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Abstract: Institutions of higher learning in South Africa are grappling with occasional power outages
in lecture halls, leading to disruptions in academic activities and occasional loss of lecture hours.
Therefore, this study presents a comprehensive evaluation of a grid-connected solar PV /Li-ion battery
microgrid (uG) system aimed at maintaining a constant power supply to selected lecture halls at a
university in the Western Cape, South Africa. The microgrid design, modelling, and simulations,
conducted in the MATLAB/Simulink environment, include the solar PV, Li-ion battery, energy con-
sumption of the lecture halls (load profile), boost converter, bidirectional converter, and grid. Using
the detailed design, modelling, and simulation, the study evaluates the economic and environmental
impacts of integrating uGs, focusing on enhancing energy reliability, reducing operational costs, and
mitigating CO, emissions. The results indicate that integrating the microgrid resulted in a significant
51% reduction in energy cost and a decrease in greenhouse gas emissions by 530 kgCO,e per hour.
In Cases 2 and 4, where the battery supplied power, the annual battery degradation costs are 6.08%
and 14.9% of the initial cost, respectively. The uG ensures an uninterrupted power supply and
improves the overall reliability of the university’s energy infrastructure. It promotes environmental
sustainability goals of zero emissions and maintains continuous academic activities during grid out-
ages. Furthermore, it fosters a conducive learning environment, supports innovation and creativity
in sustainable energy technologies, and sets a standard for other higher education institutions to
integrate renewable energy-powered uGs.

Keywords: CO, emission; energy reliability; energy supply; lecture halls; Li-ion battery; MATLAB/
Simulink; microgrids; operational cost; solar PV

1. Introduction

The increase in energy consumption over the years has directly contributed to the
depletion of fossil fuel reserves such as coal, natural gas, and petroleum [1]. This has
resulted in a direct increase in greenhouse gas (GHG) emissions, affecting the environment
negatively [2—4]. This overreliance on fossil fuels has made it more expensive and inade-
quate in alleviating power outages [5,6]. In South Africa, institutions of higher education,
such as universities, are grappling to maintain uninterrupted power supply on campuses
and, by extension, lecture halls due to grid power outages [7,8]. This challenge has led
to disruptions in academic activities and loss of lecture hours, limited access to resources,
poor performance of students, safety challenges, negative impact on members of staff and
students, institutional reputational damage, and negative impact on online-based teach-
ing methods in some cases [9]. Some studies have proposed diesel generators as backup
supply, which has demonstrated significant setbacks such as increased CO, emissions,
noise pollution, high maintenance and operational costs, continuous dependence on fossil
fuels, and health challenges arising from diesel exhaust [10]. However, these institutions
are committed to sustainability goals that align with global initiatives for institutions of
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higher education to adopt environmentally friendly energy policies. These policies not only
contribute to a reduction in carbon footprint but also improve energy reliability and reduce
operational costs. Therefore, this study has proposed renewable energy resource (RER)-
powered microgrids (uGs) to be integrated into lecture halls to ensure energy reliability,
reduce CO, emissions, and lower the cost of energy supply.

Previous studies have concentrated on the proper scheduling of RERs, such as solar
photovoltaic (PV), wind turbine, hydro turbine, biomass, and hydrogen, including energy
storage systems (ESSs) and energy management system (EMS) design [11-14]. Some
focused on the environmental benefits of their proposed model [15-19], while others
have evaluated the economic feasibility of uGs for entire university campuses and critical
infrastructures [20-23]. However, none of these studies have investigated the techno-
economic and environmental implications of uG applications, specifically in university
lecture halls, their role in providing sustainable energy solutions and improving energy
reliability, or their deployment in developing countries. Therefore, this study modelled
and simulated a solar PV /Li-ion battery uG for three lecture halls of different capacities
of 250, 196, and 400 seats at a university in the Western Cape province in South Africa. In
Case 1, the lecture halls were supplied by the utility grid, while in Case 2, by both the solar
PV and Li-ion battery pG; Case 3 was supplied by the solar PV, and Case 4 exclusively by
the Li-ion battery. The study offers insight into energy consumption patterns in university
lecture halls with associated environmental impact, economic implications, and technical
feasibility. It also considers power outages in lecture halls during loadshedding and
highlights the benefits of using the real-time energy consumption profile of lecture halls in
a university in the Western Cape. The study was implemented in the MATLAB/Simulink
Version 2023a environment using Cape Town weather conditions. The system configuration
describing individual components used in this study is presented in Section 3. The primary
contributions of this study are:

e  Economic evaluation to determine the cost of maintaining a stable and reliable elec-
tricity supply to these lecture halls during peak load consumption and power outages
by integrating the uG to the utility grid supplying the university.

e  Analysis of the carbon footprint and overall environmental sustainability impact of the
system to ascertain the amount of CO, reduction achieved due to the uG integration.

e  Proposing an EMS to ensure sustainability, efficiency, and reliability of power supply
in the lecture halls through the implementation of the integrated pG.

The rest of the paper is structured as follows: Section 2 presents the literature re-
view. Section 3 presents the materials and methods, including the system description and
modelling. Section 4 presents case studies and results. Section 5 presents the discussion
of results and analysis. Finally, concluding remarks, together with recommendations for
further research, are presented in Section 6.

2. Literature Review

RER-powered nGs are characteristically unpredictable due to changes in weather
conditions, leading to unstable power output [24], thus necessitating the integration of
ESSs to ensure stable power supply. The past decade has experienced significant growth in
ESS technology due to cutting-edge research [25-27]. uGs are compact energy networks
that include energy storage devices, a variety of loads, and distributed energy resources
(DERs) that are either conventional and/or renewable [28]. These conventional energy
resources might be a combination of various diesel generators, while renewable resources
largely consist of solar PV and wind power systems. A distribution network might combine
and systematically integrate various uGs. These uGs, when equipped with distributed
generators (DGs), ESSs, and demand response programmes, are actively used to reduce the
cost of electricity and ease the load on distribution networks [29].

uGs are either operated in off-grid or grid-connected mode and can be switched
between both modes. In the off-grid mode, the active and reactive powers are generated by
the DERs within the pG to meet the local load demand and the ESS can be used to stabilise
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the supply as needed if there is a shortfall in the DER generation [30]. Ancillary services,
such as frequency regulation, voltage regulation, etc., are enabled in grid-connected mode,
with a focus on trade-offs between the uG and the grid [31]. In South Africa, power outages
have necessitated the integration of uGs in institutions of higher education, specifically to
ensure power supply during grid outages in lecture halls, given the substantial availability
of solar PV resources in the Western Cape, as shown in Figure 1 [32,33].
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Figure 1. South Africa solar irradiation, solar potential of Cape Town. Source: Global Solar Atlas
2.0 [34].

