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Abstract: The Kingdom of Saudi Arabia (KSA) is committed to transition its fossil fuel-driven
electricity generation to that from renewable energy technologies, such as solar photovoltaic (PV)
and wind. The need to reduce greenhouse gas emissions has led it to announce an ambitious
target of 40 GW of PV power capacity by 2030. The deployment of such a capacity needs to be
augmented with analyses to overcome the challenges faced in terms of the technical capability of
the country. This work contributes to this goal by investigating the utilisation of solar photovoltaic
PV systems to supply medium-size entities such as universities with clean power, displacing the
current fossil fuel power supply. Currently, such considerations are not fully addressed in KSA. The
study used the University of Jeddah campus electrical load profile, taking into account future power
needs. The methodology encompassed modelling the installation of multi-MW PV systems for the
university by considering weather conditions, actual university consumption, load segregation, and
economics under different development scenarios informed by surveys with decision makers at the
university. The results showed that air conditioning loads alone were responsible for 79% of the
campus electrical load and that a 4.5 MW PV system is able to supply half of the total campus annual
electrical energy consumption of the year of 2019. The optimum scenario showed that utilising
grid-connected PVs would decrease the total cost of electricity over the next two decades by 28 to
35 percent and would result in halving the current campus carbon emissions. The analysis concludes
that the business-as-usual case is no longer the cheapest option for the campus.

Keywords: PV penetration; solar photovoltaic; Saudi Arabia vision 2030

1. Introduction

Human reliance on energy can be traced to the early years of life on the planet. People
have depended on natural resources to supply their daily essential needs such as energy
for cooking of food, buildings, and thermal comfort. The way humans utilise energy
has developed dramatically since the invention of the steam engine to highly engineered
engines fuelled by diesel and petrol. The journey from the late-1800s to the current century
has resulted in the burning of fossil fuels at an alarming rate.

Natural resources such as oil, natural gas, and coal have driven the global economy,
starting from the industrial revolution in the West to the speed of development of China
and India in the 20th century. Fossil fuels have been the primary resource for electricity
generation in the world. In 2019, 39% of the total electricity generation in the world came
from coal [1]. In 2019, the Kingdom of Saudi Arabia (KSA) relied on natural gas (59%)
and oil (41%) for its electricity generation [2]. The power sector in general is the second
highest sector in term of carbon emissions in 2018 after the manufacturing industries and
construction in KSA [3].

The Kingdom has an area of 2.15 million km?, with a direct normal irradiance (DNI)
between 4.4 kWh/m? and 7.3 kWh/m? per day. Exploiting such a resource has the potential
to reduce KSA’s carbon emissions and shift its reliance from fossil fuel toward renewable
generation [4].
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The KSA Vision 2030 aims to install 40 GW of PV capacity by 2030 [5]. This ambitious
plan needs to be augmented with research to enhance the knowledge transfer and to
overcome the installation challenges such as capacities, skills, and the supply chain.

Consumption in Government buildings such as universities, schools, hospitals, and
public services represent 15% of the total electricity sold in KSA in 2018 [2]. Public universities
such as the University of Jeddah (UJ) are considered part of the government sector.

It is clear that solar and wind technologies are viable options to displace the current
fossil fuel supply and overcome such generation challenges [6]. In a study of a standalone
hybrid system for a remote area in Abu Dhabi, it was found that the optimal system
modelled based on the lowest net present cost for three different loads of 500 kW, 1 MW,
and 5 MW consisted of a combination of PV, wind, batteries, and diesel generators [7]. The
work showed that for the 500 kW average load, 15% PV and 30% wind systems with diesel
generators is the optimum system to supply the predicted loads. Using such a hybrid
system resulted in a potential 37% carbon emissions reduction, but the levelised cost of
electricity was still higher than that of the grid tariff in the country at the time. The study
was undertaken in 2013 when the current utility-scale PV levelised cost of electricity in
Abu Dhabi was USD 1.35 cents/kWHh, one of the cheapest in the world [8]. Thus, the study
encouraged a change in the policy to make renewable energy more competitive in the
future.

A 19 MW solar-wind—diesel hybrid system for the coastal area of Bangladesh was
presented in [9] and demonstrated that a 100% renewable energy system was not feasible
economically. The optimum design consists of 55% wind, 15% PV, and 30% diesel genera-
tion. The proposed combination reduced the carbon emissions by 69% in comparison to
the business-as-usual case, which was diesel generation only.

