum solar PV technology for large scale rooftop installations
under low irradiance and partial shade, this chapter proposes a novel rooftop solar PV
architecture for profit maximization. Solar photovoltaics (PV) have seen a large influx over the
past few years due to decreasing module costs making PV very competitive even in residential
and commercial domestic settings [20, 70]. Two types of financial incentives are typically offered
by utilities through either Feed-in tariffs (FiTs) or Net-metering. FiTs are government incentivized
policies in which long-term power purchase agreements (PPAs) are signed with the utility for
providing surplus electricity to the grid [71]. During last decade, FiT schemes have been
frequently revised with addition of tax incentives, green certificates and subsidies to encourage
large scale solar PV deployment [72]. The provision of net-metering with the national grid also
encourages the installation of solar PV, giving prosumers an opportunity to sell the electricity

back to the grid at the time of peak generation [73].

Net-metering tariffs vary in different regions or countries, however in developed countries, the
compensation for distributed PV generation is typically about one third to one half of the retail
electricity price [74]. This is where storage-based PV systems are becoming popular where
surplus solar PV may be stored for peak time usage [75]. Various technologies are availablein the
market for energy storage including lead-acid, lithium-ion-iron-phosphate and lithium ion (Li-ion)
[76]. Even though Lead-acid is most mature technology at prices of around US$150-200/kWh
[77], their utility islow due to poor round trip efficiencyand a low depth of discharge requirement
(around 50%) [78, 79]. Li-ion based storage, on the other hand, has gained significant attention

due to their higher energy density, higher depth of discharge, longer life and better high
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temperature performance [80]. The prices of Li-ion batteries have significantly declined over last
decade, providing the a more valuable alternative with recent costs as low as US5156/kWh in the
market [81] with forecasts that Li-ion battery pack prices will fall to as little as 74 USS74/kWh in
2030 [82].

3.1 State-of-the Art Rooftop Solar PV Topologies

Various studies on rooftop solar PV with storage have been presented, however, the focus for
vast majority of these papers is local optimization of a building considering grid integration or
optimum sizing of system. For instance, Numbi et al. [83] established an optimal energy model
of a 3 kWpresidential-grid interactive solar PV system under FiT. Further, Shaughnessy et al. [84]
offered a solar plus model approach for wide-scale residential PV deployment paired with battery
storage and time-of-use (TOU) tariff scheme. Several other contributions discussed the optimum
storage-based solutions for individual buildings in interaction with grid for time-varying tariffs.
For example, Jin et al. [85] studied the optimal operation of energy storage for an individual
prosumer with intermittent renewable generation under time-varying electricity rates. In [86],
Ke et al. proposed an optimal sizing of energy storage system for a university building installed
with two different PV capacities (176 kWp and 676 kWp), considering two-phase and three-phase
electricity pricing. Ratnam et al. [87] developed a linear program (LP) and quadratic program (QP)
based algorithm to optimally schedule the battery storage coupled with solar PV and net-
metering for a residential consumer. Anilkumar et al. [88] proposed a residential cost
minimization model for grid-connected customers integrated with solar PV and energy storage
system. Hartmann et al. developed an optimization algorithm to examine the profitability of
installing energy storage units for an industrial and commercial consumer. Azim et al. [89] studied
the optimal participation of prosumers in a peer-to-peer (P2P) trading network considering

power losses in grid-connected mode.

However, the proposed assessment of multiple buildings with internal exchange as well as grid
interaction is not evaluated in the literature before as a framework is developed for financial gain
maximization of all buildings. Therefore, in this chapter taking the power sector of New Zealand

as an illustration, a framework for profit maximization is proposed. The proposed model is
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generic and homogeneously applicable to countries such as United States, Australia, Canada,

Japan, Belgium, Netherlands, Italy, Turkey, Pakistan, India and other countries which heavily rely

on fossil fuels for their electricity generation and provision of solar net-metering [90].

3.2 Overview and Mathematical Modeling of the System

Various commodities involved in the power trading (sharing) model are shown in Figure 3.1 with

details given as follows:
e Grid: AC power source with time-of-use (TOU) pricing scheme with minimum disruption.

e Primary Building: Solar PV is installed locally and there is a provision for Energy Storage

System (ESS).

e Secondary Building(s): Conventional nearby buildings without PV or storage. These
secondary buildings agree to procure power from the primary building. In this chapter,
two secondary buildings (B2 and Bs) are considered having power purchase agreements

with primary building (B1).
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Figure 3.1 Architecture of proposed model, primary building (B1) with rooftop PV-battery configuration with some

contracted load with secondary buildings (B2 and Bs).

The main technical aspects of this chapter as summarized follows:

An optimization model is developed to assess the profit of the primary building (installed
with rooftop solar PV and energy storage system) with power transactive interactions with

secondary building(s).
Each secondary building can have different contract prices with the primary building.

Primary building can feed its own loads in addition to serving secondary buildings hence

some portion of power from PV and ESS can be consumed by the primary building itself.

Cost savings of secondary buildings are analyzed in terms of decrease in the electricity bills

from the grid and payments to the primary building.

Real-time (RT) load data from three commercial buildings in Auckland along with TOU rates

from the utility are used to evaluate the profit of each building.

32



e Solar PV generation is incorporated for the primary building and is sized according to the

space availability.

A mixed integer linear program (MILP) is developed in ILOG optimization studio to obtain the
optimized dispatch and cost savings of each building owner. The power flows to secondary
buildings and the grid by the primary building (solar PV and battery) at any interval is shown in
Figure 3.1. It also shows that primary building can also sell the generated electricity back to the
grid at somewhat reduced rates as compared to TOU tariff set by the grid. Figure 3.2 shows the
state variables associated with the power flows, the optimized values of these state variables

decide the maximum profit attainable for primary and secondary buildings, respectively.
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Figure 3.2 State variables associated with power flows. Secondary buildings (B2 and Bs) only consume power and

the primary building (B1) supplies to local loads as well as secondary buildings along with bidirectional grid trade.
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3.2.1 Objective Function and System Constraints

This profit model solves multi-objective optimization problem, ensuring the maximum
profitability both for primary and secondary buildings. All associated/secondary buildings are
connected to the primary building and have a specific load demand which can be met by the
primary building as well as the grid. In the interest of secondary buildings engaged within
procuring electricity from the primary building, itis guaranteed that a minimum contracted daily
load demand of these buildings will always be met by the primary building with PV and storage
or even import from the grid. Depending on the costs and tariffs, the grid may be utilized in the
case where solar resources are not enough or profitable at the time. Therefore, in this case the
primary building must buy the minimum contracted electricity from the grid and sell to the
secondary building(s) at the specified rates. These rates can be decided upfront between
buildings (primary and secondary), and these rates must be lower than the TOU rates available
at the gridi.e., Ry, (t,d)> Reone, (t,d) @and Ry, (t,d) > R, (t,d). The total revenue obtained each
year by power trading between all the commodities canbe written as annual cost functions, given

by (3.1) subject to constraints for the optimization problem stated as (3.2)-(3.10).
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+
365 24
Z Z Pre2s, (t,d) « (Rpur (t,d) — Reey (t'd))
d=1t=1
_I_
365 24

Z Z PESSZBl (t' d)/ndisch * (Rpur (t' d) - Rsell (t' d))

d=1 t=1

365 24

Z z ( Pearss (t,d) * Nehar) * Ry (, d))

d=1t=1

365

24
Z ( P, &) * (Rw(t, d)))
1t=1

( PGZBZ (t' d) * (Rpur (t' d) - Rcont2 (t, d)))

( Poss, @@ % (Ryur ) = Regns, D) )

Xt,d) +Y(td <1 X(d),Y(td) €01} vV (td)

Piapss (6, d) + Prpopss (8,d) < SOy, + X (£)
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SOP,;, < SOP (t,d) < SOP,4y (3.4)
PE35231 (t' d) + PESSZBZ (t, d) + PESSZB3 (t' d) + PESSZG (t' d) = (SOPmax - SOPmin) * Y(t, d) (3'5)

SOP(t +1,d) = SOP(t,d) + ((Nchar * Pozpss (& d) + ((cnar * Prezsss (¢, d))) * X (¢, d) (3.6)
= (Pessac (& d)/ Naisen + Pessz 5, (& A /Maisen + Pesszp, & A /Maiscn
+ Pgss2s, t,d)/ Naisen) * Y (t,d)

Prezg, (& d) + Prpyp, (t,d) + Prpy p, (6, d) + Prag (8,d) + Prpapss (t,d) = S(t,d) 3.7)
A d) + Pgssap, (t, d) /Maisen + Preas, (t,d) < B,(t,d) (3.8)

Py, (t,d) < Pgyp, (t,d) + Pessy, (t, d) /Mgisen + Preas, (6 d) < B, (¢, d) (3.9)
Py, (t,d) < Ppps (t,d) + Pyssyps (¢, d) /Myssen + Preaps (¢, d) < Bs(t,d) (3.10)

The objective function in (3.1) and related constrains maximize the revenue for primary building.
The two binary variables X(t,d) and Y (t,d) in (3.2) are used for charging and discharging of the
battery storage, respectively. It ensures that battery would not be charged and discharged
simultaneously during any time interval. The charging of battery from solar PV and grid must be
limited by its maximum achievable power given by (3.3). SOPminand SOPmaxare the minimum and
maximum power available at each time step by the storage, respectively as stated by (3.4). The
values used for SOPmin and SOPmax are 10% and 100% of the battery capacity, respectively. The
maximum extractable power from the battery is shown as (3.5). The time step used in this
chapter is always assumed to be one hour, and therefore, the terms energy and power are used
interchangeably throughout the thesis. The amount of power available from the storage at the
next time step is expressed as (3.6). The power balance i.e., the production from solar PV equals
sums of the power flows towards B1, B2, B3, grid and energy storage system (ESS), is specified as
(3.7). The power supplied to B1 by the grid, battery or solar PV should be less than or equal to its
load demand given as (3.8). (3.9) and (3.10) signify that load demand of B, and B3 will be supplied
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by primary building in accordance with the contract ceiling amounts of power. In the above
formulation, all the decision variables have non-negativity constraints. The objective function is
developed to ensure that all contracted buildings will have lower electricity costs compared to
grid only option (i.e., business as usual where all buildings have grid as the only source of power).
Since, there are multiple agents, all available rooftop area of B1 is utilized for solar due to its low

levelized cost of electricity (LCOE) [91, 92].

Figure 3.3 shows the flow chart used for optimized solution of the profit model. The model is
formulated as MILP in ILOG optimization studio with CPLEX solver. The input parameters into the
profit model are assumed to be known upfront i.e., annual load demand of B1, B2 and B3, solar
PV production and tariff information are available. Therefore, this chapter primarily presents the
deterministic model and can serve as a benchmark to confirm the optimal solutions from a

stochastic model dealing with uncertainties.
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Optimization Model Formulation «

Model

Begin Profit

Objective Function

Planning Parameters

Decision Variables

Optimization Constraints

Retrieve Input Data from
Spreadsheet

cPLEX

ILOG Optimization Studio with
CPLEX solver

Objective Function Value
Optimal Schedules
Analysis Results

End Profit Model

Figure 3.3 Flow chart for the optimized power dispatch from the profit model.

3.3 Resultsof Optimized Power Dispatch for Multiple Buildings

Three cases are performed with the proposed simulation model. A reference case is made in
which no solar PV and storage is assumed at any of the buildings. Various system component

sizes and prices are summarized in Table 3.1.

Table 3.1 Size of Solar PV and ESS along with the installation costs.

System Component Size and Cost

Rooftop Solar PV

Energy Storage System (ESS)

System size 400 kW, 400 kWh
System technology Monocrystalline Silicon Li-lon Battery
Price (NZS) per Watt/kWh 0.411[93] 260[82]
Estimated life of the component (years) 25 8
Total price of the system (NZS) 164,400 104,000
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The peak and off-peak pricing schemes from grid with equal contract prices for B, and B3 for a
particular day are shown in Figure 3.4 [41]. It shows the per unit purchasing price (NZS/kWh)
from the grid for a particular day from a utility (Electra) in New Zealand, it is assumed that same
TOU pricing scheme is followed annually. The rate (NZS/kWh) at which electricity is
exported/sold back to the grid (net-metering) is lower than the TOU rates provided by the grid.
Based on the purchasing and selling price to the grid, a contracted tariff is decided between the
primary and secondary building(s). This tariff is set in such a way that it allows the primary
building to sell the electricity to the secondary building at the rates higher than the net-metering
(utility price for selling to the grid). In addition, it facilitates the secondary building(s) to purchase

electricity from the primary building at rates lower than the TOU.