Integrating RER-powered uGs in university lecture halls continues to be a major
concern in the electricity configuration of institutions of higher education. One such
challenge is the design of a suitable EMS that will ensure seamless integration, effective
power distribution, and reduced cost. Hence, in reference [35], the authors designed an
EMS using conventional resources to support an optimal supply of power to meet the
electrical load at a reduced cost by ensuring its participation in the operation of the uG. The
study focused on the effective implementation of the EMS for a university pG consisting
of DGs and ESSs. The EMS ensured the effective bidirectional flow of power between
the grid and the university uG and ensured the charging and discharging of the ESS to
reduce energy costs. The pG is connected to the local grid (Islamabad Electric and Supply
Company, Islamabad, Pakistan) with an additional diesel generator and a wind turbine
that operates as external sources. The results showed a reduction in electricity cost by
35% in summer and 29% in winter and a daily reduction in GHG emissions of 750.46 kg
in summer and 730 kg in winter. The study evaluated the environmental and economic
impact of adding solar PV, ESS, and different types of RERs but did not consider the specific
impact of the different ESSs on the grid. A related study on the energy management of
a combination of various campuses and smart pGs, including innovative and effective
designs for operating and nonoperating grids in grid-connected and autonomous modes,
was presented by reference [36]. The study was implemented in the Savona Campus of
the University of Genova in Italy. Its primary objectives were to improve grid efficiency by



Energies 2024, 17, 3109

4 of 26

reducing energy losses, improving power quality, integrating renewable energy resources,
and addressing issues related to sustainability and energy reliability without considering
frequency regulation for the campus puG. The results showed a practical scenario of how
to build a sustainable smart city. Reference [37] proposed a model that consists of a solar
PV, gas-powered microturbine, and ESS to efficiently regulate the charging, discharging,
and effective integration of a few electric vehicles (EVs) while ensuring its suitability with
transformers connected to the uG. The proposed model estimated the number of EVs
charging at any time while regulating the transformer output using a linear programming
method. This is made possible because by controlling the charging and discharging of EVs,
grid operators can regulate transformer output more effectively, especially during peak
demand periods. The transformer consistently supplied an average of 17.4 kW power and
charged 30 EVs daily. The results showed that the model successfully achieved a demand
response strategy by leveraging the EVs to balance electricity demand and supply. Again,
it increased the number of EVs that could be supported by approximately 33%, maintained
a high level of V2G technology, and ensured energy management scheduling. It improved
demand response management on the grid where operational cost was required but did not
consider the integration of smart charging infrastructure, evaluation of energy reliability, or
its application in university lecture halls.

Furthermore, some studies investigated the cost-effectiveness of uG integration. A pG
model was presented by reference [38] for the University of Novi Sad, Serbia. The G model
consists of double wind-generating microturbines, two solar PV systems, a battery energy
storage system (BESS), biogas-based turbines, an EV system that functions as a prosumer, a
microcontroller that connects it to the grid, and consumers. The results showed that the
model was economically feasible and reduced operational costs and GHG emissions. The
study evaluated the economic viability of installation and operational costs and energy
generation costs but did not assess the technical risks associated with its integration into
the grid nor consider the amount of CO, emissions related to its implementation. In
reference [9], an EMS for a RER-powered uG at Malta University Campus was developed.
The functionality of the model was evaluated using various operational controlling factors,
including continuous power mode and peak controlling mode. The aim was to reduce
the operational costs of the existing electricity infrastructure using an optimal demand
response planning strategy and distributed generation (DG). The proposed algorithm used
PV and wind turbines as non-dispatchable DGs and a diesel generator as a dispatchable DG,
with ESS to support the model during periods of low solar irradiation. The results showed
that the grid electricity price was reduced by 38%. Furthermore, the installation of 1000 kW
and 2000 kW solar PV reduced GHG emissions by 365.34 kg of CO, and 700.68 kg of CO,
daily, respectively. However, the strategy does not consider the impact of the ESS nor the
charging/discharging using its state of charge (SOC). Again, reference [39] developed a
uG model for the University of Coimbra, Portugal. The model consists of solar PV, Li-ion
battery, an EV, boost/buck-boost converters, and controllers. The primary objectives are the
integration of RERs, the provision of sustainable energy, and cost-effectiveness. The results
showed that the solar PV system supplied 22.3% of the annual electricity consumption
and reduced energy consumption to 50 kWh/m?. Nonetheless, the study did not consider
the integration of advanced energy storage technologies, implementation of demand-
side management strategies, and the operational impact of sustainable energy systems
within the university campus uG. A study on the techno-economic feasibility of a solar PV
generation system in the Sebelas Maret University campus in Indonesia was presented by
reference [40]. The primary objective of the study was to provide a sustainable solution to
the growing energy demand of the University using RERs. This was implemented in the
HOMER Pro Version 3.14 software environment using net present cost (NPC) and internal
rate of return (IRR) methods. The results showed a 20% reduction in operational costs, and
the PV uG was deemed technically feasible. However, the environmental implications of
such a puG on the university were not studied.



Energies 2024, 17, 3109

50f 26

In reference [41], a uG model was developed to reduce the cost of energy generation,
total NPC, and carbon footprints and supply both electrical and thermal load demands.
The model consists of a solar PV, diesel generator, combined heat and power (CHP) plant,
and ESS. The model was implemented using HOMER Pro Version 3.11 software in six major
towns (Gilgit, Islamabad, Karachi, Lahore, Peshawar, and Quetta) in Pakistan to identify
the most suitable city for the proposed model. The results showed that Gilgit has the
lowest NPC in on/off-grid modes with the lowest cost of energy (COE) due to higher solar
irradiance. However, the study did not consider its application in universities and environ-
mental implications. Furthermore, reference [42] studied the operational feasibility of uGs
in some universities in China, India, Iran, Saudi Arabia, USA, etc., considering the technical
characteristics, configuration, and types of loads. The model consists of a biogas plant, a
diesel-based generator, solar PV, and BESS. Techno-economic feasibility was implemented
using HOMER Pro Version 3.12 software. The results indicated that the levelized cost of
energy (LCOE) for the grid-connected model ranged from ZAR 0.040-0.31 kWh, while the
off-grid model varied between ZAR 2.64-ZAR 4.08 kWh. However, the study did not assess
the impact of the BESS or its environmental impacts. Additionally, reference [43] evaluated
the daily operation of a uG on Pulau Ubin in Singapore. The model consists of a solar PV,
three biodiesel generators, an ESS, and converters to enhance voltage regulation and power
factor. The primary objective was to ensure economic sustainability and regulate voltage
deviation, although it did not consider power enhancement or frequency regulation. The
results showed that the uG could be implemented in the university as an integral part of its
electricity architecture using hourly validated simulations. Nonetheless, factors related to
power quality and smooth integration of the pG to the existing grid were not investigated.