This study aims to evaluate the impact of a significant-scale PV installation on reducing
the UJ campus carbon footprint. Here, we present an analysis that evaluates the impact of
the PV power generation on the university current consumption based on real data. The
work also includes the evaluation of the economic and environmental impact of adopting
PV as the power supply source for the UJ.

2. Site Characteristics, Methodology, and Analytics
2.1. University of Jeddah Campus

The University of Jeddah campus is situated in the North of the city of Jeddah, 20 miles
from the airport. It consists of 22 temporary single-storey lecture buildings and two, four-
storey management buildings, as shown in Figure 1.

Figure 1. University of Jeddah Campus Latitude (N): 21.89252 degrees, Longitude (E): 39.2539 degrees
(image source Google Maps 2021).
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The total active area of the campus in the year of 2019 was 41,151 m2. The total annual
electricity consumption of the campus in 2019 was 9,939,297 kWh. Therefore, the average
consumption in 2019 was 242 kWh/m? /year.

2.2. Methodology Framework

The methodology and its analysis framework are described in the steps below and
summarised in Figure 2.

University of Jeddah case study framework

................

................

...............

........................................................

........................................................

Optimum scenario and recommendations

Figure 2. Methodology framework.

1. Inputdata

A.

B.

Site location and weather data: Site location allows estimation of the solar re-
source such as the direct solar irradiance (DNI) and global horizontal irradiance
(GHI). The weather data were from the weather station at King Abdulaziz Uni-
versity [10]. Data included ambient temperature, wind speed, and humidity.
Campus electrical consumption: This was obtained from the smart meter at the
JU campus in kW /half-hour.

2. Data analyses

A.

Electrical load profile: Consumption data (1 B) only covered 3 months. The
load profile was then built using a linear relationship to estimate the missing
data. The full-year load profile (kW /half-hour) was established using the
known ambient temperature obtained from the weather data in step (1 A) to
forecast the electrical consumption through the linear relationship.

Campus seasonality: The analysis covered here identified term dates and holi-
day intervals on campus to clarify campus electrical load behaviour. Building
linear relationships between the ambient temperature and consumption for
each interval (fall and spring terms, summer holiday, Eid holiday) resulted in a
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set of linear relationships that can be used to forecast the electrical consumption
for each given interval in the campus.

C.  Load segregation: Using the cooling degree-days method to identify the cooling
loads (AC loads) of the campus and the noncooling loads (non-AC loads). This
resulted in a relationship between the monthly electrical consumption and the
cooling degree-days per month, providing an indication of the air condition
share of the consumption in the campus.

3. Modelling and Analysis

This encompassed the creation of the seven scenarios used to evaluate the current
state of campus supply, and the options for PV interventions. The assessment was carried
out using HOMER [11], where the impact of the load profiles for different scenarios were
analysed.

A.  Evaluating electrical supply: This covered the business-as-usual (BAU) scenario and
building more scenarios for the PV grid connected with different export tariff options,
as well as an additional standalone PV battery combination scenario. All scenarios
were set to fully supply the load (no short fall of supply is allowed).

B. Economic assessment: The impact of implementing the different scenarios were
evaluated based on total net present cost (NPC) and Levelized Cost of Energy (LCOE).
The assessment was undertaken in Homer over the 25-year lifetime of the project.
The grid tariff, PV Capex, and battery cost were adjusted to reflect current Saudi
Arabia prices.

C. Environmental assessment: Under all the different scenarios, the total carbon dioxide
sulphur dioxide (SO;) and nitrogen oxides (N,O) emissions were evaluated using
Homer.

The outcomes (electrical, economic, and environmental assessments) of the analyses
under the different scenarios were then compared to find the optimum scenario that can
displace the current fossil fuel supply of the campus.

2.3. Analytics

Electrical consumption and its relationship to the ambient temperature was developed
for each semester—fall, spring, and summer terms, as well as Eid (festive) holidays.

To evaluate the air conditioning load component of the total campus consumption, a
cooling degree-days (CDD) method was used [12,13]. The total annual CDD in the campus
based on the 18 °C base temperature was 4236 CDD/year [14]. The relation between
cooling degree-days and the consumption of the campus was evaluated over two years
between March 2017 and March 2019 and is shown in Figure 3. As can be seen from the
figure, the data are scattered without a clear trend. This is due to the lack of control on
energy consumption in the campus.