0.14

—ll- Purchase rate of electricity
] from grid_R,,,(t,d)
—@— Sale rate of electricity
to grid_Rg(t,d)
0.12 —A Contracted rate of electricity
] between B, and B, _R,,,(t,d)
—w— Contracted rate of electricity
between B; and By _R_,,5(t,d)

o
'—\
o

Electricity Tariff ($/kWh)
o o o
o o o
EN » (e7]
| | |

0.02 +

0.00

T T T T T T
00:00  04:48  09:36 1424 19112  24:00
Time (hr)

Figure 3.4 Time-of-use pricing during peak and off-peak hours with equal contract rates for a typical weekday.

The daily average kW load demand for the three commercial buildings in Auckland, New Zealand
is shown in the Figure 3.5. The hourly actual load demands of three buildings for a complete year
is shown in Appendix B1. Various load patterns are observed for different types of buildings, and

usage diversity is key in optimizing the power flow from primary building (B1) to secondary
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buildings (B2 and Bs). The values used for minimum contracted load with B2 and B3 (P, (t,d) and

Py, (t,d)) are 10 kW and 20 kW, respectively (scenario 1).

150
B
120 E
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60

304
120

100+

80

60
40
204

200 E

150

Daily Average Power Demand (kW)

100+

50

0 30 60 90 120 150 180 210 240 270 300 330 360
Time (Day)

Figure 3.5 Daily average electricity load demand (kW) of building 1, 2 and 3, respectively for the whole year.

Two cases (case 1 and case 2) along with the reference case 0 (business as usual — no solar or
storage) are simulated to evaluate the objective function of the optimization framework as
discussed below. Further, the contract rates between primary and secondary buildings are taken
as percentage of the actual TOU tariff to mimic real life scenario to gauge actual savings for
multiple buildings. Therefore, three sub-cases (a, b, and c) for each case, respectively are studied

to examine the effect of varying contracted rates between primary and secondary buildings.

Reference Case (Case 0): For the reference case, there is no rooftop solar PV or the ESS at any
buildings (primary or secondary). The power procurement is entirely through the grid according
to TOU pricing plan as established by the utility. Our analysis shows that the cost incurred
annually by B1, B2 and Bs, for buying electricity from the grid at TOU rates is $48,710, $35,479,
and $69,434, respectively. These are the annual payments to the utility by B1, B2 and B3, calculated

as (3.11)-(3.13), respectively.
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365 24

PY, = ) D (Bit,d) * Ry (1) » 21) (3.11)
d=1t=1 .
365 24

Py = Z Z(Bz(t, d) * Ry (¢, d) * A¢) (3.12)
d=1t=1
365 24

Py = Z Z(Bg(t, d) * Ry (t,d) * At) (3.13)
d=1t=1

Case 1: In this case, the primary building has a rooftop solar PV system of 400 kW, without storage
provision. The solar power output from the PV system for whole year can be consumed by
primary building, trade with the secondary building(s) at the decided agreement pricing scheme

or sold back to the grid.

Case 2: In this case, the primary building has rooftop solar PV alongside ESS. The power from
solar PV and storage can be used to meet the load demand of primary building partially or fully,

sold to the grid or secondary buildings based on contracted rates to maximize the profit.

3.3.1 Optimized Power Flow without Storage (Case 1)

The power generated from solar PV can either be exported back to the grid or traded with the
secondary building(s) as there is no ESS. Also, B1 can supply its own load depending upon the
dynamics of PV generation and contracted loads. As per policy in New Zealand, electricity can be
sold to the grid at one-third of the utility price. In this case, the profit model isanalyzed at varying
contracted prices between secondary buildings (R..., (t,d) and R.,,,, (t,d)) with B1. The effect of
different pricing scheme is discussed in detail in the sub-cases of the case 1. The cost of rooftop

solar PV modules at primary building is rationalized over a 25-year span.
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Power (kW)

3.3.1.1 Casel(a)

The power generated by the primary building (B1) is sold to both the secondary buildings (B2 and
B3) at 60% of the TOU pricing set by the grid. The contracted rates are equivalent for this case
(Reont, (t:d) = Reone, (t,d)) and the corresponding results of optimized dispatch for one day of
summer and winter are shown in Figure 3.6 and Figure 3.7. Figure 3.6 shows that the buildings
load (primary and secondary) fed through solar PV at Bi. It also shows that solar feeds some
fraction or full load of B1 in addition to partial load support to B2 and Bz depending upon the PV

generation in the day-time.

600 — [ Solar to Grid_Pge,s (d.t) Typlcal Summer Day

[ solar to By Py, (d1t)

500 + [ solarto B, _Pey, (d1t)
Typical Winter Day

2400 - [ Solar to By _Pgesg (dt)
T T T T
18 20 22 24

[PV Generation_S (d.t)
Figure 3.6 Real-time (RT) load demand of B1, B and B3 along with hourly power dispatch of solar PV for a typical summer

300 - [C_]B, Load Demand_B, (d,t)
1B, Load Demand_B, (d,t)
200 — [T 8, Load Demand_B, (d,1)

iy = e | o |

600 —
500

Skl
%Q%E%E%Q% QE

Time (Hour)

T T T
12 14 16

and winter day, respectively.

The hourly power flows among grid, primary building (B1) and secondary buildings (B2 and B3) is
shown in Figure 3.7. It can be observed that when onsite PV generation is not available, the
primary building B1 procures electricity from the grid under TOU pricing scheme and sells at
reduced rates to meet the minimum contracted load demand of the secondary buildings B2 and

Bs, respectively.
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3.3.1.2 Casel(b)

For this sub-case it is assumed that B> has higher contracted price in comparison to B3 with the
primary building (R¢op, (td) > Regne, (t d)) as shown in Figure 3.8. The contracted price for B2 and
B3 are set to be 80% and 60%, respectively, of TOU rates of electricity from the grid. Figure 3.8
shows the solar PV generation and buildings load fed through grid and solar for a typical day of
summer. It can be observed that Bs overall has higher power procurement from Bi1 (primary
building with solar PV) due to higher amount of minimum contracted load. Beyond minimum
contracted load, B1 trades more frequently with B2 due to higher contracted rates with B> (i.e.,

80 % of the TOU grid price).

3.3.1.3 Casel(c)

In this sub-case, the contracted rates of B3 are assumed to be higher than B2 (Reon, (td) >
Reont, (td)). The sale rate from Bi to B2 and Bs is configured at 60% and 80%, respectively of the
grid TOU pricing. It is seen that the power sold to Bz increases in comparison to case 1(b) due to

the high contracted prices with B3 (80 %). B1 trades more often with Bs beyond minimum

contracted load due to higher tariff.
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3.3.2 Optimized Power Flow with Solar and Storage (Case 2)

In this case the primary building has ESS available along with rooftop solar PV. A life span of 10
yearsis taken for Li-ion and the size and cost of ESS are already specified in Table 3.1. Additionally,
the effect of varying contracted prices with B1(R.,,., (t,d) and R, (t,d)) is studied in detail in

the sub-cases of this case.

3.3.2.1 CaseZ2(a)

In this sub-case, R.o, (t,d) = Reone, (t,d) i.e., both the secondary buildings (B2 and Bs3) agree to
buy the power generated by primary building (B1) at 60% of the TOU pricing set by the grid. The
corresponding results of optimized power dispatch for one day of summer and winter are shown
in Figure 3.9 and Figure 3.10. Figure 3.9 shows the power generated by solar PV, building load
demands, building load fed through solar PV and power flows from solar to grid for a typical day
of winter and summer. The power flows from grid to buildings are shown in Figure 3.10. It can be
observed that in intervals where PV generation is unavailable and storage SOP is low, the primary
building B1 procures electricity from the grid and sells at reduced rates to meet the minimum
contracted load demand of the secondary buildings, B2 and Bz, respectively. Further, Figure 3.10
shows that for summer day with peak solar generation during 9:00 AM-12:00 Noon, Bi
completely fulfils the load demand of primary as well as secondary building via solar PV or
battery. Therefore, no power is imported either directly or through B1 to supply the load of B:

and Bs.

46



‘Aep Ja1uIm pue Jawwns |eaidA) e Joj Ad Je|os Jo yoiedsip Jamod Alunoy yiim Suole €g pue g ‘Ig Jo puewap peoj (1Y) awn-jeay 6'€ 34nSi4

(4noH) swiL
144 [44 (014 8T 9T 7T et 0T 80 90 0 20
] ] ] ] ] ] ] ] ] ] ] ] 0
I | |y - _w_ _w_ W_ W_ - oot
I ——— — 00¢
— 00€
= L [~ 00V
[ | S i — o
Aeq J1uIpn [eo1dA L — 009 .
00L ©
| | - HEEEEEEE - :
— 1 == - 00T @
L — ('P) *g puewaa peo 'a [ |- 00z X
('p) “g”puewaq peo ‘g [ =
(1'p) 'g puewaq peo &g i oog ~—
S — ('p) s "uonessueD Ad [
| C,Eﬁmwmmn‘\ g0 hm_ow_H_ ~ 001
= (¥p) "=y~ 2g o1 repos [ |- 0o

a'p) mmwww_n_l £9 0} Jej0s —

Ae@ Joawwns [eoidA | e o e - 009

47



[ Power Imported Directly by B, from Grid —
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Figure 3.10 Hourly power exchange between grid and B1, B, and Bz for a typical summer and winter day.

The battery power states together with charging and discharging of the battery is shown in Figure
3.11. Results show that during summer days when on-site PV generation is higher during day-
time, lower amounts of units are bought from the grid to meet the load demand of all buildings.
With no storage, the incentives associated with peak and off-peak pricing were not utilized, since
the PV generation was exported to the grid or sold to buildings as per availability of the solar
resource. However, with the additional battery, it charges during off-peak hours either from solar
or grid when the grid rates are relatively low and sells secondary buildings at peak hours to

maximize the profit of both primary and secondary buildings.

Moreover, B2 and B3 also get the electricity at fairly reduced rates compared to the TOU rates.
Figure 3.11 also shows that in a typical summer day, storage is mostly charged through solar PV
during daylight hours due to availability of the resource. However, in a winter day, storage gets
largely charged through the grid during off-peak hours due to low solar PV. For both seasons,

storage contributes more during peak hours due to high TOU rates as established by the utility.
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3.3.2.2 Case2(b)

In this sub-case where the contracted price of B is set to be higher than Bsi.e., Regy, (td) >
Reont, (t d). The sale rates for B> and Bs are taken as 80% and 60%, respectively of the grid price
(Rpur (t,d)). Figure 3.12 shows the power transactions in primary and secondary buildings with
loads fed through the grid, solar PV, and storage for a typical summer day. The power supplied
to B is increased through the involvement of ESS, due to high contract tariffs of B1 with B: (i.e.,
80 % of the TOU grid price). Further, the exports from B1to Bs are largely confined to minimum

contracted load due to low contract tariffs set with B3 (at 60 %).

3.3.2.3 Case2(c)

In this sub-case itis assumed that Bs has higher contracted price in comparison to B2 (R e, (t,d) >
Reont, (t d)) with the primary building (B1). The contracted price for B2 and Bs, respectively are
assumed to be 60% and 80% of the TOU rates as characterized by the utility grid. It is observed
that Bs procures higher quantity of electricity as compared to case 2(b) owing to the higher
contract prices (80 %) with B1. While the trade from B1 with B; is limited mainly to minimum

contracted load due to low contract rates.
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3.4 Detailed Financial Analysis for Multiple Buildings

The detailed financial analysis is performed for the complete year and the costs associated with
the sales and purchase of electricity for B1, B2 and Bz is given in the Tables in Appendix B2. It is
observed from the financial analysis that the profits of secondary buildings (B2 and B3) are
comparatively less as compared to B1. This can be explained on the basis of reduced contract
tariffs with B2 and B3z as compared to TOU rates, which encourages secondary buildings to trade
regularly with primary building. In addition, B1 has more freedom to choose when to sell
electricity either back to the grid or B2 or Bs. Furthermore, considering practical load sites, the
nature of load profiles of participating buildings will be distinct and can prove to be the essential
parameter to help determine the profitability of primary as well as secondary buildings.
Therefore, to help gauge the effect of variation of minimum contracted load between primary
and secondary buildings, two more scenarios are considered. Primary building (B1) having 15 kW
and 10 kW of minimum contracted load with B2 and Bs, respectively (scenario 2) and the amount
of minimum contracted load for B1 with B, and Bs is set to 15 kW (scenario 3). Summarizing the
results for each scenario, the annual net revenues earned by B1 and annual savings received by

B2 and B3 for cases 1 and 2 are listed in Table 3.2.
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Table 3.2 Net Revenues (NZS) and savings annually earned by B1, B2 and B3 for scenario 1, 2 and 3.