Again, studies have been conducted to improve the reliability of energy supply sys-
tems using pG. In reference [44], power quality and voltage regulation challenges often
present in uGs were investigated. The study used a sensing system based on wireless
sensors to remotely collect power system parameters, such as voltage, current, and battery
SOC, to manage power distribution but did not evaluate the impact of frequency regulation.
The results showed that the proposed model was efficient and effective, reduced the amount
of energy consumed, and improved the power quality. Similarly, reference [45] designed a
3D model pG project in a laboratory environment for STEM learning to evaluate the perfor-
mance of a distribution management system comprising PV, wind, hydro, and ESS. The
model records the power generated and load demands using proportional, integral, and
derivative controllers. It monitors the system frequency as an indicator of power quality
using different operational conditions suitable for pG performance evaluation. However,
despite measuring frequency, the study did not evaluate the impact of voltage and other
factors that affect power quality. To regulate peak load shaving at the Connecticut campus
uG in the USA, reference [46] proposed a distributed demand response-based strategy.
The model consists of a co-generating power plant using an Alternating Directional Multi-
plier Method (ADMM)-based strategy to evaluate energy consumption patterns for each
building on campus. The results showed a reduction in the energy consumption ratio
in selected buildings and enhanced consumer satisfaction. However, the study did not
analyse load demand patterns or evaluate scalability and robustness. At Aligarh Muslim
University in India, reference [47] proposed an affordable pG model solution considering
several possible cases to optimise the energy supply schedule. Using HOMER Pro Version
3.11 software, the study analysed the most optimal solution for the campus, determining
that a grid-connected solar PV and wind turbine configuration was the best solution. The
annual NPC was USD 17.3 million, with 35,792 kg of CO, emissions, lower than other
configurations. However, the study did not examine its application in specific university
laboratories or lecture halls.

Furthermore, most of the studies concentrated on the economic and technical feasibility
of uG integration on a university campus [8,36—47]. Others focused on EV integration as a
prosumer on the existing system and integration of multiple renewable energy resources.
Integration of solar PV and Li-ion was considered mostly for operational cost reduction.
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Furthermore, previous studies did not comprehensively investigate the combined economic,
environmental, and technical effects within a single study; instead, they rarely examined the
economic, technical, and environmental impacts separately. Integrating pG has triggered
power balance, proper sizing of components, and environmental, economic, and time of
discharge concerns. Developing an effective EMS for the smooth integration of uG is a
major concern. Therefore, this paper presents the economic, environmental, and technical
impacts of integrating nG in lecture halls. An effective EMS is proposed to ensure optimal
power supply in a continuous, reliable, and cost-effective manner.

3. Materials and Methods

This section presents the methodology used in the study to evaluate the feasibility,
cost, CO, emission, and energy security that can be achieved as benefits of integrating a
solar PV/Li-ion pG system in the existing grid network to supply university lecture halls.
Solar PV was selected as the primary source due to Cape Town’s high solar irradiance
and the regular sunlight experienced throughout the year, making it the most suitable
renewable energy source. Furthermore, the Li-ion battery was chosen for its high energy
density, long cycle life, and fast charging capabilities. The battery stores the excess energy
generated by the solar PV and ensures a continuous, reliable, and sustainable power supply.
Thus, the combination of solar PV and the Li-ion battery promotes sustainability in the
electricity infrastructure of the university. This section offers a detailed description of the
system and modelling of its components, including the energy consumption profile, solar
energy resource, temperature profile, design of the solar PV, modelling of Li-ion battery,
design of power converters, utility grid integration, and associated flowchart [48,49].

According to reference [48], electricity costs from the city of Cape Town (CoCT), solar
PV, and battery charging are ZAR 1.84/kWh, ZAR 0.91/kWh, and ZAR 1.8/kWh, respec-
tively, while 1 kWh of electricity from the local utility grid (CoCT) generates 1.06 kgCO,e [49].
Therefore, as an example, the cost and emission related to consuming 500 kW of electricity
for an hour from the grid are as follows:

Cost-criq = 500 x ZAR 1.84 = ZAR 920

CO; emission = 500 x 1.06 = 530 kgCOe

These equations and calculations are used to determine the LCOE and associated
CO; emissions in each of the cases, as presented in the methodology and results sections,
respectively. This process includes calculating the cost of purchasing electricity from the
city of Cape Town (CoCT), solar PV, and battery charging, which serves as the basis for
measuring the economic and environmental impacts of using electricity from the grid and
other sources in the pG.

3.1. System Description

The pG in this study consists of a solar PV, Li-ion battery, power converters, and
electrical load, operated in both grid-connected and off-grid modes, as shown in Figure 2.
They are designed to supply the demand for three lecture halls used for academic activities
in a university located in the Western Cape in South Africa. In the grid-connected mode, the
grid provides power to the loads, while during a power outage, the solar PV and/or Li-ion
battery supplies power, depending on the weather conditions and battery SOC. The Li-ion
battery serves as a backup, compensating for power shortages, covering transient load
demands, and serving as an ESS when available power is greater than the load demand.
Like other hybrid systems with an ESS, excess power in the system is used to charge the
Li-ion battery when its SOC is less than 80% (BattSOC-max) and available power is greater
than the load demand.
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Figure 2. System architecture.