40 7
354
30 4
25 4

20 4

Electrical Consumption in kWh/m?*/month

A Y=0054X+33
R*= 046

t T T T T
100 200 300 400 500 600 700

Cooling degree days per month

Figure 3. Monthly electrical consumption in kWh/m?/month versus cooling degree-days per month
in the University of Jeddah from March 2017 to June 2018. A linear fit and correlation are shown.
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Starting from July 2018, the university applied an energy control policy where all air
conditioning (AC) units are monitored and turned off after 6 pm. The relationship between
the electrical consumption and cooling degree-days after applying the energy control was
more linear, as shown in Figure 4.

12 -
1.1 4
1.0
0.9 -
0.8
0.7

0.6

Electrical consumption in kWh/m?/day

05 4 A Y=0.0561X +0.144
R’=0.91

04

6 8 10 12 14 16 18
Cooling degree days per day
Figure 4. Electrical consumption in kWh/m?/day versus cooling degree-days per day for the

University of Jeddah Campus from July 2018 to March 2019 with energy control policy applied. A
linear fit and correlation are shown.

The relation between CDD/day and average kWh/m?/day (Equation (1)) was devel-
oped from Figure 4 to determine the approximate AC energy consumption in the campus.

Y = 0.056 x X -+ 0.1445 1)

where Y is the consumption in kWh/m?/day and X is the CDD/day.

From Figure 4, at zero CDD (where the AC is off), the consumption of the campus Y
was 0.1455 kWh/m?/day. This is equivalent to consumption of the non-AC loads. Hence,
for an area of 41,150 m?, the total consumption of the non-AC loads was 0.1445 x 41,150 or
5946 kWh/day.

Table 1 shows the total consumption of the campus measured by the smart meter at
different periods in 2018/19. For the interval from 18 February 2019 to 19 March 2019
(29 days), the total consumption was 652,363 kWh (Table 1). However, from the above
consideration, the total non-AC loads consumption for the whole campus for 29 days was
estimated to be 5946 x 29 or 172,439 kWh. Hence, for the period from 18 February 2019 to
19 March 2019, the non-AC loads represented 26.4% ((172,439/652,363) x 100) of the total
consumption of the campus. Hence, the AC campus consumption represented 73.6% of
the total electrical consumption in this interval. As shown in Table 1, the summer months
AC consumption reached approximately 85% of the total campus consumption, while the
average yearly AC consumption for the campus is around 79%.

Table 1. Consumption and share of non-AC loads for 2018/19.

Start Date End Date No of Days Consumption (kWh) AC Share of Total Load (%)
15 July 2018 13 August 2018 29 1,013,672 83
14 August 2018 15 September 2018 32 1,083,927 82
16 September 2018 15 October 2018 29 1,093,963 84
16 October 2018 14 November 2018 29 883,200 80
15 November 2018 15 December 2018 30 772,800 77
16 December 2018 13 January 2019 28 632,291 74
14 January 2019 17 February 2019 34 782,836 74
18 February 2019 19 March 2019 29 652,363 74
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3. Load Profile Determination

In order to arrive at the electrical load profile for the campus, an analysis was made of
the available data, which was not available for the whole year. Hence, an approach was
needed to address the incomplete data that will allow the development of the load profile.

3.1. Addressing Missing Data

The data for 2019 obtained from the smart meter cover two periods, namely: (i) 22 March
2019 to 19 June 2019 and (ii) 22 August 2019 to 19 November 2019 (Figure 5). Obtaining

such datasets necessitate many approvals and a site visit by a specialist to download the
data from the smart meter.

3000

2500

2000 -

1500

1000

Eletcrical consumption in kW

500

0 T T T T
1 January 2019 1 April 2019 1 July 2019 1 September 2019 1 December 2019

Figure 5. Measured smart meter electrical consumption and data gaps in 2019. Data were only
available for 6 months (see text).

In its current setup, the smart meter records data for up to three months and, if
not downloaded, the data are overwritten with new values, hence the missing data
(Figure 5). In order to address the data gaps in the periods highlighted above, a miss-
ing data (two months)-filling approach to forecast the other four months to establish the
full year load profile (kW /half hour) was developed (Table 2). The approach was based on
investigating the available consumption data and its relations to the ambient temperature,
building utilisation (occupancy) within the campus, and the time of consumption.

Table 2. UJ different terms and intervals in the year of 2019.