Case 1 Case 2
Building (solar PV at B1) (solar PV + ESS at B;)
(a) (b) () (a) (b) ()
Scenario 1
B1 11,539 13,945 15,413 31,508 35,853 38,314
B2 2,319 2,987 2,217 3,157 5,587 2,402
B3 4,838 4,508 4,628 6,224 5,305 8,592
Scenario 2
B1 12,205 15,146 15,220 31,734 36,488 37,956
B2 3,345 3,527 3,245 4,099 5,928 3,377
B3 2,863 2,501 3,841 4,613 3,566 8,136
Scenario 3
B1 11,540 | 14,398 14,918 31,508 36,142 37,890
B> 3,344 3,413 3,245 4,033 5,796 3,377
B3 3,814 3,502 4,144 5,348 4,428 8,202

The proposed type of tariff settings encourages peer to peer (P2P) energy trading in a grid-
connected mode. A mutually beneficial optimization framework enables the monetary benefits
for each inter-connected building (B1, B2 and Bz). Due to local consumption of solar power by
primary and secondary building and active participation in the net-metering scheme, the load on
the utility grid gets shared. Additionally, local sharing of power in the vicinity (secondary
buildings) helps with minimizing the line losses (/°R), thereby aids to improve the stability of the

grid. Various salient aspects and observations from each case and scenario can be summarized

as follows:

e For case O (reference case), the purchasing price of electricity was higher due to increased
prices during peak hours. It is found that $48,710, $35,480, and $69,434 incurred annually to

meet the load demand of B1, B2 and B3, respectively.
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For cases 1 and 2 of each scenario, B1 attains the highest revenues in cases 1(c) and 2(c),
respectively due to higher values of contracted price with B3 and overall greater load

demands of Bs.

B2 earns the maximum profit in 1(b) and 2(b) for each scenario. The higher contract price
encourages B1 to trade more frequently with B2 as compared to Bs. Due to this higher energy
trade in 1(b) and 2(b), B2 receives relatively more monetary benefits in comparison to 1(c)

and 2(c).

For each scenario, B3 earns the highest profit in 2(c). Due to higher contracted prices

(Reont; (& d) > Reone, (t d)) and storage availability, B1 sells more often to Bs, and highest profits

are accordingly received.

The earnings of B2 and B3 can be maximized via higher values of minimum contracted load
with the primary building (with solar and storage). Results, summarized in Table 3.2, show
that B2 earns the lowest in the scenario 1 whereas B3 earns minimum savings in the scenario
2 (both buildings have lowest power contracted quantities). In addition, the profits of
secondary buildings raise with the higher contracted tariff between primary building (B1) and

secondary buildings (B2 and B3).

Every participating building earns the highest savings in case 2 for each scenario, due to the

higher contribution of storage during peak hours alongside solar PV.

The revenues earned by primary building raised from 32% to 79%, 31% to 78% and 31 to 78%

for scenario 1, 2 and 3, respectively after the addition of storage in case 2.

The net present values (NPVs) are calculated using a discount rate of 5% [94], for all scenarios
and sub-cases for primary building. The positive values of NPV indicate that the proposed

framework is a viable business proposition for primary building. The formula for calculating

NPV is given in Appendix B3.

Similarly, with the application of battery storage and its utility during peak hours, the savings

of By increased from 8% to 15%, 10% to 16% and 9% to 16% for scenario 1, 2 and 3,
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respectively and the Bs raises its earning from 6% to 12%, 5% to 11% and 6% to 12% for

scenario 1, 2 and 3, respectively.

The financial gains of each participating building can be presented in terms of percentage
decrease in electricity bill payments to the utility, computed through formulae given in
Appendix B4. For all three scenarios, the monetary benefits of primary building ranges from
31-79% to 43% while the savings gained by B> and B3 varies from 6-16% and 3-12%,

respectively.
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Chapter 4

Optimized Charging and Discharging of
Electric Vehiclesin Smart Building with
Bilateral Contracts

Towards the integration of electric vehicles in the business architecture proposed in Chapter 3,
this chapter discusses the techno-economic viability of incorporating the charging and
discharging infrastructure in the smart building. The rise in electricity demand driven by electric
vehicles (EVs) charging specifically during peak hours can be managed through smart charging
infrastructures in a smart grid environment. EVs with zero emissions are considered an
alternative transportation option. However, this type of new load (EVs) can introduce new
challenges in the power grid operation when connected to the grid. Prosumers can help to
improve the power systems operating in a smart grid with increasing penetration of EVs. Vehicle-
to-Anything (V2X) technology advancement may be a solution to a serious problem that will occur
in the future as EV penetration grows. V2X topologies include Vehicle-to-Grid (V2G), Vehicle-to-
Building (V2B), Vehicle-to-Home (V2H), and Vehicle-to-Load (V2L) [95]. Through the induction of
these technologies, prosumers can help to develop the utilities operate in a smart grid. The
adoption of smart technologies in buildings is now considered critical to improving the overall
energy efficiency, integrate renewable energy sources (RES), and reduce carbon footprint [96].
The power exchange agreements between the prosumers and consumers can help the utilities
with the load shape during peak hours [97]. With the availability of more than one electricity
resource for the consumers, there is an opportunity for a business model that allows both
prosumers and consumers to earn benefits in a bilateral contract regime, particularly with the

decreasing cost of distributed solar and maturing Li-ion battery technology.
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4.1 State-of-the Art Chargingand Discharging Business
Architectures forEVs

Various studies on the profit maximization of large prosumers have been presented, but the
emphasis has remained on the local optimization of buildings or charging stations (CS). Ma etal.
[98] proposed a workplace car-park charging infrastructure model for plug-in hybrid electric
vehicles (PHEVs), including a grid-connected dc system and renewable energy sources. To
optimize the benefit of an EV CS, Wang et al. [99] proposed a joint admission and pricing system.
A few other studies [100-102] looked at how to optimize EV charging to boost CSs or aggregator
income. Shafiullah et al. [100] demonstrated how a load aggregator optimize benefits with many
EVs by using efficient scheduling. Moghaddam et al. [101] explored a new organized competitive
pricing model for charging electric vehicles (EVs) in the CS network, while Rabiee et al. [102]

created a profit-maximizing economic-based queuing model for a CS.

Several other contributions explored an efficient energy management system for PV, batteries,
and electric vehicles, taking into account the vehicle-to-grid (V2G) or vehicle-to-home (V2H)
concepts. For instance, Khemakhem et al. [103] considered some residential customers under
the vehicle-to-home V2H model, which aims to smooth each power demand through mutual
energy management between plug-in electric vehicles (PEVs), houses, and neighbours. Gongalves
et al. [104] presented an automated home energy management system (AHEMS) for a unified
grid optimization, local generation, and storage with time-varying tariffs. Chen et al. [105]
investigated the energy utilization optimization strategies in a smart house with and without V2H
and home distributed photovoltaic (HDPV) in Shanghai. Haq et al. [106] modelled a smart
charging station for EVs powered by PV or grid with the implementation of V2G for improving
the load shape during peak hours. Dai et al. [107] proposed a grid-connected photovoltaic,
battery energy storage, electric vehicle charging station (PBES) optimization model for sizing PV,
battery, and evaluating battery charging/discharging patterns. Luo et al. [108] proposed an
optimization model for deploying electric vehicle charging stations and distributed generation

services in tandem, taking into account the V2G role of electric vehicles.
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4.2 System Overview for Optimized Charging of EVs

The different entities involved in the power trading network are shown in Figure 4.1. These
include i) the grid with time-of-use (TOU) tariff scheme, ii) two types of buildings (primary and
secondary as described in Chapter 3) and iii) a fleet of 30 EVs that can get charged at the parking
station located in primary building. The summary for the system component sizes and costs

associated with them are listed in Table 4.1.

e e e - e —

Pgs (d, t)=—>

Figure 4.1 The proposed architecture, primary building (B1) with rooftop PV-battery configuration and charging

facilities for EVs with some contracted load with secondary buildings (B2 and Bs).

Table 4.1 Size of Solar PV, ESS and Charger along with the installation costs.

System Component Rooftop ESS Charging
Solar PV Infrastructure
System size 400 kW, 400 kWh 10 kWx 15
Price per unit 0.411 260 NZS/kWh N/A
NzZ$/W [93] [82]
Estimated life of the 25 8 25
component (yr)
Total price of the 164,400 104,000 15,000 [109]
system (NZS)
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4.3 Problem Formulation for Optimized Charging of EVs

The problem is formulated as a multi-objective optimization problem targeting to maximize the
profits for primary building and the savings for secondary buildings and a fleet of EVs. B1 has a
minimum contracted load agreement with B2 and Bz at reduced rates than the utility TOU pricing.
The charging infrastructure at Bi allows the EVs to get chargedat reasonable rates during working
hours for office-related trips. The time step for the optimization problem is taken as one hour

(At).

4.3.1 Objective Function

The net revenue earned by B1 can be maximized through (4.1). The earnings for the primary
building comprise of revenue of B1 from power exports to the grid (N;), B2 (DB2 ), B3 (DB3) and
EVs (Dgy, ). Also, the amount saved by B1 through meeting its load demand (531) is added to its

revenue. The costs incurred by B1 consists of payments to the grid to meet the contracted load
demands of B2 (P,,) and B3 (PB3), charge the battery banks (EB1 ), charge the EVs (PEVn), and the

electricity units procured from the grid to meet the remaining load of B1 (631)-

RevenueMa*

= Max (NG+DBZ +DB3 +DEVn+SBl_CB _EB _PEVn_PBz _PB3)

t (4.1)

1

day

The termsin (4.1) are further defined in the Appendix C1.

4.3.2 System Constraints
The optimization problem includes the system constraints on energy storage system, building

loads, fleet of electric vehicles and solar PV.

4.3.2.1 BatteryStorage Constraints

The battery storage constraints are given as (4.2) - (4.6). The two binary variablesin (4.2) ensure
that the battery must not be charged and discharged simultaneously; (4.3) limits the charging of

the battery; (4.4) puts an upper and lower limit on the charging and discharging of the battery,
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respectively. The maximum amount of power that can be extracted from the battery is given by

(4.5). The power attainable at the next time slot is expressed as (4.6).

X® +v@® <1 X®,v @) e{0,1} v () (4.2)
Popss (©) + Prpapss () < SOPoomax + X (1) (4.3)
SOP ¢min < SOP (t) < SOP ¢oMax (4.4)

Pessan, ) + Pessop, (0 + Prssop, () + Prgong () + Prgoapy, () < (SOPyggmax — SOP gomin) * Y(t)  (4.5)

SOPgs5 (t+ 1) = SOPggs (t) + ((Menar * Fozess ® + ((Mchar * PREZESS(t))) *X(t) (4.6)

= (Pass26 ©/Naisen + Prss2 5, O Maisen + Pessap, ®) Maiscn + Pgssas, ®) /Maiscn

+ (nchar * PESSZEVn (t)/ndisch) * Y(t)

4.3.2.2 Building Load and Power Trading Constraints

The load demand of Bi can be supplied by the grid, battery, or solar PV, given as (4.7). The
bilateral contracted power agreement ensures the supply of minimum contracted load to B2 and

B3 specified as (4.8) and (4.9), respectively.

PGZBl (t) + PESSZBl (t) /ndisch + PREZ Bl (t) = Bl (t) (47)
Py, () < Pgyp, (O + Prssyp, ) /Maisen + Preas, ®) < B, (0 (4.8)
PB3 () < Psops ) + Pessops (t)/ndisch + Pre2s3 ® < B;(t) (4.9)

4.3.2.3 Electric Vehicles Constraints

The EVs can be charged from the grid, solar, or ESS. For illustration purposes, a fleet of 30 EVs

(Nissan Leaf) is taken with a nominal battery capacity of 24 kWh. Multiple types of EVs with
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various battery sizes can also be used, but one manufacturer is used to minimize any inter-
company comparisons for this chapter. Itis further considered that 15 chargers (SAE-J1772, level
2,208-240 VAC) [110] are available at the parking station located in the primary building and the
charging efficiency is taken as 90 %. The usual working hours are taken as 8 am to 6 pm but they

are not binding. The arrival time of EVs is obtained through t location-scale distribution [111].