3.2. System Modelling
3.2.1. Load Profile

This section presents the load profiles for the selected lecture halls at the university
for the year 2022. The daily load profiles for 23 February and 27 July 2022 were analysed
to capture the seasonal variations in load demands for summer and winter, respectively.
However, the load demand for a lecture day in winter (27 July 2022) was selected because
winter seasons are characteristically cooler, leading to a higher load demand that requires
the use of heating systems, such as electric heaters and/or HVAC systems, to maintain
conducive indoor temperatures. Daily average load profiles and annual load profiles are
presented for LH1 (Figure 3a,b), LH2 (Figure 4a,b), and LH3 (Figure 5a,b), respectively. In
LH1, the peak energy consumption is 126.182 kWh, with an average of 30.921 kWh. For
LH2, the peak energy consumption is 267.056 kWh, with an average of 166.083 kWh and
a minimum of 8.787 kWh. In LH3, the peak energy consumption is 63.942 kWh, with an
average of 13.071 kWh and a minimum of 3.813 kWh. As shown in Figures 4b and 5b, there
are cases of non-zero minimum energy consumption of 119.6 kWh in January for LH2 and
3.813 kWh for LH3, as well as 8.787 kWh in August for LH2. These deviations from zero
are due to maintenance activities and equipment testing conducted during those months.

(b)

Jan Feb March Aprii May June July Aug Sept Oct Nov Dec

= Min 0 0 0 0 0 0 0 0 0 0 0 0
W Average 23.727 23.514 24.673 34.118 35405 35.043 41.048 50.435 38.155 24.815 21.712 18.407
Peak

a 140 mMin #Average »Peak
Z 120
&
glOO
Z %0
. E
I g w 1 1 . iﬁ
B2 all 4« I | W 1 d
H s I I nmwimnmmnmmi
\ \ ,, at

111

45348 47.062 67.19 126.18 123.96 86.96 101.35 107.57 102.82 83.682 64.087 48265
Months

Figure 3. LH1 (a) Daily average load profile; (b) annual energy consumption profile.
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Figure 5. LH3 (a) Daily average load profile; (b) annual energy consumption profile.

3.2.2. Solar Energy Resource

Cape Town is in the southern hemisphere, with a latitude of approximately —33.9575° N
and 18.4605° E. Figure 6 [50] shows the annual average solar irradiance for the location,
with peak solar irradiance during the extended summer months (October-March).

March April
6.8 4.2

Jan

7.73 ?.[II

May June July Aug Sept
3.01 2.53 2.61 341 4.81 ﬁ.l]l ?.51 '.'.88
Months

Figure 6. Average solar irradiance of Cape Town [50].

3.2.3. Temperature Profile

The Earth’s surface temperature at the location for 2022 was obtained from the NASA
database, showing an annual average of 18.073 °C, with the lowest at 10.2 °C and the
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highest recorded at 29.16 °C, as shown in Figure 7. The highest temperatures were recorded
during the extended summer months (October-March), while the lowest recorded in the
extended winter months (April-September).

35
30
25
20

15

Temperatute (°C)

Jan Feb March  April May June July Aug Sept Oct Nov Dec

Months
—=g-=High Temp. (°C)  ==o—Low Temp. (°C) Ave. Temp. (°C)

Figure 7. Monthly surface temperature of Cape Town for 2022 [50].

3.2.4. Photovoltaic System

The power output of PV modules is normally defined using temperature and solar
irradiance, and it can be calculated as follows [51]:

Poy =N (Pmp,mf(f;f (14 7(Tea — Toey) )) )

where Ppy is the PV power output (W), n;,,, is the efficiency of the inverter, N is the total
number of modules in the panel, Py, s is the rated power of each module (W), G; is
the irradiance at a specific time (W/m?),  is PV temperature coefficient (K1), T,,; is the
cell temperature during operation T, is the cell temperature (°C) under standard test
condition. Furthermore, the cell temperature T,,; is expressed as [40]:

N, —20
Tamb + <008> Gz’,ref (2)

where T,,,;, is the ambient temperature (°C), and N, is the rated operating temperature
(°C) of the cell. The solar PV and corresponding details at 25 °C and 45 °C are shown in
Figure 8a,b, respectively. In Figure 8b, the red curve corresponds to 25 °C and the black
curve corresponds to 45 °C. Furthermore, the sizing of the solar PV took into consideration
the peak load demand, which is 457.18 kWh, and solar irradiance. However, a higher PV
rating of 500 kW is used to compensate for power losses and enhance energy reliability
and resilience. Therefore, to achieve the total number of modules required to generate the
required power of 500 kW, the following calculation is used:

Panels in series = y2¢ = 3% — 26,09 = 27 panels

Vp — 115 —
Actual output voltage = 27 x 11.5 = 310 Vdc
Output current = Ly = % = % =16129 A

Panels in parallel = % = % = 320 panels

Therefore, the actual power output = (27 x 11.5) x (320 x 5.04) = 500.77 kW
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Figure 8. (a) MATLAB/Simulink model of solar PV; (b) 500 kW PV details.

3.2.5. Lithium-Ion (Li-Ion) Battery

ESS technology plays a critical role in pG infrastructure due to the intermittent na-
ture of renewable energy resources (RERs) [51]. ESS applications include load levelling,
peak shaving, uninterrupted power supply, and frequency regulation [52]. Amongst the
different technologies, such as compressed-air energy storage [53], flywheels [54], super
capacitors [55], and hydrogen energy storage [56], Li-ion batteries have become increasingly
prevalent in power systems and pGs over the past decade due to their high power and
energy density, extended lifespan, low self-discharge rate, and improved reliability [57,58].
In this study, a 500 kW, 200 V Li-ion battery, designed to supply power during outages
or peak demand for an hour with recharging capabilities from either solar PV or the grid,
is used. The battery size is determined based on the peak load demand of 457.18 kWh,
multiplied by the desired autonomy period of an hour, resulting in the selection of a
500 kWh battery to ensure energy reliability and adequate supply. The Ah rating, indicat-
ing the amount of charge the battery can deliver over time, is calculated by dividing the
total energy requirement (kWh) by the battery voltage. Battery parameters are shown in
Figure 9a,b, respectively.

(@ (b)
Nominal Current Discharge Characteristic at 0.43478C (1086.9565A)
el Discharge curve
C_—INominal arca
( ] Exponential aroa
&
8 200 N
> \
v \
\
15 1 \
0 05 1 1.5 2 25 3 35
Time (hours)
EO = 216.8718, R = 0.0008, K = 0.00059935, A = %, A {-] & @ Q
l 65A
240 13A
325A
S220 N -
E N\
2 200 \
10 \
0 100 200 300 400 500
Time (hours)

Figure 9. (a) Battery parameters input to Matlab; (b) battery discharge characteristics.