Interval Start Date End Date
A—Spring academic term 8 January 2019 3 May 2019
Missing data period January, February, March
B—Summer holiday 4 May 2019 1 September 2019
Missing data period June, July, August
C—Eid Alfitr holiday 30 May 2019 9 June 2019
Missing data period none
D—Eid Aladha holiday 5 August 2019 18 August 2019
Missing data period none
E—Fall academic term 2 September 2019 30 December 2019
Missing data period November, December

The consumption of the campus is impacted by the ambient temperature, building
occupancy, and time of day. The latter two are different from day to day as classes and
schedules are different. To illustrate this, the data for Mondays in the Spring and Fall Terms
are shown in Figure 6.
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Figure 6. Different linear relationships between ambient temperature and measured electrical con-
sumption in the UJ campus for Mondays in different intervals A and E from Table 2. (A) Mondays in
spring term from 25 March 2019 to 29 April 2019 (Interval A) and (B) Mondays in fall academic term

from 2 September 2019 to 11 November 2019 (Interval E).

As can be seen from the figure, there was a higher consumption at higher ambient
temperatures and there was a linear relationship between these as the AC works harder at
higher temperatures. Furthermore, the data indicate a similarity of consumption for the
same day every week (i.e., similar for all the Mondays) throughout a semester. However,
the consumption was different for other days of the week including the weekend (which
is Friday and Saturday) in Saudi Arabia. Figure 7 shows other variations in consumption
for the Summer and the Eid holidays. Again, there was a linear relationship between
the ambient temperature and consumption. However, for the Eid holidays, a significant

reduction can be seen from the data.

® Y=1862X-30501
R*=0.07
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Ambient Temperature °C
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Figure 7. Different linear relationships between ambient temperature and measured electrical con-
sumption in the UJ campus for Mondays in different intervals B and C from Table 2. (A) Mondays
in Summer holiday from 6 May 2019 to 26 August 2019 (Interval B); (B) days in Eid Alfitr holiday
including two Mondays, 30 May 2019 to 8 June 2019 (Interval C).

In order to address the missing data, the established linear relationship (e.g., Figures 6
and 7) between the ambient temperature and consumption for the available dataset was
plotted for every day of the available data periods. The outcome from the analysis provided
graphs and relationship equations, similar to Figures 6 and 7, which were used to estimate
the missing data of the consumption and ambient temperatures for the whole year.

In order to progress with the analysis, five distinct intervals were identified based on
occupancy of the campus for 2019, as shown in Table 2. The intervals consist of spring and
fall academic terms, summer holiday, and two Eid holidays (where the campus is least
busy). Table 2 also includes the periods of missing data. The linear relationship between
the ambient temperature and consumption obtained from the measured data (Figure 5) for
each of the days within these specified intervals was used to fill in the missing data for the

periods shown in Table 2.
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The ambient temperature data for the year 2019 was obtained from a weather station
at King Abdulaziz University 23 miles away from U]J.

Figure 6A shows the relationship between the ambient temperature and consumption
of the measured data for Mondays for the period from 25 March 2019 to 19 June 2019,
which has the following relationship.

Y =967.6 x X -+ 1381 @)

where Y: electrical consumption in kWh; X: ambient average ambient temperature.

As the temperature is known, the missing data for the other Mondays in January,
February, and March in interval A were estimated using Equation (2). Similarly, for Interval
E, the relationship between ambient temperature and consumption of the measured data
for Mondays for the period from 2 September 2019 to 11 November 2019 is shown in
Figure 6B, which has the following relationship.

Y = 2856 x X — 56,905 )

where Y: electrical consumption in kWh; X: ambient average ambient temperature.

The same process was repeated for estimating the missing data for interval B
(Figure 7A), and a plot of the measured data for Interval C (Eid Alfitr holiday) is rep-
resented in Figure 7B and the equations therein. In order to estimate the missing data for
interval D (Eid Aladha holiday), the relationship for interval C (Figure 7B) was used, as the
two intervals (C and D) represent holiday periods but with different ambient temperatures.