The different generated arrival times for the EVs are correspondingly shown in Figure 4.2. The
detention time (stay duration) of each EV is obtained as a normal distribution with a mean of
8.5h and variance of 4hi.e., N(8.5, 22). Monte Carlo simulations are performed to estimate the
initial state-of-power (SOP) of eachincoming EV. The framework serves as a model with upfront
information of solar PV generation, TOU tariff, total load demand of buildings, and EVs stochastic
information (initial SOP, arrival, and departure time). Egs. (4.10) - (4.15) defines the charging
process of EVs through the grid, solar PV, and ESS. The term “o” signifies the charger capacity,

taken as 10 kW for each level 2 charger.

Pagy, © + Pgssagy, ©) + Prpagy, (¢) < SOPgy, max ; V (1) (4.10)
SOPEVnMin < SOPgy, (H) < SOPEVnMax ;V (n) (4.11)
SOPEVn t+1 = SOPEVn @® + (Mchar * PGZEVn ®) + Mepar * PESSZEVn (t)/ndisch ) + (Mehar * (4.12)

Prpagy, ) 5V (n)

(Mchar * Poz2ev, <o ;v (4.13)
(Menar * Pre2ev, ®)) <0 5V () (4.14)
(Nenar * Pessaey, ©/Maisen) <0 5V (1) (4.15)

61



EVs Number

6 7 8 9 10 11 12 13
Time (Hours)

Figure 4.2 Number of EVs with differentarrival times.

4.3.2.4 Solar PV Constraint

The solar PV generation equals the sum of power delivered to the grid, B1, B2, B3, ESS and fleet of

EVs, given as (4.16).

Przp, (0) + Prigap, () + Prpap, () + Prpag (6) + Prpopss (8 + Prpggy, () = S(¢) (4.16)

4.4 Resultsofthe Optimized Charging of EVs

Three cases are evaluated for the daily profits and savings for primary and secondary buildings.
The TOU pricing with contract rates for B2 and B3 and sales rates for EVs charging are shown in
Figure 4.3, taken from [109, 112]. Equal contract rates (NZS/kWh) of electricity (lower than the
utility price) are taken for B, and Bs. The net-metering rate and charging cost of EVs is taken as
one-third and 1.25 times the utility's electricity price (TOU tariff). Please note that these are
typical numbers used and has been the case for Auckland, New Zealand [109, 112]. The minimum

contracted load is 5 kW for each secondary building.

4.4.1 Reference Case/Business-as-Usual
For the reference (base) case, no solar, storage, and charging facilities are available at B1. The

total purchasing cost for a typical summer day incurred by B1, B> and B3 from the utility at TOU
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rates is 85S, 41.4S, and 1925, respectively. The EVs also add to the peak load demand at the grid

during peak hours if charged at some other charging station connected only to the grid.

0.16 | —m— Purchase price
| from grid_Rp,(t)
—@— Sale price

0.14 to grid_R,(t)
i —A\ contracted rate
b/w B1& B, _Rignio(t)
0.12 4 —~— Contracted rate

b/w B1& B; _Rigns(t)
—w— Charging rate
0.10 for all EVs _Rg(t)

0.08 —

0.06 —

Electricity Tariff ($/kWh)

0.04 —H

0.02 +

0.00 T T T T T T T
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 24:00

Time (hr)

Figure 4.3 TOU pricing, contract, and charging rates of electricity along with net-metering tariff during peak and

off-peak hours.

4.4.2 Optimized Charging of EVs with Solar and without Storage
(Casel)

A rooftop solar PV system of 400 kW, without storage is installed at B1. The solar PV generation
and optimized results for power dispatch to eachbuilding, grid, and EVs through solar PV is shown
in Figure 4.4. It can be observed that during the peak solar generation from 9:00 AM - 12:00 PM,

all the EVs are charged through solar PV with a significant portion of solar being fed to the grid.
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Figure 4.4 RT load demand of B1, B2, and B3 and hourly power dispatch of solar PV (without ESS).

4.4.3 Optimized Charging of EVs with Solar and Storage (Case 2)

The provision of 400 kWh Li-ion battery banks alongside a 400 kWp solar PV system is available.
The power flows towards B1, B2, Bz and EVs via solar PV is shown in Figure 4.5. Further, the
optimal cumulative charging pattern for 30 EVs from the battery (ESS) is shown in Figure 4.6.
Both figures show that EVs are charged only through either battery banks or solar PV, reducing
the overall peak demand of the utility. Results show that during high insolation hours (9:00 AM -
12:00 PM), solar PV partially supplies the load demands of EVs, B1, B2 and Bs. When solar is low
or unavailable, storage contributes to meet the total load demand of B1 and partial load support

to B2 and Bs.
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Figure 4.5 Hourly power dispatch of solar PV for a typical summer day (with ESS).
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Figure 4.6 Hourly power flows among storage, B1, Bz, B3, grid and EVs.

4.4.4 Financial Results for Smart Building and Secondary Buildings

The net revenue earned by B1 and the cost savings for B> and Bz are listed in Table 4.2 for the
typical summer day evaluated. It can be noted from Table 4.2 that each building is better off
compared to the reference case (business as usual) and implying a suitable business proposition
for each participating entity. For the two secondary buildings, a lower overall load demand of B>

is seen, resulting in lower profits for B2 compared to B1 and Bs for the specific day.
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Table 4.2 Netrevenuesand cost savings (NZS) for B1, B, and Bs for a typical summer day.

Building Case 1 Case 2
B1 68.6 94.6
B2 53 4.1
B3 523 79.2

4.5 System Overview forthe Optimized Chargingand

Dischargingof EVs

In order to facilitate the integration of vehicle to everything (V2X) services into the existing

network as described in Section 4.3, a charging and discharging infrastructure is incorporated in

the primary building. Several entities included in the techno-economic model are depicted in

Figure4.7.

l_Primary Building with EVs Charging and Discharging Infrastructure-l

Building 1
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Figure 4.7 The architecture of the proposed profit model with the primary building (B1) with charging/discharging

infrastructure for EVs having some contracted load with secondary buildings (B2 and Bs).
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4.6 Mathematical Modeling for the Optimized Chargingand
Dischargingof EVs

A mixed-integer linear program (MILP) is formulated in ILOG optimization studio to attain the
optimized power delivery and cost savings for primaryand secondary buildings and a fleet of EVs.
The power flows from the primary building to secondary buildings, grid and EVs are shown in

Figure 4.8. The selling rate of EVs to primary and secondary building is lower than TOU tariff i.e.,

REVpuT (t) < Rpur (t)

) Pg2ess(t) o N
* PESSZG(t)
Pesszpi(t) bC
Energy Storage e Pevnaa(t)
System “ | “/ 7 >
(Ess) PEVnZESS(t) DC P (t)
> czEvn Prezga() Building 1
~ »  (B) | Pet
y 'y Pessaevn(t) e | Pevnasi(t) czei(t)
Preezess(t) oc Pess2g2(t)
A 4 \ 4 J
DC AC ) A 4
oc o Electric o Pevnzga(t) Grid
Vehicles =t /ac > Building 2 (G)
" (EVn) <
. PRE?BZ(O: (B2) Paasa(t)
I r 3
Secondar
PESSZB3(t) Buildingsy
Prezeva(t) pZ X
Renewable Energy [~ oc b
(RE) / Roof Top oc Pevnzsa(t) Ac Building 3 |
Solar PV J > (Bs) Pe2gs(t)
r 3
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I | | AC A
o« /| Primary Building with parking station L
| for EVs Preac(t)

Figure4.8 State variables related to the power flows. Secondary buildings (B2 and B3) can be fed through grid,
primary building (B1) or EVs. B1 provides power to local loads, secondary buildings and EVs as well as bidirectional

grid exchange.
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4.6.1 Objective Function

The primary building's daily revenue is maximized through the objective function in (4.17). The
primary building's net profit is calculated by subtracting the solar PV, storage and charger costs
per day from the gross revenue earned. The payments to the EVs by primary building for

purchasing electricity (CEVBl’CEVESS) areincluded in (4.17).

RevenueM®*

= Max (Ng + Dy, + Dy, + Dgy, + Sg, = Cp, — Eg, = Poy — Ps, = Py, — Cpyp.

day (4.17)

- CEVESS)

The definitions of the additional terminologies used in (4.17) are given in the Appendix C2.

4.6.2 System Constraints

The optimization problem includes the system constraints on energy storage system, building

loads, fleet of electric vehicles and solar PV.

4.6.2.1 BatteryStorage Constraints

The constraints on battery storage are shown as (4.18) — (4.22).

Xpss (£) +Ypss (1) <1 (Xgss (8, Yigs (1)) € 10,13,V (1) (4.18)
(Pozgss © + Papapss () + Pry pss (D) * Xpss (£) < SOP pgoMax (4.19)
SOP comin < SOP (t) < SOP o oMax (4.20)

Pesson, (O + Prssap, () + Ppsgop, () + Prgsog (8) + Prsgopy, (O * Yegg () (4.21)

< (SOP g gmax — SOP o omin)
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SOPgss (t + 1) = SOPsss © + ((Menar * Pozpss ®© + ((Menar * Prezess @) + ((Menar * Ppy, 2655 (1)) (4.22)

* Xpss
— ((Passzc © Maisen) + (Pess2s, ©/Naisen) + (Pesszp, O/ Naisen) + Menar

* Ppssary, ® /Udisch)) * Yess (8)

4.6.2.2 BuildingLoad and Power Trading Constraints

B1'sload demand can be met by the grid, battery, solar PV, or EVs, specified as (4.23). (4.24) and
(4.25) denote that the primary building will meet the load demand of B> and B3 in compliance
with the contracted power demand. Further, (4.26) and (4.27) shows that EVs can also supply

power to B2 and B3 on top of the power contribution from the primary building.

0 < Pgap, (®) + Prssop, O /Maisen + Prez g, (O + Pgyop, (0 /giscn, < B, (©) (4.23)

Py, (©) < Py, (©) + Pessyp, O /Maisen + Preas, ®) < B,(©) (4.24)

Py, () < Props () + Prssrps O/ Naisen + Perpaps ®) < Bs(0) (4.25)

0 < Py, (&) + Pessam, O /Maisen + Prez s, O + Py o, 0 /Maisen < By (t) = Py, () (4.26)
0 < Ppps (&) + Prssans O/ Naisen + Prezss © + Pey, 25, 00/ Naisen < Bs(t) — Py, (t) 4.27)

4.6.2.3 Electric Vehicles Constraints

Electric vehicles (EVs) can be charged using the grid, solar, or storage, with additional capacity to
provide electricity to local loads at the primary and secondary buildings, battery and grid. A fleet
of 15 electric vehicles (Nissan Leaf) with a nominal battery capacity of 24 kWh is used for
illustration purposes. It is also assumed that 15 chargers (SAE-J1772, level 2, 208—240 VAC) [110]
areaccessible at the primarybuilding's parking station, with a charging and discharging efficiency

of 90%. The standard working hours are 9 a.m. to 5 p.m., although this is not mandatory.
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Figure 4.9 Number of EVs with differentarrival times.

Eqgs. (4.28)—(4.40) describe the charging and discharging of electric vehicles (EVs) involving the
grid, solar PV, ESS, and primary and secondary building loads. Two binary variables for each EV
(Xgy, (t) and Yp, (t)) are used to avoid the simultaneous charging and discharging of EVs, stated
as (4.28). Eq. (4.33) — (4.40) describe the charging and discharging of each EV, consistent with the

charger capacity (). In this chapter, a capacity of 3.3 kW is taken for a typical level 2 charger.