_ 500 kW

Therefore, the charge is calculated as: Charge(Ah)
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The discharge voltage of the battery is linked to an added factor ‘voltage polarisation’
that is meant to represent the impact of the battery SOC. The battery voltage is expressed
as [59]:

Q , Q —i" 3)
Q—it Q—it
where Ej is the battery constant voltage (V), K is the polarisation constant (V/Ah), Q is the
battery capacity (Ah), i* is the battery current (A), it is the actual battery charge capacity
(Ah), Ay is the exponential voltage (V), B is the exponential zone dynamics (Ah™1), and R,
is the battery internal resistance ().

Furthermore, battery degradation cost is a significant aspect of the economic impact
of integrating a uG system. In this study, the battery degradation method used is simple
and easy to understand, relying on readily available data such as initial cost, cycle life, and
energy loss per cycle. It can be evaluated without extensive technical expertise, allowing for
quick adoption without complex calculations or software requirements. Essential values
are normally found in manufacturers’ datasheets and industry reports, reducing the need
for extensive data collection. This method provides an accurate and broad assessment of
degradation costs suitable for numerous applications, enabling quick decision-making with
minimal computing effort, which is beneficial for businesses with limited resources. Its
flexibility and adaptability to various types of batteries and use cases make it cost-effective,
avoiding the need for significant empirical testing and complex modelling, thereby reducing
total costs and enabling rapid integration into existing systems. To ensure the accuracy of
the battery degradation cost, the study collects practical and up-to-date data on battery
specifications, develops a degradation model considering cycle life and calendar aging,
calculates the annualised cost, including maintenance, validates and updates the model
with real-world data, and performs sensitivity analysis to identify and monitor critical
factors affecting battery degradation, with more sophisticated approaches planned for
further studies.

The battery degradation cost is estimated using a simple process with available data
as follows:

VBart = Ep — K

it — Ryi + Apexp(—itB) — K

hd Initial COSt(IC) = Cbattery + Cinstaliation-

e  Cycle Life Degradation(CLD) = ﬁ

e  Calendar Life Degradation(C ,LD) = Wguﬂ.
e Operational Degradation Cost(ODC) = Ejpss X Cenergy-

Creplacemen
e  Replacement Cost(RC) = CyiTsz;

e Maintenance Cost(MC) = &%{m

where Cpgytery is the battery cost; Ciystaniation 1S the installation cost; cycle life is the
number of cycles; calendar life is the battery life span (years); Ejos is the energy loss due
to degradation; Ecnergy is the energy cost per kWh; Ciepiacement is the replacement cost;
Couaintenance 18 the annual maintenance cost.

Therefore, the total degradation cost (TDC) is achieved using reference [60]:

TDC = CLD + C,LD + ODC + RC + MC (4)

The following values were used in this study [61-64]:
Chattery = ZAR 1,425,000, Cipsattation = ZAR 285,000 (20% of Chattery)s initial cost (IC) =
ZAR 1,710,000, life cycle = 7000, calendar life = 10 years, annual battery maintenance cost =

1% of Cpattery = ZAR 14250, replacement cost = IC + Ciystariation = ZAR 1,995,000, replacement

cost/cycle = 1'97905(5800 = ZAR 285/cycle, annual capacity loss = (1.5% of initial capacity

7.5 kWh/year __
365 cycles/year

(500 kWh)) = 7.5 kWh/year, energy loss per cycle due to degradation =
0.021 kWh/cycle, and cost of energy from the battery = ZAR 1.8 /kWh.
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Therefore, TDCpe cycle = CLD + ODC + RC = 244.29 + 0.0378 + 285 = ZAR 529.33/ cycle
TDCper year = CaLD + MC = ZAR 1669.29/year

3.2.6. Power Converters

Power converters are used to convert DC power to AC and vice versa, creating system
balance, ensuring stability, enabling effective energy transformation, and optimising general
system performance. In this study, a DC-DC boost converter is used to amplify the solar
PV voltage, ensuring compatibility with the DC bus voltage. The voltage drop across the
DC-DC boost converter inductor is expressed using the following formulae:

Ldi
Vi = —

L="5 (5)

VL =Vin (6)
14

. _ Vv 7

Ic R ( )

Furthermore, Equation (7) is expressed using the small ripple approximation as:

. Vout

Ic = R (8)

where V}, is the input voltage (V), V|, is the inductor voltage (V), ic is the capacitor current
(A), Vout is the output voltage (V), and R is the resistor (Q)). The duty cycle, inductor (L),
and the capacitor are obtained using;:

Vi Vpy
D=1--" 41 9
Vout VDC ( )
_ VuxD
L_AQxﬁ (10)
o Ip x D
C_E?KWS (11)

where i = % (A), Aiy is assumed to be 30% of if, AV ¢ is taken as 1% of Vo, R = VTZ (Q),

and f, =10 kHz. The inductance value is always selected to be 10 times higher than
the calculated value to ensure continuous conduction for various voltages and loads.
Additionally, a bidirectional converter simulated in Matlab is used for both charging and
discharging of the battery, and an inverter is used to convert the DC to AC, as shown in
Figure 10.

A capacitor is connected in parallel across the solar PV and presented to the boost
convert as a voltage source because the solar cell is a current source. An inverter converts
the DC power from both the solar PV and battery into AC, ensuring compatibility with
the AC load demand. The bidirectional converter operation is based on the availability of
power from the solar PV, grid, and battery SOC. The capacitor and inductor values in the
bidirectional converter are obtained using (12) and (13), respectively:

D
N = = Ry 8V Vi) "
1— D)2Vy2
Lmin = (ZPC)fH (13)

where Cy = higher capacitance (F), C; = lower capacitance (F), D = duty cycle, Ry =
Lminzf

D(1-D)?

tance (H), and P¢ = critical power (W).

(Q)), AVy = ripple voltage (V), Vi = high voltage (V), Ly, = minimum induc-
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Figure 10. Matlab model for power converters (boost, bidirectional, inverter).

The input parameters for the boost converter design, based on the formulae provided
earlier, are a duty cycle of 0.23, inductance of 150 pH, and capacitance of 23 mF. For
the bidirectional converter, the capacitance and inductance values were set to 30 uF and
250 mH, respectively.