In order to validate the results, a comparison was made for the Mondays data based
on the measured data and those estimates determined from the linear relationships, as
shown in Figure 8A,B. The figures show similar trends and magnitudes, giving confidence
in the approach undertaken. The difference between the estimated load profile and the
measured annual campus consumption was 2.6%.
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3000 4 20 May 2019 3000 P4 b
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< — —a— — 03 June 2019 = ——O—— Myt
= Seool . 17 June 2019 i 3560 ing
s S ]
s a
£ g
@ 2000 4 2 2000
s 5
: 3
8 1500 - £ 1500 4
= I3
5 K]
@ w
w 1000
1000
| 500 + . : : : .
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00:00:00 04:00:00 08:00:00 12:00:00 16:00:00 20:00:00 00:00:00
Hours of the day
Hours of the day

(A) (B)

Figure 8. (A) Measured electrical consumption for Mondays in interval B from May to August 2019,
and (B) estimated consumption for Mondays for the missing data in the same interval based on a
linear correlation discussed in the text.

3.2. Campus Load Profile

Figure 9 shows the determined campus load profile in kW per half hour for the year
of 2019. This represents the fossil fuel-derived energy supply to the campus. Such a load
profile was used as an input to the modelling undertaken to displace fossil fuel energy with
renewable energy and is discussed in the following section.
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Figure 9. University of Jeddah load profile per hour for the year of 2019. Red represents available
data (Figure 5) and black represents missing data. Different intervals as per Table 2 are also shown.

4. Modelled Energy Supply Scenarios

The University of Jeddah currently uses fossil fuel-derived electricity with high CO,
emissions. The aim here is to provide a range of PV technical solutions coupled with
economic feasibility that can reduce/negate the emissions and provide savings for the
university.

The annual electricity consumption of the U] campus was 9939 MWh in 2019. The
import tariff for this is USD 9.775 ¢/kWh including 15% VAT. To evaluate the displacement
of such a supply through the deployment of solar PV power generation systems, differ-
ent scenarios were developed and modelled. The modelling was undertaken using the
commercial software package knows as Homer (Hybrid Optimization of Multiple Electric
Renewables), which is appropriate for the analysis [15]. This simulation software was
designed to help energy specialists make decisions on optimised system configurations to
supply specific loads. The optimisation includes an energy balance when using systems
such as PV, diesel generators, and batteries to supply the loads over the year at appropriate
cost profiles. The latter includes the consideration of capital, operational, maintenance,
and replacement costs over the lifetime of the project. The study considered the grid, grid
and PV, and PV standalone options to be equivalent in terms of reliability. Therefore, any
secondary backup (such as a diesel generator) is not required, as there are no critical loads
such as a hospital. All systems are likely to be highly reliable when they are underpinned
by the grid. The stand-alone (S5) off-grid system would be deployed as multiple parallel
units, which would create resilience in the system.

Seven appropriately developed scenarios (51-57) were modelled and analysed, as
summarised below:

(a) Sl—address the current situation where the power is supplied from the fossil fuel
grid (business as usual (BAU)).

(b) S2—same as S1 but with “future scheduled tariff” of USD 17 ¢/kWh applied between
11 am and 4pm daily. The “future scheduled tariff” represents the case for a future
electricity tariff increase.

(c) S3—same as S1 augmented by power from an installed PV system connected to the
grid with zero value of export electricity to the grid.

(d) S4—same as S3 but with export to the grid at export tariff of USD 1.8 ¢c/kWh.

(e) S5—autonomous power supply to the campus based on standalone PV and battery
systems with no grid import or export.

(f) S6—same as S3 connected to the grid but with reduced PV capex cost (capex reduced
by 20%) with zero export of electricity to the grid. The 20% PV price reduction
represents a future expectation of the PV capex reduction.

(g) S7—same as S6, but export to the grid at a tariff of USD 1.8 ¢/kWh.
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In all the scenarios with grid export, the tariff of USD 1.8 ¢/kWh was set to match the
price regulated by the ECRA (Electricity and Cogeneration Regulatory Authority) for the
residential sector as the regulation and tariffs for governmental or commercial building are
not available to date [2]. The PV capital cost was set at USD 1000/kW), installed, and the
cost of replacement of components (inverter) after 10 years was USD 800/kW,,.

5. Results and Discussion

As indicated earlier, the purpose of the modelling was not only to evaluate the impact
on electrical loads by PV deployment, but also to address economics and environmental
impacts. All the analyses are important to provide the required evidence to the university
and to make the case for reducing its emissions. The analyses addressed the total electrical
consumption, supply and demand based on grid import and PV system supply, and the
optimum penetration of PV in the supply requirements. The economics were studied based
on the total net present cost and levelised cost of energy. The environmental considerations
were based on evaluating the carbon emissions and the reductions achieved by the proposed
low-carbon solutions.

