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1. Introduction

Electrical power is an essential energy source component in developing countries such as
Malaysia. According to the Energy Commission of Malaysia, the electrical power consumption of
commercial, industrial, and residential sectors is on the rise annually [1]. Energy consumers were
divided into five sectors, as shown in Figure 1. The latest report published in 2018 for the year 2016
showed a shift in energy consumption whereby the transportation sector consumed the most
compared to the early 2000s, whereby the industrial sector was the most significant consumer [2].
The shift in energy use is illustrated in Figure 2.

In developing countries, commercial buildings such as retails, warehouses, and offices are built
for the city’s growth. The impact of rapid development causes more use of raw fuel, as shown in
Figure 3. In the mid-nineties, petroleum products were the primary source of energy production [1,2].
However, with the advent of science and technology, different fuel type was used for energy
harvesting. Petroleum-based fuel was less used in the twentieth century.
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Final Energy Consumption by Sector (1978 - 2016)
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Fig. 1. Final energy consumption by sector (1978-2016)
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Fig. 2. Chart of energy consumption by sectors (1996 vs 2016)
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Energy Consumption by Fuel Type (Mtoe)
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Fig. 3. Chart of electricity consumption by fuel type (1996 vs 2016)

The shift in petroleum-based products to the likes of electricity (e.g., hydropower plant), natural
gas, and others is due to the ever-diminishing earth’s raw fuel [3]. This phenomenon has led to
scientists and engineers investing and researching into developing generating systems that utilize
fuels such as natural gas, biodiesel, and others. Of these many technologies, fuel-cell and
photovoltaic systems are some of the rising technologies for electrical energy generation [4].

1.1 Objectives of the Study

The objectives of this study are to find out: (a) whether a hybrid of photovoltaic (PV) and fuel cell
system can be used to support a partial load of an office building during day and night time; (b) what
is the cost of this system; and (c) whether it is cost-effective for installations and operations as
compared to existing grid source support only.

1.2 Fuel Cells

There are four major components in the fuel cell system: fuel cell stack, fuel processor, current
inverter and conditioners, and heat recovery system. Modern and complete fuel cell systems
integrate subsystems to manage temperature, cell humidity, and internal gas pressures [5]. The fuel
cell stack is the gist of a fuel cell power system. Chemical reactions within the system generate
electrical energy in the form of direct current (DC). A single fuel cell can generate higher output with
an efficiency of 60% or more than conventional combustion engines, which rates at circa 40% [5].
Therefore, fuel cells are cascaded for larger loads, perhaps cities.

65



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 84, Issue 2 (2021) 63-81

Industrial grade fuel cell stacks consist of hundreds of single fuel cells. Factors such as cell type,
operating temperature, and pressure determine its power production capability. The fuel processor
converts raw chemical potential energies into a suitable type. If Hydrogen is directly fed to the
system, a processor (reformer) may not be required or may only act as an input gas filter [5]. Typically,
a reformer must extract pure hydrogen gas when biogas such as methanol, gasoline, diesel, or
gasified coal is fed in at the input side. An additional filtering process may be needed to purify the
reformer’s output. Internal and external reformers release carbon dioxide, but less than the amount
emitted by internal combustion engines, such as those used in gasoline-powered vehicles. Figure 4
below illustrates that when hydrogen molecules enter the fuel cells, they are ionized due to chemical
imbalance. The free electrons are used to create current flow.

H? = 2H*+ 2e

[

17,0, + 2H* +2e —H,0

1
Electrolyte

Reaction : H, +/, 0, > H,0

Fig. 4. Fuel cell chemical operation

With the power electronics, current inverters and conditioners adapt the electrical DC output
from the fuel cell to supply specific electrical application needs. Most of our electrical equipment
needs DC to operate. Due to high losses in electrical power transmission lines, power is transmitted
in alternating current (AC) and rectified to DC in equipment. Both DC and AC power must be
conditioned, i.e., brought down to an acceptable level of voltages and waveforms. Power
conditioning comprises regulating current flow, voltage, frequency, and others to meet the end
needs of the application. Power losses are associated when conversion and conditioning are done,
usually result in reduced system efficiency, around 2%—6% [6].

Significant quantities of heat are generated by some fuel cell systems, especially those that
operate at high temperatures, such as solid oxide and molten carbonate systems. Excess energy can
be used to produce steam and hot water to be converted to electrical energy via a gas turbine or
other technology through the side products of the fuel cell. These methods, named heat exchange
and recovery, increase the system’s overall energy efficiency [7-9].