3.2.7. Utility Grid

Grids operate at various levels and sizes [65]. In this study, a three-phase voltage
source in series with an RL branch and LC filter represents the grid, operating at 2500 MVA.
This assumption considers the operational capacity of the grid, representing a substantial
portion of its total capacity and suitable for representing large-scale grid characteristics.
Details of the grid configuration are provided in Figure 11a,b, while the proposed EMS
flowchart used to determine the direction of power flow using the grid power, PV power,
battery power, load demand, and the battery SOC is shown in Figure 12.

Furthermore, it is imperative to differentiate the polarities of the different power
sources and consumption within the system.

It is to be noted that solar PV exhibits positive values when supplying power to
the system, while load demand values are negative when consuming power. The Li-ion
battery is characterised by positive values when discharging power and negative values
when charging. In contrast, the grid shows positive values when receiving power from
the uG and negative values when supplying power to the system. The explanation is
crucial for a detailed understanding of the power flow within the system. Furthermore,
each case is evaluated with respect to the existing system (reference case) with regards to
cost-effectiveness and environmental sustainability. The reference case here means when
the entire load is supplied by the grid, the uG is not in operation.
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Figure 11. (a) Grid parameters; (b) grid configuration.

Where:

Pg = Grid power

uG = Microgrid

Ppy = Photovoltaic power

Measure PG, Ppy, Ppatt: LD.

Ppaee = Battery power
Battsoc Lp = Load demand
Battgoc = Battery state of charge

Case study 1
(uG disconnected )

Case study 2
(Grid OFF)

Case study 3 Charge battery
(Grid OFF)

3

Case study 4
(Grid OFF)

Disconnect
battery

Figure 12. Flowchart of the EMS.

4. Case Studies and Results

To evaluate the effectiveness of the proposed system considering the primary objec-
tives, the following case studies are analysed. These case studies are configured differently
in terms of parameters, size, and components. It is vital to compare these case studies with
a reference case (the present case) in uG evaluation to understand its workability. The
reference case in this study is the existing configuration before the integration of the uG,
and thus, this section presents the results and analysis of three different cases alongside
the reference case. Table 1 presents the characteristics of case studies, providing a detailed
summary of the parameters and components used.
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Table 1. Characteristics of case studies.

Parameters and Reference Case

Components (Case 1) Case 2 Case 3 Case 4
Grid Vg x % «
Solar PV X v X
Li-ion % v % v
LH1 + LH2 +

LH3 = Lp v v v v

The three proposed cases are evaluated in comparison to the existing configuration,
considering the amount of CO, emissions and economic implications associated with the
integration of the pG. Power consumption from the grid, solar PV, and battery, including the
load demand, is measured in each case and evaluated using the formulae and calculation
in Section 3. Furthermore, battery SOC, solar irradiance, and the DC bus voltage are
measured. These values are then used to evaluate the economic and environmental impacts
of integrating the nG, providing a detailed understanding of the performance in each case
by comparing the results. This process allows for effective analysis and comparison of the
case studies with the reference case.

4.1. Case 1 (Grid ON, uG Disconnected)

In this case, total load demand is supplied using the grid while the uG is disconnected.
This configuration serves as the reference case, providing information about the existing
configuration. The cost of purchasing electricity from the CoCT is evaluated to be ZAR
1.84/kWh, ZAR 0.91/kWh for solar PV, and ZAR 1.8/kWh for battery charging [48]. The
environmental impact of consuming electricity from CoCT is 1.06 kgCO,e/kWh [49],
resulting in the system currently emitting 530 kgCOye and costing ZAR 920 per hour for
a load demand of 500 kW. Additionally, the study assumed a grid power outage of two
hours daily for Case 2, Case 3, and Case 4, respectively. The grid strength is assumed to
be 2500 MVA, as indicated in Section 3.2.7, while the load demand is 457 kW, as shown in
Figure 13. In this case, the load demand is solely supplied by the grid; hence:

Cost of electricity = 457 kWh x ZAR 1.84 = ZAR 840.9
CO; emissions = 457 kWh x 1.06 kgCO,e/kWh = 484.42 kgCOge.

4.2. Case 2 (Grid OFF, uG Connected, Ppy + Py, > Lp)

This case simulates two hours of grid power outage to reflect current load shedding
while evaluating the impact of the power outage considering the addition of the nG. The
uG operates in off-grid mode, using power from both the solar PV and Li-ion battery to
supply the load demand of the lecture halls. The grid power, PV power, battery power,
load demand, solar irradiance, and battery SOC values are shown in Figure 14. During
the power outage, the grid is disconnected. Solar PV generates 340 kW, and the battery
supplies 110 kW against a load demand of 450 kW. Despite the solar PV output being less
than the load demand due to low solar irradiance (during winter times), the battery SOC
is greater than the minimum threshold, allowing it to compensate for the power deficit.
The total cost of supplying the load demand for two hours is ZAR 1234.8. This represents
a reduction of 26% compared to the existing cost of using only the utility grid (reference
case), including a reduction of 954 kgCO»e in emissions.
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Figure 13. Case study 1—(a) grid power; (b) solar PV power; (c) battery power and load demand;
(d) battery SOC; (e) solar irradiance; (f) DC bus voltage.

The load demand (450 kW) is supplied by both the solar PV and Li-ion battery; hence:

Cost of electricity from the solar PV = 340 kW /h x ZAR 0.91 = ZAR 309.4/h
Cost of electricity from the Li-ion battery = 110 kW/h x ZAR 1.8 = ZAR 198/h
Therefore, for 1 h = ZAR 507.4, for 2h = ZAR 1014.8

However, the cost of 450 kWh from the CoCT =450 kW x ZAR 1.84 = ZAR 828.

Therefore, the cost savings = 100 — ((%) X 100) = 38.7%

COpreduction = 450 kWh x 1.06kgCO,e = 477kgCO,e/hour.
Furthermore, the battery degradation cost can be achieved as follows:

Initial capacity = 500 kWh
Number of cycles at 80% DOD = 7000
Replacement cost of battery = ZAR 1,995,000

Capcity Loss(Degradation Coefficient) = 24! C;%ﬁﬁ;ﬁf?ﬁfscapmy = S0 kWH IO KWh — (056 kWh/cycle.