5.1. Energy Considerations

Of all scenarios evaluated to meet the criteria for supplying the campus demand
of 2019 (9939 MWh), no short fall of supply was allowed. As different PV penetration
percentages were added to scenarios, the total production exceeded the total consumption
by 1403 to 3326 MWh/year, as shown in Table 3. The PV rated capacity varied from 4.5 to
6 MW, as the penetration percentage changed.

Table 3. PV capacity and electricity supply under different scenarios.

Scenario of Designed PV System Installed PV, Size, Output, Export to Grid, and Share of Supply to Campus Annual Grid Import
Deployment at Different Export Ener: E E t Supply Share t to Campus
- . gy nergy Expor upply Share to
Tariffs and CAPEX Capacity (MWp) (MWh/Annum) (MWh/Annum) Campus (%) (MWh)

S3 Grid suppl}; e+r é’?;:i}gtem, export at 45 7301 1403 60 4018
54 Grid sul‘gé%?;vc jﬁvtef exportat 53 8549 2351 62 3741

S5 PV system + Battery standalone 1212 19,557 8408 100 none
S6 Grid supply + PV system, export at
zero tariff, with 20% reduction in PV 4.8 7779 1566 63 3726

Capex

S7 Grid supply + PV system, export at
USD 1.8 ¢/kWh, 20% reduction in PV 6.1 9838 3326 66 3326

Capex

Scenario 1 (S1) addressed the current supply situation of the university where the
power is supplied from the fossil fuel grid. This is considered as the business-as-usual
(BAU) scenario. Scenario (S2) is the same as S1 but with an indicative rise in the future
grid supply tariff—"future scheduled tariff”—from the current value of USD 9.775 ¢/kWh
to USD 17 ¢/kWh. However, this increase was only applied for the high demand period
between 11 am and 4pm daily. In both S1 and S2, the campus is fully supplied by the grid.

In scenario 3 (S3), the modelling addressed the deployment of a grid-connected PV
system (no storage) to supply a proportion of energy to the campus, which was topped up
from grid imports. Access energy from the PV system is exported to the grid at zero tariff
(i.e., no income to the university). The optimum PV system size achieved for minimum
export was 4.5 MWp, providing 7321 MWh/annum or 60% of the required campus energy
supply. The excess energy exported to the grid was 1403 MWh/annum. Table 3 provides a
detailed breakdown of the energy balance under all scenarios.

Scenario 4 (54) is the same as 53, but with an opportunity to realise income from the
PV access energy through export to the grid at a tariff of USD 1.8 c/kWh. This led to an
increase in the PV capacity to 5.3 MWp, providing 8549 MWh/annum or 62% of the required
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campus energy supply. The excess energy exported increased to 2351 MWh/annum. The
PV system size was optimised by the modelling based on the total net present cost economic
consideration.

Scenario 5 (S5) addressed the option of supplying the campus with 100% renewable
energy. In this case, the optimum PV system capacity to supply the campus was found to
be 12.12 MWp with a battery storage of 16.5 MWh. The system can provide 19,557 MWh/
annum, and the resulting excess energy exported to the grid was 8408 MWh/annum. In
addition, 1210 MWh/annum of energy losses and storage depletion was estimated for such
a design. S5 had no grid purchase, as the campus was assumed to be off-grid and the cost
of the battery increased the total net present cost to double the cost of the business-as-usual
case (S1).

Scenario 6 (S6) is the same as S3 but considers a future reduction in PV capex of
20% and zero export tariff. This led to a slight increase in the PV capacity to 4.8 MWp as
compared to S3. The system provided 7779 MWh/annum or 63% of the required campus
energy supply. The excess energy exported increased to 1566 MWh MWh/annum as zero
export tariff. 56 showed that there is no feasible financial gain in increasing the size of PV
where there is no revenue from export to the grid. Again, the PV system size was optimised
by the modelling based on the total net present cost economic consideration.

Scenario 7 (S7) is similar to S6 but with an opportunity to realise income from the PV
access energy through export to the grid at a tariff of USD 1.8 ¢/kWh. The optimum PV size
was 6.0 MWp, providing 9939 MWh/annum or 66% of the required campus energy supply.
The excess energy exported increased to 3326 MWh/annum. Again, the PV system size
was optimised by the modelling based on the total net present cost economic consideration.
Scenario 7 showed that a reduction in PV capex coupled with the current regulation export
tariff to the grid will make this scenario very competitive as an energy supply option for
the campus.