Xpy, ) +Yg, () <1 Xpy, ©,Yg, ) ef0,1}v ),V @) (4.28)

(PGZEVn ® + Pgssopv, ® + Preaew, (t)) * Xy, (O < SOPgy, Max ;¥ n) (4.29)
SOPEVnMin < SOPEVn (t) < SOPEVnMax 3V (n (430)
(Pgv,, 28, ® + Pgy, 28, ® + Pgy, 28, ® + Pgy, 2655 ®) + Py, 26(8)) * Ygy, (O) < (SOPEVnMax (4.31)

— S0P, win) ;¥ (1)
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SOPgy, (t+1) = SOPgy,, (©) + Mcnar * Poapv, ) + (Mcnar * Pessaev, ®/ Naisen ) + Nenar * (4.32)
Prezev, () * Xgy, ) — (Ncnar * PEVnZESS(t)/ndisch ) + (Pgy26 )/ Naisen ) + (Pgv, 28, )/ Maisen )
+ (PEVnZBz (t)/ndisch ) + (PEVnZB3 (t)/ndisch ) * Yeu, ® ;v

(Mehar * Pozev, ©) <0 5V (n) (4.33)
(Nchar * Pre2ey, @) <0 5V (n) (4.34)
(Menar * Prsszev, O/ Naisen) < 0 5V () (4.35)
(Pev, 268 Maisen ) S o 5V (0) (4.36)
(Menar * Pevyapss (€) Maisen ) S0 5V () (4.37)
(Pevy28, () Naisen ) S0 5V (1) (4.38)
(Pev25, O/ Maisen ) <0 3V () (4.39)
(Pev, 2, () Maisen ) S 0 3 () (4.40)

4.6.2.4 Solar PV Constraint

Solar PV generation is equal to the amount of power supplied to B1, B2, B3, grid, ESS, and the fleet

of electric vehicles, expressed earlier in the chapter as (4.16).

4.6.2.5 Solution Methodology

Non-negativity restrictions apply to each state variable. The flowchart for the optimized power

delivery of the profit model is shown in Figure 4.10.
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Figure 4.10 Flow chart for the optimized solution from the profit model.

4.7 Optimized Power Dispatch among Multiple Buildings and
Electric Vehicles with V2X Capability

The proposed simulation model is used to run three cases. No solar PV, storage, or EVs are
supposed in the primary building in the base case. Table 4.3 summarizes the sizes and prices of
the different components.

Table 4.3 Size of Solar PV, storage and charging infrastructure along with the installation costs.

System Component Rooftop Solar PV Energy Storage Charging Infrastructure
System (ESS)
System size 400 kW, 400 kWh 3.3 kW x 15
Price per unit 0.41 NZ$/W [93] 260 NZ$/kWh [82] 1,000 NZ$/charger
Estimated life (years) 25 8 25
Total price of the system 164,400 104,000 15,000[109, 113]
(NZ$)
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Figure 4.11 [41] shows the peak and off-peak tariff schemes with equal contract rates for B2 and
Bs for a given day. It indicates the per unit purchase price from the grid for a specific day from a
New Zealand utility (Electra). Net-metering tariffis lower than the grid'sTOU prices. The charging
price for each EV from grid is higher as compared to the charging rates from primary building i.e,,
Revse () > Rpy gy (0. Further, the purchase price of electricity for primary and secondary buildings
from EVsis lower than TOU ta riff(REVpur () < R, (), which encourages the buildings to purchase
electricity from the EVs. This tariff arrangement guarantees profit for each commodity (primary

and secondary buildings and fleet of electric vehicles) involved in the trade.

0.18

—— Purchase price
from grid_R,,(t)

0.16 {—@— sale price

to grid_Rg(t)

0.14 -{—#— Contracted rate et
. b/w B;1& B, _Reony (1)
'§ 0.12 4 Contracted rate
g b/w B,& B, _Rcomg(t)
= 010 J— Selling rate
'% to all EVs
= from Grid_Rg,_ (1)
> 0.08 . *
5 -+ Selling rate A gy vy gn
= to all EVs
& 0.06 from B, _Regy_ (1)
- —{— Purchasing price
0.04 - from all EVs_REme(t)
0.02 \_A A A A /
0.00 T T T T T T T T T

00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 24:00
Time (hr)

Figure 4.11 Time-of-use tariff design during peak and off-peak hours with equal contract rates.

Figure 4.12 illustrates the load demand of three commercial buildings on a typical summer dayin
Auckland, New Zealand. Furthermore, for scenario 1, the minimum contracted load from primary

building is set as 5 kW with B> and Bs.
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Figure 4.12 Real load demand (kW) of building 1, 2 and 3, respectively for a typical summer day.

Base Case or Business-as-usual (Case 0): In the base case, none of the buildings have rooftop
solar PV, ESS, or charging infrastructure (EVs). B1, B2, and Bs spend $91, $38, and $129,
respectively, on grid electricity purchases at TOU rates. Furthermore, depending on the initial
SOP, arrival and departure times of each EV, the total cost to the grid for acquiring power from

EVs is determined to be $17 given as (4.41).

15 24

Cev = Z Z(PGZEVTL (@) * Reyee @®) = At)

n=1t=1

(4.41)

Case 1: In this case, the primary building includes a rooftop solar PV system with a capacity of
400 kWp and a parking station for charging and discharging a fleet of 15 electric vehicles, but

there is no storage (ESS).
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Case 2: In this case, the primary building features rooftop solar PV, electric vehicle charging

infrastructure, and ESS.

4.7.1 Results with Solar and without Storage (Case 1)

The model is evaluated with different contracted rates between secondary buildings and B1. The

impact of various pricing tariff (R..,., (t) and R.,,,., (t)) is examined in depth in the sub-cases.

4.7.1.1 Casel(a)

The results for the optimized power flow among the buildings, solar PV, grid and EVs are shown
in Figure 4.13 (a-c) at equal contract rates of 60% of TOU tariff. Figure 4.13 (a) shows that solar
provides the most electricity to B1, while also supplying power to B2, B3, and electric vehicles.
Figure 4.13 (b) demonstrates how EVs are charged using solar PV or the grid directly. In addition,
when onsite PV is insufficient, Figure 4.13 (c) illustrates that the primary building purchases

electricity from the utility to meet the contracted load for B2 and Bs.
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Figure 4.13 (a) Hourly power distribution of solar PV along with load demand of buildings (b) Optimized charging

and discharging of EVs (c) Hourly electricity trade between grid and B1, B> and Bs.

4.7.1.2 Casel(b)

Secondary buildings (B2 and B3) receive power from the primary building (B1) at a rate of 80% and
60% of the TOU tariff, respectively. Figure 4.14 depicts the contract pricing and hourly optimum
solar power delivery to buildings and electric vehicles. To optimize the savings of both the

primary building and the EVs, it has been noted that EVs deliver a larger amount of B1 load.

4.7.1.3 Casel(c)

The contract rated with B2 and B3 are set as 60% and 80% of TOU tariff i.e., R.on, (© > Regne, ®. It
is observed that B1 sells a higher amount of power to B> due to a) higher contracted tariff and b)

higher load demand of B».
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4.7.2 Resultswith Solar and Storage (Case 2)

The primary building in this case has storage in addition to the availability of solar PV and parking

station. The sub-cases discuss the effect of variable agreement prices with B1.

4.7.2.1 CaseZ2(a)

Figure 4.15 (a) shows the optimal power flows from solar to B1, B2, B3, EVs, and the grid at 60%
of the grid's TOU tariff for both secondary buildings. In addition, Figure 4.15 (b) depicts the
battery's changing power states. The battery is charged during off-peak hours (1:00 PM — 6:00
PM) and drained during peak hours (9:00 AM — 12:00 Noon) and (7:00 PM — 12:00 AM),
demonstrating the benefit of storage during peak hours. Figure 4.16 (a) depicts the charging and
discharging trends of 15 electric vehicles. It can be seen that a large amount of EV charging occurs
during off-peak hours, i.e., 1:00 PM — 6:00 PM, using either solar or ESS. Figure 4.16 (b) shows

the optimized power flows from grid towards primary and secondary buildings.
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Figure 4.15 (a) Hourly electricity distribution of solar PV along with real time loads of buildings (b) Hourly power
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Figure 4.16 (a) Cumulative charging and discharging patterns of 15 EVs (b) Hourly power exchange between grid
and B, Bz and Bs.

4.7.2.2 Case2(b)

Primary building trades with the B2 and Bz at an agreed-upon tariff of 80% and 60%, respectively.
The contract pricing and optimal outcomes of power flows for solar PV, storage, primary and

secondary buildings, and electric vehicles are shown in Figure 4.17.

4.7.2.3 Case2(c)

Secondary buildings (B2 and B3) have contract tariffs of 60% and 80% of TOU pricing, respectively.
The smart building's load demand is met to the greatest extent possible by local resources (solar

PV and ESS), as well as power imported directly from the grid or from a fleet of electric vehicles.
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4.8 Detailed Financial Analysis for Smart Building and Electric
Vehicles with V2X capability

In Table 4.4, scenarios 2 and 3 analyze the modification of minimum contractual load. B1's
minimum bilateral contracted load with B2 and B3 isset to 5 kW and 10 kW, respectively (scenario
2), whereas B2 and Bs's minimum bilateral contracted load with B1 is set to 10 kW and 5 kW,
respectively (scenario 3). Further, the cost of battery degradation associated with the charging
and discharging of electric vehicles is incorporated in the savings of EVs. It is observed that up to

15% of EV’s life is depreciated while performing V2X operations [114-116].

Table 4.4 Netrevenuesand savings (NZS) daily earned by B1, B2, B3 and fleet of EVs for scenarios 1,2 and 3.

Case 1 Case 2
Building (solar PV + charging (solar PV + ESS + charging
infrastructure at B;) infrastructure at B;)
(a) (b) () (a) (b) (c)
Scenario 1
B1 241 27.6 28.3 95.4 99.4 105.6
B2 4.2 34 3.0 3.6 4.2 55
B3 3.0 34 8.6 3.6 18.0 11.3
EVs 6.5 54 6.3 9.4 9.4 9.4
Scenario 2
B1 21.8 254 274 94.9 98.2 1054
B2 3.2 33 33 3.04 3.6 5.7
B3 13.1 104 9.5 9.9 19.9 11.6
EVs 6.5 5.7 6.3 9.4 9.5 9.4
Scenario 3
B1 22.7 26.8 26.4 94.9 99 104.5
B2 6.3 4.2 6.2 3.9 4.5 7.6
B3 9.9 8.3 8.1 9.1 18.1 10.6
EVs 5 54 6.9 9.4 9.4 9.5
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e Table 4.4 shows that, when compared to the base case, all buildings and the fleet of 15 EVs
gain revenue and save money, indicating that itis a viable business model for smart building
with EV charging infrastructure. Furthermore, localized power-sharing in the neighborhood
(secondary buildings) and charging of electric vehicles at the smart building's parking station
help to reduce line losses and increase grid stability. The important characteristics and

findings from each case and scenario are as follows:

e In case 2, the fleet of electric vehicles saves more money than in case 1 due to the use of

storage for EV charging during peak hours.

e The financial advantages of each building and EVs’ fleet may be computed using the formulae

in Appendix C3, which can be stated as a percentage decrease in electricity bills.

e Revenues from primary buildings vary from 24% to 116%, while savings from B3, B3, and EVs

range from 8% to 20%, 2% to 15%, and 29% to 56%, respectively.
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Chapter 5

Harmonic Analysis of Grid-Connected
Rooftop Solar PV Systems

Following the proposition of a novel business architecture for grid-connected solar PV in smart
building in Chapters 3 and 4, technical evaluation is required for the optimal integration into the
low voltage (LV) network. The large penetration of rooftop solar PV at the LV distribution grid has
a significant effect on the harmonic pollution levels in the network. Power quality issues related
to the low power factor of non-linear loads and high harmonic current emissions from solar PV
inverters at LV network greatly affect the network's performance. The power electronic
converters/inverters without producing pure sinewaves introduce harmonics into the system
when connected to the LV grid. From the perspective of power quality, it is desired to obtain a
pure sinusoidal waveform of current at the grid-connected PV inverter's output. However, due
to the presence of power electronic inverters, harmonics may arise at the output of the inverter
and travel through the distribution system's impedance and resultantly distorts the sinusoidal
voltage waveform of the utility grid. Maximum power point tracking (MPPT), anti-islanding, grid
fault conditions and energy measurement are the important characteristics of any grid-
connected PV inverter [117]. Usually, the grid-connected residential PV systems have small to
medium sizes (1 kW, to 15 kWp), compared to the high short circuit levels of the distribution grid.
Therefore, the distortion in the system voltage is almost negligible when single PV system is
connected to the grid, but when multiple connections are made at the same feeder or

distribution grid, it may affect the system voltage at the point of common coupling (PCC).
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5.1 State-of-the Artonthe HarmonicImpacts Caused by Grid-
Connected Solar PV Systems

For the power system's sustainable operation, harmonic analysis facilitates the integration of
grid-connected solar PV into the system. To gauge the harmonic impacts triggered by grid-
connected solar PV systems, several studies have been performed over the past few years [118-
132]. Such as, Eltawil et al. [121] found that inverter failures are the most frequent incidents in
grid-connected PV system. Authors recommended that PV inverters should be operated at unity
power factor rather than variable power factors. [122] investigated the impact of grid-connected
PV during low current flows, high values of THD; were observed for a small-scale PV system
installed at rooftop in Egypt. Harmonics are also introduced by the presence of non-linear loads
and switching devices connected to the grid. The residential non-linear loads generally comprise
of devices such as transformers, compact fluorescent lamps (CFL), light emitting diodes (LED),
fluorescent tubes, air conditioners, inverters, mobile chargers, switch-mode power supplies
(SMPS), TV, computers, and laptop chargers. SMPS are commonly present in laptops, computers,

TV, and battery chargers for mobile phones.