Energy loss per cycle = degradation coefficient x DOD x initial capacity= 0.056x 0.8 x 500 = 22.4 kWh
Total energy loss = energy loss per cycle x number of cycles= 22.4 kWh x 7000 = 156,800 kWh
Cost per kWh lost = e = ZA$516989056000 = ZAR 12.72 kWh

Total energy loss
Annual energy loss = energy loss per cycle x number of days in a year= 22.4 x 365 = 8176 kWh
Annual degradation cost = annual energy loss x cost per kWh lost= 8176 x 12.72 = ZAR 103,998.72
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Figure 14. Case study 2—(a) grid power; (b) PV power; (c) battery power and load demand; (d) battery
SOC; (e) solar irradiance; (f) DC bus voltage.

4.3. Case 3 (Grid OFF, uG Connected, Ppy > Lp, Pyt < Ppatt-min, Battsoc < Battsoc.max 0F
Battsoc > Battsoc-max)

This case simulates a grid power outage scenario, resulting in the grid being discon-
nected. The solar PV system operates at its maximum capacity of 545 kW, which is greater
than the total load demand. Consequently, the excess power is used to charge the battery
since its SOC is below the minimum threshold. The grid power, solar PV power, solar
irradiance, battery power, and SOC are shown in Figure 15. In this case, the grid power
is zero, solar PV power is 545 kW, battery power is zero, and load demand is 450 kW.
This configuration ensures maximum power utilisation from the solar PV and effective
battery charging to prevent deep discharge. The total cost of the load demand is ZAR 819
for two hours. In comparison to the existing cost of using only the grid, this represents a
reduction of 51%, along with a reduction of 954 kgCO;e in emissions. The load demand
(450 kW) is solely supplied by the solar PV; hence:

Cost of electricity from the solar PV = 450 kW /h x ZAR 0.91 = ZAR 409.5/hour
Therefore, for 2 h = ZAR 819

However, the cost of 450 kWh from the CoCT =450 kW x ZAR 1.84 = ZAR 828.
409-5) x 100) — 51%

Therefore, the cost savings = 100 — ( ( %55
COgreduction = 450 kWh x 1.06kgCO,e = 477kgCO,e/hour

828
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Figure 15. Case study 3—(a) grid power; (b) PV power; (c) battery power and load demand; (d) battery
SOC; (e) solar irradiance; (f) DC bus voltage.

4.4. Case 4 (Grid OFF, uG Connected, Ppy = 0 W, Py > Lp)

The operation and configuration of Case 4 is unique. In this scenario, there is no solar
irradiation for the solar PV due to poor weather conditions that are prevalent during the
winter season; the grid is disconnected, and the battery power is greater than the minimum
threshold while maintaining the SOC within its operational boundaries. The details of this
case indicate that the grid power is 0 kW, solar PV power is 0 kW, battery power is 500 kW,
and the load demand is 450 kW, with the battery discharging, as shown in Figure 16. This
underlines the significance of the battery in providing adequate power to meet the load
demand and ensure operational safety in the event of a grid power outage and zero solar
irradiation. The total cost of the load demand is ZAR 1620 for two hours. This equates to a
cost reduction of 2.2% compared to the current configuration, along with a reduction of
954 kgCO»e in emissions.

Cost of electricity from the Li-ion battery = 450 kW /h x ZAR 1.8 = ZAR 810/hour.
However, the cost of 450 kWh from the CoCT =450 kW x ZAR 1.84 = ZAR 828 /hour.

((833) = 100) =22%
COyreduction = 450 kWh x 1.06kgCO,e = 477kgCO,e/hour.

Therefore, the cost savings = 100 —

Battery degradation cost is calculated as follows:
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Initial capacity = 500 kWh
Number of cycles at 30% DOD = 3000
Replacement cost of battery = ZAR 1,995,000

Capcity Loss(Degradation Coefficient) = Numberof Cycles
Energy loss per cycle = degradation coefficientx DOD X initial capacity = 0.017x 0.3 x 500 = 2.55 kWh
Total energy loss = energy loss per cycle x number of cycles= 2.55 kWh x 3000 = 7650 kWh

IC

_ ZAR1,995,000
Cost per kWh lost = 1oiraner oyloss — 7650 — ZAR260.78 kWh

Annual energy loss = energy loss per cycle X number of days in a year = 2.55 x 365 = 930.75 kWh
Annual degradation cost = annual energy loss x cost per kWh lost = 930.75 x 260.78 = ZAR 242,720.99

(a)

(b)

Initial Capcity —Retained Capcity 500 kWh—450 kWh __
3000 = 0.017 kWh/cycle.
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Figure 16. Case study 4—(a) grid power; (b) PV power; (c) battery power and load demand; (d) battery
SOC; (e) solar irradiance; (f) DC bus voltage.

5. Discussion

The case studies and associated results presented provide a comprehensive under-
standing of the economic and environmental impacts of integrating the uG. The system
comprises a utility grid and a solar PV /Li-ion uG operated using four different case stud-
ies. When the grid is ON, the uG is disconnected, and during off-grid mode (grid power
outage), the uG is connected to ensure an uninterrupted and stable power supply to the
lecture halls. The economic and environmental impacts of all four cases are presented in
Table 2 to highlight the LCOE, total cost, cost savings, CO, emissions, and CO, savings for
each case study, with formulae and calculations for the values provided in Section 3. In
comparing the results of the case studies, both off-grid and grid-connected modes were
examined, considering factors such as peak load demand, solar irradiance, and battery
state of charge.
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Table 2. Comparison of cost of electricity and CO, emissions for each case.

Cases LCOE Cost (ZAR) 2  Cost Savings CO; Emissions CO; Savings
(ZAR/kWh) h (%) (kgCOse) (kgCOse)

1 1.84 1840 0 1060 0

2 gi’;’tt :Oi?Sl fgg"l 38.7 0 954
0.91 409.4 51 0 954
1.8 1620 2.2 0 1060

In Case 1, the grid is ON, and the uG is disconnected, resulting in a total energy cost
of ZAR 1840 and CO; emissions of 1060 kgCO,e. Conversely, when the grid is OFF, the
uG is activated. When the available power is greater than the load demand, the excess
energy is used to charge the battery, which is then discharged in the event of low solar PV
power to meet the load demand, ensuring system stability. The comprehensive analysis and
presentation of these case studies, as shown in Table 2, provide a detailed understanding of
the economic and environmental impact of integrating the puG, providing valuable insights
into the benefits of solar PV /Li-ion puG systems for maintaining uninterrupted power
supply in lecture halls at higher education institutions. Furthermore, a clear comparison
of the cost and associated CO, emissions for each case study is shown in Figure 17. This
comparison offers valuable insights into the economic and environmental impacts of each
case study, as presented in the study. Evaluating the CO, emissions allows decision-makers
to evaluate the environmental sustainability of each case study.