In scenarios S3 to S7, the peak power production occurred between 10 am and 3 pm
with the highest production occurring in February, March, November, and December, and
the capacity factor of PV systems was 18.4%. In the modelling system, output efficiency
was decreased by 0.5% for every 1 °C above the nominal operating cell temperature (47 °C).

PV modules suffer performance degradation over time. Typically, this is of the order of
0.5% per annum [16]. Modelling within Homer, we used the multi-year function to enable
PV degradation to be incorporated and to take into account in the analysis. As a result,
the required PV system capacity increased when PV module degradation was considered.
Scenario S3 considered augmenting the grid supply with power from the PV system, with
the condition that zero PV power is exported to the grid. In this case, the impact of PV
degradation on Scenario S3 resulted in having an increase in the PV system capacity by
7%, from 4.5 MW to 4.9 MW. This also resulted in slightly elevating the total net present
cost from USD 22.7 M to USD 23.1 M. Similarly, the PV capacity in Scenario S4 increased by
4% from 5.3 MW to 5.5 MW. Scenario S5 represents a standalone PV and battery system
working as an autonomous campus power supply with no grid import or export. Such a
system is most vulnerable to PV degradation. As such, the modelled PV capacity in this
scenario increased by 13% from 12.12 MW to 13.7 MW. In all scenarios, the battery (for only
S5) and inverters capacities were kept the same for the degradation analysis. The impact of
the degradation on Scenarios S6 and S7 represents the future cost capital cost reduction in
the PV system by 20%. Hence, when taking into account the degradation, Scenario S6 had
the PV capacity increased by 1.6% from 4.8 MW to 4.9 MW. Similarly, in 57, the PV capacity
also increased by 1.6% from 6.1 MW to 6.2 MW. It must be noted that Scenario S1 and S2
represent power supply from the grid only, i.e., no PV system used.

5.2. Economic Considerations

The primary evaluation of all scenarios was based on the total net present cost and the
levelised cost of energy (LCOE). The total net present cost represents all costs including
operational and maintenance, in addition to revenues over the 25 years lifetime of the
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project, with the results shown in Table 4. The net present cost is defined in the modelling
as the present value of all costs likely to be encountered in the deployment of the scenarios.
These costs include capital cost, operational and maintenance cost, minus all revenues
from the system over the lifetime of the project. The modelling multiplies the nominal
cost by a discount factor to estimate the cash flow discounted to year zero. The sum of the
discounted cash flow in each year for the entire project lifetime is the total net present cost.

Table 4. PV capacity and levelized cost of energy (LCOE) under different scenarios.

PV System Deployment Scenarios PV Capacity Net Present Cost LCOE
(S) for Different Tariffs (MWp) USD (Millions) (USD ¢/kWh)
S1 business as usual. -Grid 31.7 9.77
S2 same as S1, but with “future .
scheduled tariff” (see text) -Grid 405 125
S3 Grid supply + PV system, export 45 27 613
tariff zero
S4 Grid supply + PV system, export
tariff USD 1.8 ¢/kWh >3 216 539
S5 standaIOI.le PV and battery systems 60.6 191
no grid import or export.
56 Grid supply + PV system, export at
zero tariff, with 20% reduction in PV 4.8 21.8 5.79
Capex
S7 Grid supply + PV system, export at
USD 1.8 ¢/kWh tariff, with 20% 6 20.5 4.73

reduction in PV Capex

All scenarios were evaluated for different nominal discount rates taking in account
both the interest rate and the inflation rate over 25 years. Figure 10 shows the total net
present cost for the scenarios as a function of discount rate. For scenario 1, business
as usual, the net present cost was estimated to be USD 31.7 million. Under scenario 2,
where an indicative rise in the future grid supply tariff—"future scheduled tariff”—was
considered, the net present cost was USD 40.5 million or a 27% increase in the BAU case
S1. S2 represents a likely future increase in tariff as currently being applied for different
consumers in KSA. It acts as a warning to the campus of a likely increase in future cost
and gives justification to the consideration of PV systems under S3-S7. For scenarios 3 and
4, the net present cost was reduced by 28% (give actual value here) to 32% (give actual
value here), respectively. Scenario 5 (stand-alone system supplying 100% of needed energy)
resulted in a net present cost of USD 60 million or double the cost under S1 (BAU). This
was expected at the system size and the needed storage added significant cost to the case.
In scenarios 6 and 7, where the PV capital cost was decreased by 20%, the net present cost
decreased by 31% and 35%, respectively. The export price used represents the current rate
for domestic building. However, clearly, this low value further impacted the economic
benefit. Nevertheless, the trend in energy pricing in KSA is upward and the rate of export
is likely to go up, which will enhance the economic case.