Globally, non-linear loads in the residential settings comprise of 38-42 % of the utility loads and
lighting loads vary from 40 to 70 %. Non-linear loads, when supplied with sinusoidal voltage
sources, produces harmonics in the supply waveform and resultantly affect the operation of
other linear devices connected to the distribution grid. Piccirillietal. [133] considered the current
distortion produced by Class-D full-wave rectifier to transfer wireless power. Corti et al. [134]
proposed a precise methodology for the DC-DC converter simulation while considering the non-
linear and dynamic nature of the photovoltaic device. Few studies alsocharacterize the combined
impacts of grid-connected solar PV along with the consideration of a few non-linear loads [16,
135]. However, none of the aforementioned studies characterize the potential harmonic impacts
of grid-connected rooftop solar PV in the presence of diverse non-linear load profiles of
residential devices. In this chapter, the load data (non-linear load penetration levels and THD))
from a practical feeder in Lahore, Pakistan is taken as an illustration and tested on a modified

IEEE-34 bus system. The utility, Lahore Electric Supply Company (LESCO), allows the residential
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customers with three phase meters to install net-metering (rooftop solar PV). Therefore, in this
chapter, different levels of total harmonic distortion (THD) produced at the point of common
coupling (PCC) at LV network are investigated under the varying penetrations of three phase solar
PV along with the existence of balanced single phase household non-linear loads. Various
regulatory requirements and standards exist for the grid connected PV systems in terms of
voltage and current distortions due to the presence of harmonics at PCC such as IEEE Std 519,
IEEE Std P519a, ANSI C82.11, ANSI C82.14 and EN50160 [136]. However, in this chapter, IEEE 519-
2014 standard is used as a reference for current distortion limits in the distribution grid rated

from 120 V through 69 kV [137].

5.2 Adopted Methodology for the Evaluation of Three-Phase
Systems

5.2.1 TypicalHousehold Non-Linear Load with Total Harmonic
Distortion

In this chapter, as discussed in the earlier section, a typical feeder of LESCO is taken as
exemplification to help evaluate the total harmonic distortion in voltage (THD,) and total
harmonic distortion in current (THD;), injected at LV network in the presence of non-linear
residential loads along with grid-connected rooftop solar PV generation (net-metering). The
average distribution (% age) of electricity consumption for a typical household in Lahore is
characterized in Figure 5.1 [138]. Additionally, typical values of THD; for various household
appliances of a typical feeder in Lahore, along with the respective power factors and power

ratings are presented in Appendix D1 [138].
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Figure 5.1 The distribution of electricity consumption for a typical (average) household in Lahore, Pakistan.

Moreover, in addition to non-linear loads, the non-linearity in the distribution grid can also be
introduced by distributing harmonic sources such as non-sinusoidal waves at the output of solar
PV inverters. As it stands, generally, inverters need to come with high-quality switching,
producing pure sinusoidal waves. However, mostly modified sine waves of current and voltage
at the output of substandard inverters pollute the LV grid. It is therefore required that the net-
metering prosumers must insert the required reactive power along with the active power into
the grid. Nevertheless, the residential customers do not meet the standard criterion of delivering
the reactive power. Resultantly, capacitor banks or synchronous condensers are required to be

installed by the utility for power factor correction at the LV grid.

5.2.2 Characteristics of Solar PV System

In order to accurately model and benchmark the harmonic pollution that can be produced due
to the insertion of solar PV inverters, a real solar PV module along with the typical harmonic
spectrum at the output of the inverter is used in this chapter. The specific parameters such as
power rating (W), open-circuit voltage (Voc), short circuit current (/sc) and efficiency (n) of the
solar PV module considered in the simulations at standard testing conditions (STC) are given in

Table 5.1 along with the inverter specifications shown in Table 5.2.
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Table 5.1 Specification of the solar PV module parameters according to manufacturer’s datasheet at STC.

Parameters Values
Manufacturer Sharp
Type Poly-crystalline
Model ND-224UC1
Power (W) 224
Vimp (V) 29.58
Imp (A) 7.45
Voc (V) 36.44
Isc (A) 8.25
Efficiency (n) 13.7 %
Fill Factor (FF) 733 %

Table 5.2 Specification of the inverter used for system evaluation.

Parameters Values
Max. DC Power (kW) 10
Rated DC Voltage (V) 1000
Max. Input Current(A) 10
Max. AC Apparent Power (kVA) 9
Rated AC Voltage (V) 400
Max. Output Current(A) 12.9
Max. Efficiency (%) 90

Further, the /-V and P-V curves at STC for the respective module according to manufacturer’s
datasheet are shown in Figure 5.2. Depending upon the rooftop solar PV generation at different
segments of the day and seasons of the year, distinct levels of THD; are produced at the output
of the PV inverter. Therefore, based on low and high PV generation in the winter and summer

season, the harmonic spectrum of a typical PV inverter is taken from [130].
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Figure 5.2 |-V and P-V curves of solar PV module at STC according to the manufacturer’s datasheet.

The THD; of the solar PV inverters with seasonal variations is given in Table 5.3. It can be observed
from Table 5.3 that higher THD; is produced for the period of low generation due to higher
harmonic currents of the solar PV inverter. Further, it is considered that 4 kW, (Pn) three-phase
solar PV system (micro distributed generation, DG) can be installed at any node of a modified
IEEE-34 bus distribution network. The maximum output (at non-STC) can be 3.3 kW, and 3.1 kW,
in summers and winters, respectively. Additionally, the minimal production from solar PV during

both summers and winters is taken as 0.6 kWp.

Table 5.3 THDi (%) of solar PV inverter for each scenario based on currentharmonic spectrum.

Scenario THD; (%)
Summer With High Overall Generation (S1) 7.8
Summer With Low Overall Generation (S2) 35.1
Winter With High Overall Generation (S3) 7.7
Winter With Low Overall Generation (S4) 43
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5.3 ResultsofVoltage and Current Harmonic Spectrum for 3-
Phase System

Three cases are considered in this chapter along with the base case with no rooftop solar PV
installed at any of the residential houses. Simulations are performed in the 20.0.0 licensed
version of the electrical transient analyzer program (ETAP). Four different cases of solar PV

penetration levels are taken to compare the harmonic levels inserted at PCC.

a. Base Case: 0% solar PV
b. Case 1:33% solar PV
c. Case2:50% solar PV

d. Case3:100% solar PV

For cases 1-3, four different scenarios are analyzed in this chapter. All the cases and scenarios
are tested at single radial supply modified IEEE-34 bus distribution feeder. Additionally, to
facilitate the benchmarking of THD limits at the LV network, high loading levels of non-linear
loads are constantly assumed at each node. Further, itis assumed that the secondary side of the
distribution transformer (11 kV/0.4 kV) serves as the point of common coupling (PCC). And the
THDy and THD; of the system are observed as an overall index of harmonic pollution inserted into

the LV network. The four scenarios considered are as follows:

1. Scenariol (S1): summer with high overall generation and high loading levels
2. Scenario2 (S2): summer with low overall generation and high loading levels
3. Scenario 3 (S3): winter with high overall generation and high loading levels

4. Scenario4 (S4): winter with low overall generation and high loading levels

5.3.1 0% PV Penetration (Base Case)

A reference case (base case) is taken to help evaluate the harmonic pollution with the increasing
solar PV penetrations. It is assumed that no solar PV system is installed at any node in the base

case as shown in Figure 5.3. The single line diagram (SLD) for the base case (Figure 5.3) shows
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that each node has three single-phase connections with a cumulative balanced three-phase load

of 6 kW.
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Figure 5.3 Single Line Diagram (SLD) of modified IEEE-34 bus distribution network with 0% PV penetration.

The modeling of a modified IEEE-34 bus distribution network composed of 34 sub-networks
(buses) in ETAP is shown in Appendix D2. Further, Appendix D2 shows the details of each sub-
network indicating the types and ratings of non-linear loads and PV panels connected. It
illustrates that for each case and scenario, the loading levels are assumed to be constant i.e,,
loads remain in the ON-state throughout the simulations. However, only one of solar PV system
out of four types (scenarios) can be assumed to be in ON-state for a particular scenario. The rest
of the three PV panels are taken to be operated in the OFF-state depending upon the respective
scenario. Also, depending upon the specific case, it is possible that all four PV systems may
operate in the disconnected mode (OFF-state). For instance, each of the PV panels operates in

OFF-state for the base case.
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The per unit (p.u.) voltage profile at each bus for the reference case is shown in Figure 5.4 (a). It
shows that the buses near the distribution transformeri.e., 802-830 operate as marginallyloaded
(p.u. voltage under 0.98) whereas the far end buses i.e., 832-890 except 850, are operating as
critically loaded (p.u. voltage below 0.95). Also, the voltage and current spectrum of harmonics
along with THDy and THD; inserted at the PCC is shown in Figure 5.4(b). It can be observed from
the Fig. that THD, level at PCC (6.6%) is well under safe operating standards (8.0%) when
compared to the IEEE standards. However, the THD; level at PCC (8.8%) is marginally above the
IEEE benchmarks (8.0%) due to the high diffusion of non-linear household loads in the network.
Additionally, the voltage and current waveforms at PCC for a complete cycle is shown in Figure
5.4 (c). It signifies that both the waveforms are distorted due to the high percentage of harmonic
levels. Further, the percentage of active, reactive,and complex power losses in reference to total
load in the distribution network is listed in Table 5.4. It signifies that reactive power losses (kVar)
are almost double the of active power losses (kW) due to the poor power factor of some non-
linear devices such as mobile and laptop chargers, CFL, LCD, refrigerator etc. Henceforth, it can
be observed that there is a decent margin of improving the overall voltage profile along with a
reduction of complex power losses through the integration of microdistributed generation (cases

1, 2 and 3).
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Figure 5.4 (a) Per unit (p.u.) voltage profile of the system (b) voltage and currentspectrum with respectto

harmonic orders at PCC (c) voltage and currentwaveforms at PCC.
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Table 5.4 Total active (kW), reactive (kVar) and complex power loss (kVA) for the reference case in percentage (%

age) of the total load of the network (%).

Type Power Loss
Active (kW) 3.13
Reactive (kVar) 5.8
Complex (kVA) 6.6

5.3.2 33% PV Penetration (Case 1)

In this case, it is considered that 33% of the nodes are installed with rooftop solar PV, shown in
Appendix D3. The per unit (p.u.) voltage at each bus for the four scenarios of case 1 shows that
for scenario 1 and 3 (PV panels with overall high generations i.e., 3.3 kWp and 3.1 kWp during
summers and winters, respectively), fewer buses are critically loaded (15 buses i.e., 832-848 and
858-890) as compared to the reference case (18 buses). However, for scenarios 2 and 4 (due to
an overall low generation of 0.6 kW both during summers and winters), the voltage profiles of
the buses remain fairly similar to case 0. Additionally, the harmonic spectrums of voltage and
current at PCC for scenarios 1-4 shows that the total harmonic distortion (THDv and THD;) levels
at PCC gets raised due to the insertion of harmonics at the output of PV inverters. The highest
amount of current distortion (THD; = 9.3%) is noted in scenario 1 with high generation during the
summer season, illustrating that the current distortion increases with the power production at

the output of the PV inverter.