H Cost (R) mCO2 emissions (kgCO2e)
2000

1840
1800

1620
1600

1400
1200

1060
1000
800
600 507.4
409.5

400

200

m Cost (R) 1840 507.4 409.5 1620
= CO2 emissions (kgCO2e) 1060 0 0 0
Cases

Figure 17. Cost of electricity and associated CO, emissions for each case study.

The results showed that integrating the uG successfully mitigates the negative impact
of grid power outages by smoothly transitioning to off-grid mode, thereby using power
from both the solar PV and Li-ion battery to supply the load demand of the lecture halls.
This interrupted power supply and energy security during grid power outages particularly
highlight the ability of the uG to ensure a constant power supply, essential for effective
academic activities and general university operations. Furthermore, simulating different
case studies in both grid-connected and off-grid modes, using changing solar irradiance
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levels, and considering different battery SOC conditions, the study provides a detailed
understanding of the performance of the system under various operational conditions. The
choice of an appropriate solar PV and battery size based on the load demand and duration
of grid power outage shows the rigorous task required in sizing the various components of
a uG to ensure energy security and reliability. Essentially, the results highlight the need for
energy security and sustainability goals of institutions of higher learning in South Africa. By
adopting renewable energy-powered uGs, reducing overreliance on the grid, and mitigating
CO; emissions, this study aligns with the global effort to mitigate environmental pollution
and support renewable energy-based uG systems. Furthermore, battery degradation cost
and overall battery degradation significantly impact the economic assessment of batteries.
These factors are determined by several variables, including depth of discharge (DOD),
charge and discharge rates (C-rate), operating temperatures, battery chemistry, number
of cycles, state of charge (SOC) range, calendar aging, and manufacturing quality. High
DOD and C-rates, high temperatures, and low-quality manufacturing accelerate battery
cell degradation, while effective SOC management and advanced thermal management
systems can mitigate these effects, balancing initial and long-term costs. This work finds
the annual battery degradation costs for Cases 2 and 4 are 6.08% and 14.19% of the initial
cost, respectively.

In summary, this study has provided valuable information on the economic and
environmental benefits of integrating solar PV/Li-ion uG systems, which can substantially
enhance energy security and sustainability in institutions of higher learning. The study
implemented an effective EMS that ensured continuous and stable power supply to lecture
halls during grid power outages and disconnected the uG when grid power was restored.
The results highlight the potential of effectively integrating solar PV /Li-ion puG into existing
electricity infrastructure to improve energy security, resilience, and sustainable energy
solutions for universities. Lastly, the conclusion combines the detailed literature review,
summarises the results, and highlights potential future research.

6. Conclusions

This study presents a detailed design, modelling, and evaluation of a grid-connected
solar PV /Li-ion battery pG system. The primary aim is to evaluate the economic and
environmental impact of integrating uGs to ensure uninterrupted power supply to selected
lecture halls in a university in the Western Cape, South Africa. This was achieved by
using cases designed and simulated to ensure the effective integration of the uG, aimed
at improving energy reliability, reducing operational costs, and mitigating CO, emissions.
The results showed that the EMS carefully implements power distribution between the
grid, solar PV, and Li-ion battery using the load demand, battery SOC, solar irradiance,
and power outage. The puG system recorded a cost reduction of 51% and a decrease in
greenhouse gas (GHG) emissions by 530 kgCO,e per hour. From Table 2, it is obvious
that Case 3 is the most cost-effective, achieving a 51% reduction in cost while having zero
environmental impact. The uG ensured uninterrupted and stable power supply to the
lecture halls, enhanced energy reliability, and created a conducive learning environment.
By reducing overreliance on the grid and mitigating CO, emissions, the study promotes
environmental sustainability. Additionally, the uG enhanced the resilience of the energy
infrastructure of the university by maintaining continuous academic activities even during
grid power outages. Integrating solar PV /Li-ion-powered pG systems in the university
creates a conducive learning environment for students and staff members, promoting
innovation and creativity in sustainable energy technologies. These results contribute to the
operational efficiency of the university’s electricity infrastructure and energy security while
setting a foundation for other higher institutions to integrate renewable energy-powered
uGs. This study will significantly advance sustainable and energy-reliable university
lecture halls and support higher institutions in the Western Cape and South Africa in
achieving their environmental sustainability goals of zero emissions.
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This study also paves the way for future research in two possible areas, as described
here; one is related to extending the work for different types of university buildings, and
the other to identifying factors that could impact the practical implementation of such
systems.

University lecture halls, student residences, and staff offices have different energy
consumption patterns and needs. University lecture halls experience variable energy
consumption determined by class timetables and university calendars, with peak demand
during the day for lighting, audio—visual equipment, and HVAC systems, and are typically
unoccupied during off-hours, weekends, and holidays. Student residences use more
energy in the mornings and evenings due to personal electronics, heating/cooling systems,
and kitchen appliances, with high and continuous occupancy. Staff offices, on the other
hand, have peak energy consumption during weekday working hours, with regular use
of computers, lighting, and HVAC systems, and less occupancy during evenings and
weekends. Understanding these differences is crucial for designing an effective uG system.

Additionally, while the theoretical model shows substantial economic and environmen-
tal benefits, practical implementation may encounter challenges such as weather variability,
system inefficiencies, battery performance degradation, maintenance and operational is-
sues, grid interaction difficulties, economic factors, installation and site-specific restrictions
(e.g., heritage buildings), load variability, integration complexities, and human factors. To
achieve optimal performance and sustainability in real-world applications, these practical
challenges must be considered when installing pG systems.

Future studies should address these difficulties to enhance the practicality and reli-
ability of uG systems in higher institutions. This includes investigating the integration
of more renewable energy sources and ESSs, perhaps expanding the scope to include
student residences, staff offices, and possibly the entire university campus. Furthermore,
future studies might focus on the actual implementation of the obtained results to address
practical difficulties that may arise. Battery degradation cost affects the economic feasibility
and operational efficiency of microgrid systems, influencing decisions on maintenance
plans, replacement strategies, and entire system reliability and performance. Therefore,
integrating a detailed battery degradation model into future work will accurately assess
and manage the economic impact of these costs on the entire system.
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