Figure 11 and Table 4 show the levelised cost of energy for all scenarios as a function
of discount rate. As can be seen from the table, S2 resulted in an increase in LCOE due to an
increase in “future” tariff. S5, the standalone scenario, had the highest LCOE. The other PV
deployment scenarios resulted in much lower LCOEs compared to the business-as-usual
case, with 57 being the lowest. These cost reductions should be an impetus to the University
of Jeddah to consider the latter scenario.
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Figure 11. Levelised cost of energy for all scenarios.

5.3. Environmental Considerations

Emissions in all the scenarios arise from the fossil fuel components of the national grid
(Figure 12). Thus, the more the campus has to rely on the grid supply, the higher the carbon
emissions. Scenarios S1 and S2, with both having grid supply, had the same emissions. The
carbon emissions resulting from scenarios S3-57 varied depending on the PV system size
and its energy supply to the campus. The higher the PV supply penetration, the lower
the carbon emissions. As to be expected, for scenario 5, a 100% renewable supply had no

emissions.
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Figure 12. Carbon dioxide emissions in tons per year for all scenarios.
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6. Conclusions

In 2019, the Jeddah University (JU) campus had an annual electricity consumption of
9939 MWh, which equates to 242 kWh/ m?/annum. Air conditioning is the main driver
for energy consumption in the campus as it is responsible for 74 to 83% of the total loads
in 2019. The modelling indicated that, today, the UJ could benefit from adding 5.3 MW of
PV to support its power supply (54). Such a deployment will save approximately 28% to
35% of the total electricity cost of the campus over the next 25 years. However, this will
require an initial investment of ~USD 22 million. The option to sell electricity to the grid
will enable the campus to generate an income of approximately USD 42k annually, which
is likely to ease the electricity cost burden on the budget. Furthermore, PV deployment will
help ease the peak consumption in the summer months, where the electricity consumption
is almost double that of the winter months and raises the need for a consumption reduction
strategy in addition to PV uptake. PV and grid-connected scenarios can save from USD 9
to 11.2 million over the cost of electricity in the next 25 years. In terms of carbon emissions,
PV deployment will help save half of the emissions of the imported grid power over the
lifetime of the project.

It must be noted that in our analysis, for all scenarios with the exception of S5, the
grid is assumed to be available continuously as it is the BAU case and there is no battery
included in the other considered scenarios. Hence, this assumption provides the same
security of supply and reliability as the current state of power supply (national grid) to the
campus. In scenario S5 “autonomous power supply to the campus based on standalone
PV and battery systems with no grid import or export”, the system would be deployed
as multiple parallel units, which would create resilience in the supply. This approach is
deemed adequate for the weather conditions in KSA and also the technical capability to
resolve any issue of the supply in this scenario. Furthermore, this study has not explicitly
considered the reliability of the system. However, with PV systems having over 773 GWp
of capacity installed globally [17], such systems are renowned for their reliability. Hence,
in our study, all systems are assumed to be highly reliable with the additional security of
being underpinned by a highly reliable national grid.

In this work, we address the paucity of data, develop the load profile based on real
data, and develop different options and scenarios for a real-world load profile that will
help the researchers to understand the needed steps to the problem under consideration.
The findings are not only transferrable to other applications in the KSA context such as
malls, hospitals, and other university campuses with large AC led loads, but also regionally.
This paper has demonstrated the economic case for a renewable transition in this context.
In particular, the AC-led demand profile studied here is common to many other entities in
KSA such as shopping malls, hospitals, and schools and, therefore, the findings have a far
wider impact.

The study contributes to our knowledge as it shows that, as of 2020, the business-as-
usual approach is no longer the cheapest option even in an oil- and gas-rich country such as
KSA. This evidence makes the case for a renewable transition in this context, highlighting
that, for similar medium-size entities in the country, solar PV provides an appropriate
pathway for such transitions. Furthermore, the outcomes presented show a robust analysis
of the way to transitioning medium/large institutions, such as universities in Saudi Arabia,
to low carbon, taking advantage of the rich indigenous resources such as solar energy
whilst displacing polluting fossil fuels and providing the economic case under various
scenarios for the needed interventions.
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