5.3.3 50% PV penetration (Case 2)

The single line diagram (SLD) for case 2 is shown in Figure 5.5. It shows that 50% of the buses are
connected with three-phase solar PV systems. 4kWp rooftop PV systems areinstalled at alternate
buses along with the presence of three single-phase non-linear household connections at each
node. The per unit (p.u.) voltage profile of the distribution network for case 2 during four
scenarios is shown in Figure 5.6. It shows that for scenario 1 (PV panels with overall high
generations of 3.3 kWp at 50% buses), only four buses i.e., 838, 844, 846 and 848 are critically

loaded. Similarly, for scenario 3 (50% buses installed with generations of 3.1 kWp), only five buses
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remain critically loaded i.e., 838, 844, 846, 848 and 862. Nevertheless, for scenarios 2 and 4,

fourteen buses are critically loaded while others remain marginally loaded. It can be explained

due to low DG at 50% of the buses (0.6 kWp), resulting in more buses with critical loading.

Additionally, the voltage and current waveforms for each scenario of case 2 is shown in Figure
5.7. It shows that the highest distortion in the current and voltage waveforms is observed during
scenario 1 and scenario 3. Further, the harmonic spectrums at PCC for scenarios 1-4 are shown
in Figure 5.8 (a-b). Figure 5.8 (a) shows that during summers with the maximum generation, the
highest levels of current distortion (10.2%) at PCC are observed due to higher harmonic currents
from the PV inverter. The maximum amount of voltage distortion (5.2%) is seen in scenario 3 with
high generation (3.1 kWp) during the winter season, as shown in Figure 5.8 (b). It can be observed
that during scenario 1, the voltage profile of the network gets better since only 4 out of 34 buses
are under critical loading conditions along with the total harmonic distortion (THD; and THD.)
values under acceptable limits according to IEEE-standards. Hence, this type of setting with solar
PV generation installed at every other bus can be the optimal choice for rooftop grid-connected

photovoltaic systems.
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Figure 5.6 Perunit (p.u.) voltage profile of the system for scenario 1-4, respectively of case 2 (50% PV

penetration).
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Figure 5.7 Voltage and currentwaveforms at PCC for a complete cycle for scenario 1-4, respectively of case 2 (50%

PV penetration).
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5.3.4 100% PV Penetration (Case 3)

Lastly, it is considered that all buses have the deployment of 4 kW, solar PV system (case 3). The
SLD for case 3 shown in Appendix D3 indicates that each node has a solar PV system plus three
single-phase residential connections. Henceforth, each node has a distributed generation of 4
kW, and a cumulative load of 6 kW with non-linear characteristics. The voltage profile of the
system for case 3 shows that for scenarios 1 and 3, none of the buses are critically loaded. Also,
few buses adjacent to the distribution transformer i.e., 802-810 do not operate as marginally or
critically loaded, rather the p.u. voltages are close to unity. However, during the low generation
period for scenario 2 and 4, around half of the buses (far end buses) operate in the critically
loaded condition (p.u. voltage less than 0.95. Also, the highest amount of distortions in the
current and voltage waveforms are seen in scenario 1 and scenario 2, respectively. Furthermore,
the harmonic spectrums at PCC for scenarios 1-4 shows that the highest levels of total harmonic
distortion in voltage and current waveform, THD, and THD;, at PCC are observed as 14.5% and
4.3%, respectively. This level of THD; is significantly greater than the IEEE-limitsi.e., 8% at PCC;
therefore, this case cannot be considered as an optimum choice in terms of grid-connected

rooftop solar PV installations.

5.3.5 Detailed Power Loss Analysis

The summary of active, reactive, and apparent power losses for all cases and scenarios is
discussed in Table 5.5. It shows that the maximum and minimum amount of percentage power
losses with reference to total load at the LV network are obtained for case 1 and case 3,
respectively. Intermediate levels of power losses are observed during case 2 with 50% PV
penetration levels for all scenarios. Added to the reflections, the highest amount of percentage
power losses is noted during scenarios 2 and 4 when generation levels are low. Hence, it is
suggested that the losses in the LV network can be minimized through the high penetration levels
of distributed generation (DG) with high generation levels. However, the harmonic pollution

levels at PCC also get raised with incoming solar PV inverters' saturation.
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Table 5.5 Summary of total active (kW), reactive (kVar) and apparent power loss (kVA) in percentage (% age) of

total load of the network.

Type of Power Loss | Reference Case Case 1 Case 2 Case 3

(Case 0)
S1 [S2 | S3 | S4 [S1 |S2 |S3 [S4 |S1|S2]|S3 |54

Active 3.13 2213123331933 |20(33 (09 (331033
Reactive 5.8 42 |59 |43 |46 |26 |46 |28 |46 |13 |46 |14 |46
Apparent 6.6 48 | 6.7 |49 |57 (33|57 |34 (57|16 |57 (17 |57
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Chapter 6

Conclusions and Perspectives

This thesis makes a contribution to modern power system operations by proposing a
comprehensive and profitable power sharing mechanism between the inter-connected buildings.

The main findings and future research directions are summarized in this chapter.

6.1 Overview of Contributions

This thesis first addressed the installation of optimum rooftop solar PV technology for buildings
under low irradiance and partial shading conditions. Starting with [Paper A/Chapter 2], the low
irradiance loss for CdTe thin film panels (TFP) is explicitly quantified in this thesis and then
compared with crystalline silicon (c-Si) PV panels. Detailed analysis of results based on sparse
data at 1-hr interval shows that c-Si panel produces annually on average of 1.05% lower yield
compared to CdTe panels for four consecutive years i.e., 2011-2014 available from NREL.
Additionally, measured insolation values for 8 days, combined for winter and summer, shows
1.09 % higher energy yield for CdTe based PV systems compared to c-Si due to their higher
bandgap and better spectral response at lower irradiances. Overall, it is suggested that TF solar
PV modules perform better under low irradiance conditions and are very suitable for regions with
larger irradiance variations. To further facilitate the selection of accurate solar PV technology for
large-scale rooftop deployments, in [Paper B/Chapter 2], a fair comparison is made between the
TF and c-Si solar PV modules under partial shade. It is concluded that the performance of TF
panels is better under partial shading conditions as compared to c-Si panels. Higher hotspots are
formed in c-Si solar panels, which are confirmed by the thermographic analysis under realistic
operating conditions. Furthermore, the power output during shading for a typical system is
higher for the TF panel in comparison to the c-Si panels due to the internal structure, where cells

are monolithically integrated and have long rectangular structure. This inherent orientation and
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superior junction properties in TF modules lead to the high potential tolerance levels during the
events of extreme shading scenarios, which has been revealed in this paper. Therefore, lower hot
spot damages are practically observed in TF PV modules, as validated through the thermal

images.

We further presented a comprehensive architecture for the profit maximization of inter-
connected buildings, with one of the buildings installed with rooftop solar PV and storage. In
[Paper C/Chapter 3], we established a new framework to maximize profits linked with the
installation of rooftop solar photovoltaics coupled with energy storage system at
commercial/industrial/educational buildings. Based on the diversified load nature of secondary
building(s), minimum contracted load can be bilaterally decided between the primary and
secondary buildings. The proposed model is universal and applicable to agreed contracts and
condition(s). The utility of the model is demonstrated via application to three participating
buildings along with the actual time-of-use pricing. Profits of the primaryand secondary buildings
are assessed based on varying contracted rates and minimum agreement loads. It is concluded
that nature of bilateral contracts, time-of-use utility tariffs, diverse nature of load profile, amount
of minimum contracted load and contract rates between primary and secondary buildings are
the key parameters that affect the overall profits of each building. For the scenarios discussed in
[Paper C/Chapter 3], the profits of primary building (B1 with rooftop solar PV and storage) varied
from 10-43% depending upon the minimum contracted load and tariffs. Secondary buildings
without solar or storage (B2 and B3) can also make significant cost saving in terms of reduced
electricity payments to the utility. The overall saving secured varied from 6-16% and 3-12% for
B2 and Bs, respectively in the current framework of minimum contracted load and prices. The
addition of lithium-ion storage raised the profits of primary building around 25% for each
scenario in comparison to solar PV only case. The presented framework targeted a more
integrated approach to utilize solar and storage through bilateral contracts and net-metering for
multiple agents/building resulting in improved economics for involved parties in comparison to
business as usual i.e., grid only option. It is suggested that the developed framework enables and

promotes inter-connected buildings to invest in rooftop solar in a more lucrative manner,
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especiallyin the countries with vast solar resource and diminishing feed-in-tariffs or net-metering

benefits.

To facilitate the integration of electric vehicles (EVs) in smartbuilding, we developed a framework
in [Paper D/Chapter 4]. It allowed the EV integration at a lucrative rate (1.25x of grid TOU price)
and allows daily earnings of around 50 % for the primary building (B1) and up to 14 % for
secondary buildings (B2 and B3), respectively. The profits of B1 increased by further 30 % after the
inclusion of storage (Li-ion battery banks) due to its optimum power scheduling during peak
hours. The proposed business architecture can be applied to N buildings with any single building
owning the solar photovoltaic-battery system and charging infrastructure for EVs (primary),

having bilateral contracts with remaining of N-1 buildings (secondary).

Towards the introduction of vehicle-to-everything (V2X) concept in smart building, in [Paper
E/Chapter 4], we proposed a new framework for maximizing financial gains associated with the
deployment of rooftop solar photovoltaics combined with energy storage systems and charging
stations (a fleet of EVs) in smart building. It is suggested that model is generic and is pertinent to
suitable pricing and load contracts. The model's effectiveness is illustrated by its deployment to
three buildings and a fleet of fifteen electric vehicles in conjunction with the actual time-of-use
pricing. Itis concluded that the design of bilateral contracts, time-of-use tariffs, the varied nature
of load profiles, the volume of minimum negotiated load, contract prices between primary and
secondary buildings and charging and purchasing rates for the electric vehicles are the main
criteria that influence the profits and savings of each building and fleet of electric vehicles. The
dependency of EVs on the grid gets significantly reduced due to optimized charging through solar
or storage. Further, it is determined that the profits of primary buildings (with rooftop solar PV,
storage and charging infrastructure) range from 2 — 62% based on the minimum agreement load,
contract tariffsand selling and purchasing tariff for the electric vehicle. The electricity cost savings
of secondary buildings (without solar, storage and charging station) ranged from 8 — 20% and 2
— 15% for B2 and Bs, respectively. The financial gains of the fleet of EVs varied from 35 — 66%
based on the charging and selling tariff structure and availability of local resources (solar and
storage) for charging of the electric vehicles. The profits of B1 (primary building), B2(secondary

building), B3 (secondary building) and EVs increased around 54%, 4%, 6% and 20%, respectively,
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with the addition of storage besides the availability of solar PV and charging station. It is
suggested that, the proposed paradigm aims for a more unified methodology to using solar and
storage through bilateral contracts for multiple buildings and optimized charging and discharging

of electric vehicles in the charging station.

Concerning the power quality issues attributed to the installation of rooftop solar PV panels,
[Paper F/Chapter5]identified the optimized arrangementof grid-connected solar PV panels. We
characterized the potential harmonic impacts of grid-connected rooftop solar PV in the presence
of diverse non-linear load profiles of residential devices for a weak grid. The performance of the
low voltage (LV) network is benchmarked based on the penetration levels of solar PV, varying
from low (0%) to high (100%) with the different seasonal generations along with the real load
data. The total harmonic distortion in current and voltage waveforms (THD, and THD;) at the
point of common coupling (PCC) is compared to IEEE-2014 standards and observed as overall
harmonic index pollution. We modelled an off-the shelf inverter typically used in the rooftop
solar PV installations. It is concluded that case 2 serves as the optimum case with the installation
of solar PV panels at alternate buses (50% PV penetration) of the distribution system. The highest
THD; and THD, with values 10.2% and 5.2% respectively, are reasonably comparable to the IEEE-
benchmarks (8% both for THD, and THD;). Additionally, the system's voltage profile gets improved
with significantlyreduced losses of 1.9%, 2.6% and 3.3% for active, reactive, and apparent power,
respectively compared to the base case. It is suggested that the integration of rooftop solar PV
panels at alternated nodes of the modified IEEE-34 bus system improves both the voltage profile

and minimize the power losses along with the compliance of THD limits as per IEEE-standards.

6.2 Future Research

The major findings of this thesis stimulate several future research directions concerning a

paradigm shift towards a techno-economic model with bilateral contracts in smart building(s).

Towards the identification of optimum solar PV technology under low irradiance, the uncertainty

in the measured irradiance values is not assessed. It is generally linked with the measurement
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accuracy and it can be considered while evaluating the energy yield of crystalline silicon and thin

film PV panels under low irradiance.

The profits maximization of multiple buildings in bilateral contracts is studied without explicitly
accounting for the uncertainties and variabilities in the inputs of the model. The impact of
uncertainties in load demand forecast, solar variation and utility pricing can be evaluated further
for online solutions. A stochastic model dealing with the uncertainties in the inputs of the model
will serve as a more generic model with regards to the its implementation in the real-world. The
cost of battery degradation has not been incorporated in the proposed model; however, it can
be considered for accurate evaluation of the profit margins. Further, a hardware-in-loop (HIL)
setup can be considered for the experimental validation of the results as a future researchthread.
Also, a more comprehensive and precise models can be used to find the arrival times and initial
state-of-power of the fleet of electric vehicles. This drives the research on the development of a

stochastic model which caters for uncertainties in the inputs of the model.

On terms of maximizing the efficiency of grid-connected rooftop solar PV systems in low-voltage
networks, a potential area of research is to perform the simulations for a complete day with a
granularity of 1-hr. The model should incorporate the solar variations throughout the day,
resultantly producing different amount of total harmonic distortions in voltage and current at
point of common coupling for the whole course of day. Further, the presented framework can be
applied to multiple feeders in the low voltage network as future investigations. The load
dynamics depending upon the feeder's nature may affect the overall harmonic pollution inserted

into the distribution network.

Lastly, towards the implementation of local electricity markets and competitive trading bilateral
contract market (CTBCM) model in Pakistan, the existing legal and regulatory architecture needs
to be adjusted accordingly. In this regard, some of the issues that need to be investigated further
includes, i) a comprehensive government level policy for the establishment of a wholesale
electricity market and the beginning of commercial operations, ii) the market rules, which
regulate the market operator's functions and represent the different sorts of participants and

service providers, iii) the commercial code and iv) grid code.
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Appendix Al

The measured values of irradiance for four winter and summer days are shown in Figs. A1(i) and
Al(ii), respectively.
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Figure Al1(ii) Measured irradiance values for 4 summer days.

Appendix A2

106



The ideal energy yield and actual energy yields of Si and CdTe for four years are given in Table

A2(i).

Table A2(i) Ideal energy available under STC and annual percentage difference between the two energy

productions for c-Si and CdTe under low irradiance for all years (2011-2014).

Year Estc, Ideal E(Si), Energy E.(CdTe), Annual Energy Annual Energy
Energy Yield of Si Energy Yield of | difference of c- difference of

Available (kWhr/kw) for CdTe Si compared to | CdTe compared

(kWhr/kW) for Whole Year (kWhr/kw) for Ideal (AE/Estc to Ideal (AE/Estc
Whole Year Whole Year (%)) (%))
2011 1782.7 1736.3 17549 2.60 1.56
2012 1827.1 1781.2 1799.6 2.51 1.51
2013 1784.7 1738.6 1757.0 2.58 1.55
2014 1797.2 1751.2 1769.6 2.55 1.54

Total 7191.7 7007.3 7081.1 2.56(Avg.) 1.54(Avg.)

The additional energy yield from CdTe for four years under low irradiance is given in Table A2(ii).

Table A2(ii) Additional production output of CdTe for all years (2011-2014) under low irradiance.

Year Energy Yield of Si Energy Yield of CdTe Additional Production
(kWhr/kW,y) for Whole (kWhr/kW,y) for Whole Output of CdTe (%)
Year Year

2011 1736.3 17549 1.07

2012 1781.2 1799.6 1.03

2013 1738.6 1757.0 1.05

2014 1751.2 1769.6 1.05

Total 7007.3 7081.1 1.05(Average)

Appendix B1
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Hourly actual load demands of building 1 (primary) and buildings 2 and 3 (secondary) are shown

in Figs. B1(i), B1(ii), and B1(iii), respectively.
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Figure B1(i) Annual real-time hourly load demand (kW) for building 1.
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Figure B1(ii) Annual real-time hourly load demand (kW) for building 2.
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Figure B1(iii) Annual real-time hourly load demand (kW) for building 3.

Appendix B2

The annual payments and revenues (NZS) for each sub-case are listed in the respective tables

(B4(i)-B4(iii) for each building (primary and secondary).

Table B4(i) Annual financial analysis of Building 1 (B1).

Type of Annual
Payments/ Revenue Reference Case Case 1 Case 2
Payments to the utility a. 48,710 a. 43,729 a. 19,308
by B: for electricity Cp, b. 48,710 Cg, b. 52,044 C3, b. 37,060
units procured (Cp, ) c. 48,710 c. 54,520 c. 44,841
(NZ$)
Remarks The payments to the grid are highest in case 1since B1 has to buy additional units
from the grid to meet the contracted load demand of B, and Bs.
Revenue of B1 from a. 0 a. 70 a. 277
power exports to the N2 b. 0 N} b. 70 N b. 277
grid (N;;) (NZS) c. 0 c. 70 c. 277
Remarks As in reference case there is no local generation or storage, there are no earnings
from exports to the grid. Earnings as a result of exportsto the grid are also given for
case 1 and case 2.
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Revenue of B1 from a. O a. 3,479 a. 4,736
power exports to Dg, b. 0 Dg, b. 8,963 Dz, b. 16,763
Building 2 (D32 ) (NZS) c. O c. 3,325 c. 3,603
of B2 with B1, hence revenueis zero. For the

case there is no contract

Remarks In reference
other two cases the amounts vary based on contract pricesas described earlier.
Revenue of B; from a. 0 a. 7,257 a. 9,335
power exports to Dp, b. 0 Dg, b. 6,762 DZ, b. 7,957
Building 3 (D, ) (NZ$) c. 0 c. 13,885 c. 25,775

Remarks

Again, the revenue is zeroin reference case due to no contract of B3 with Bj.
However, the revenue from selling to Bs is higher in case 2 compared to case 1 due
to storage availability in case 2. In addition, for 2(c), highest revenue is attained due

to higher contract prices.

Net revenue of B NP, a. 0 NP | a 11,539 NP;, a. 31,508
(NPg,) (NZS) b. 0 b. 13,945 b. 35,853
c. 0 c. 15,413 c. 38,314

The profit earned by B; is highest in case 2(c), owing to more usage of battery

Remarks

during peak hours.

Table B4(ii) Annual financial analysis of Building 2 (B>).

purchased from B1

Type of Annual Reference Case Case 1 Case 2
Payments/ Revenue
Payments by Bz to the Cy, a. 35479 Cs, a. 29,680 Cs, a. 27,586
utility for electricity b. 35,479 b. 20,541 b. 7,541
units procured (Cg,) c. 35,479 c. 29,938 c. 29,473
(NZ$)
Remarks The payments to the utility are least in case 2, since the units bought from the grid
are minimum.
Payments to B1 by B, Dg, a. 0 Dg, a. 3,479 Dg, a. 4,735
for electricity units b. 0 b. 11,951 b. 22,351
c. 0 c. 3,325 c. 3,603

(Dg, ) (NZ$)
Remarks B2 earnings are highestin case 2 due to maximum import of units from B1.
Net revenue earned NPy, a. 0 NPg, a. 2,319 NP, a. 3,157
by Bz (NPBZ) (NzS) b. 0 b. 2,987 b. 5,587
c. O c. 2,217 c. 2,402
The highest profitis earned by B2 in case 2(b) regardless of the higher contracted

Remarks

rates with Bi.

Table B4(iii) Annual financial analysis of Building 3 (B3).

Type of Annual Reference Case Case 1 Case 2
Payments/ Revenue

Payments to the 623 a. 69,434 C,;3 a. 57,339 C§3 a. 53,874

utility by Bs for b. 69,434 b. 58,164 b. 56,172

electricity units c. 69,434 c. 46,292 c. 26,475
procured (Cp.) (NZ$)
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Remarks The annual cost of purchasing electricity units from the grid is minimum in case 2(c)
attributed to higher number of units purchased by B3 from Bj.
Payments to B for Dy, a. 0 Dg, a. 7,257 Dg, a. 9,335
electricity units b. 0 b. 6,762 b. 7,957
purchased from B c. 0 c. 18,514 c. 34,367
(D, ) (NZ$)
Remarks Bz procures maximum number of units in case 2(c) from B installed with solar PV and
storage system
Net revenue earned NPg, a. 0 NPg, a. 4,838 NPz, a. 6,224
by B3 (NPB3) (NzS) b. 0 b. 4,508 b. 5,305
c. 0 c. 4,628 c. 8,592
Remarks Bs earns highest profit in case 2(c) owing to maximum number of units purchased from
B1 at reduced rates as compared to TOU tariff.

Appendix B3

The net present value (NPV) is given as:

N
C
NPV = Z ——— — Initial Investment
— 1+

where, C, = cash flow atyear n, r = discount rate, n =time period and initial investment is the
total price of the system.

Appendix B4

The percentage annual savings earned by B1, B2 and Bz after the application of profit model are

given as follows:

P3. — (P3,—NP
Annual Savings (%) for B, = W* 100
By
Py - (P3 —NP
Annual Savings (%) for B, = W « 100
B2
P, - (P3.—NP
Annual Savings (%) for By = %333) * 100

B3
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Appendix C1

The termsin (4.1) are defined as follows:

24
Ng = Z(PREZG (®) * Ry () + Prssa6 0/ Naiscn * Roen (1)) * At
t=1
24
Dg, = Z (Pre2p, () R one, () + Pgssap, (&) /Maiscn * Reone, (0)) * At
t=1
24
Dp, = Z (Pre2a, ®) = Reonty (8) + Pgsszp, ®) /Maisen * Reont, (£)) * At
t=1
30 24
Dgy, = Z Z ((PESSZEVn (&) *Nepar * Ry (£) + Prpaev, (8) * Nenar * Rey (8) + Pozpy, (6 * Nepar
n=1t=1

* REV(t))) * At

24
Si.= . Puszi, © * (Rpur® = Reort©) + P, O Mt * (Rpur ® = Ry ©) = 4t
t=1

24

Co, = ) ((Posp, @ * Ry © ) » 4t

t=1

By = ii < PGZEVn (t) = (Rpur(t))) * At

n=1

24

EBl = Z ( PGZESS (t) *Nchar * Rpur(t)) * At

t=1
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24

Py, = Z (pGZBZ @) (Rpur(t) — Reont, (t))) * At

t=1

24

Py = ) (Pags, ® % (Rpur© = Regne, ) =

t=1

Appendix C2

The additional termsin (4.17) are defined as follows:

15 24

Crvg, = Z Z (PEVn231 (&) * Rgy,,, (t)) * At

n=1t=1

24
( Piy,2ss (t) * Ry, (t)) * At
1

15
CEVEss = z
n=1

t=

Appendix C3

The percentage savings received by B1, B2, B3 and EVs through profit model are given as:

c%, - (g ,-NP
Daily Savings (%) for B, = W +100

B1
Cg, — (Cg,— NPy,

Daily Savings (%) for B, = o * 100
By

c3. - (C% -NP
Daily Savings (%) for B; = “Bs T BsT B L 100

0
CB3

¢y - (C%,~NP
Daily Savings (%) for EVs = EL—CEV""PED L 44

0
Cev
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Appendix D1

The power ratings, total harmonic distortions and power factors for household appliances
connected to a typical LESCO feeder is givenin Table D1.

Table D1 Power rating (W), THDi (%), and power factor of household appliances connected with the LESCO feeder.

Household Appliances | Power Rating (Watt) THD; Power Factor | Fundamental Current, 11 (A)(RMS)
(% age) (PF)

Laptop Charger 45 148.76 0.57 0.34
LED/LCD/TV 30 139.12 0.56 0.23
Mobile Charger 6 138.04 0.48 0.054
CFL 24 100.96 0.67 0.15
Microwave Owen 1000 19.48 0.97 4.46
Refrigerator 150 17.1 0.53 1.22
Washing Machine 500 11.63 0.99 2.18
Fan 100 6.14 0.87 0.49
Water Dispenser 500 2.24 0.99 2.18
Electric Kettle 1000 1.89 0.97 4.46
Electric Heater 1000 1.87 0.99 4.37
Air conditioner 1300 50 0.95 5.92

Appendix D2

Modelling of modified IEEE 34-bus system and non-linear loads in ETAP is shown in Figures D4(i)
and D4(ii), respectively.
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Appendix D3

Single Line Diagrams of the modified IEEE-34 bus system with 33% and 50% solar PV penetration
are shown in Figures D3(i) and D3(ii), respectively.
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Figure D3(i). Single Line Diagram (SLD) of modified IEEE-34 bus distribution network with 33 % PV penetration.
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