1.3 Photovoltaic Cells

Photovoltaic cells, more commonly known as PV cells, have generated electrical power since the
early eighties. However, due to the high cost per power ratio at those times, the ventures into
utilizing PV cells were less. In the late nineties and two thousand years onwards, again with the
advent of power electronics, electrical power could be harnessed at acceptable efficiency with a
lower cost per power ratio [10].

The concept of power generation from PV cells lies in the energy conversion from light to
electrical. Solar panel’s working principle is by allowing light (photons) to disengage electrons free
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from atoms, generating a flow of current when biased to a potential difference [4,10,11]. Solar panels
comprise many smaller units called photovoltaic cells. When enough cells are arranged in series, it
would be possible to power loads in the ranges of kilowatts.

As shown in Figure 5, when light hits the solar panels, which consist of photovoltaic cells, an
imbalance of electrons is created in the semiconductor device, which eventually generates a flow of
electrical current due to a difference in potential energy.

2. A silicon through has
1. Light passes the glass two hills where the e
and strikes the silicon to can rest.
toss an electron up the
hill. @

3. The electron flow
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Fig. 5. PV cell operations
1.4 Photovoltaic and Fuel Cell Hybrid System

There is a long list of hybrid systems that have been researched and tested in the market. The
results obtained from those researches are encouraging. According to Rahman and Tam [12], using
the hybrid system between PV and fuel cells is feasible. The combination can overcome the
intermittency problems inherent with PV, and this alone will make PV electric power generation more
feasible. According to Rajashekara [13] and Khattak et al., [14], the hybrid system between PV and
Fuel Cell can be used in both stand-alone power generation and transportation applications. The
major drawback highlighted by the author is the commercialization of this hybrid system. The initial
cost for the hybrid system is very high. Wang and Nehrir [15] and Khattak et al., [16] highlighted the
effectiveness and flexibility of the hybrid system. PV will act as the primary power generation, and
fuel cell acts as a backup generator and supplies power to the system when there is a power deficit.
Some most recent papers presented by Trifkovic et al., [17] and Bakri et al., [18] suggested that to
improve and fully utilize the hybrid system, a predictive controller has to be added into the system.
The predictive controller will significantly improve the system’s composition and make better the
power management of the hybrid energy system.

1.5 HOMER Software
National Renewable Energy Laboratory (NREL) of the United States (US) Department of Energy
developed software HOMER. In this study, HOMER Version 2.68 beta is used to optimize the design

work. The advantage of HOMER is early screening and assessment of a potential project with detailed
data before proceeding to design and construct the project. With the aid of HOMER, facility
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managers, program planners, project developers, and technology developers can define a cost-
effective renewable system with a suitable size of storage to reduce the effort of studying detailed
engineering design [11]. Simulation, optimization, and sensitivity analysis can be done by using
HOMER software. Modelling the system and feasible study is part of the simulation process. Optimal
system configuration selection is performed in the optimization process. Multiple optimizations for
model input uncertainty will be carried out by the sensitivity analysis process [12].

2. Background of Study

A building named KM3 is a general-purpose facility located in Kulim Hi-Tech Park, Kedah
(Malaysia), and has a building size of 195,624.63 ft2. A US-based multinational company operates the
building. Outside the building, open parking with no roof has a floor area of 234,178 ft2. This building
is built on two floors. The ground floor of the building accommodates varieties of labs, Cafeteria,
gymnasium, cooperative store, library, lobby, IT server room & Facility plant room. Level 1
accommodates two general offices (East wing & West wing), meeting rooms, training rooms, and
facility AHU rooms. This building is chosen in this study to take advantage of the flat rooftops and the
vast open car parking spaces, where PV cells may be laid out.

In general, electrical capacity is designed to support maximum building’s load in a day. The
building load starts at 7 a.m. when people arrive at the office and lab to start their daily work. The
electrical consumption will achieve peak demand from 11 a.m. to 3 p.m. Weather in Malaysia, which
can reach an ambient temperature of 90 degrees Fahrenheit after 1 p.m., continue to stretch the
electrical consumption to the maximum point. The building load experiences a dramatic decrease
after 6 p.m. as people leave the office. The electrical consumption at night is maintained at a low side
with minimum numbers of people, lighting, and equipment running. The electrical consumption of
the weekend is slower than a weekday. It is reasonable because of the low heat load during non-
working days, and the machine in the lab is in idling mode with little quantity of heat generated.
Figure 6 shows KM3'’s load profile for a twenty-four-hour cycle.

Daily Profile

1.000
800
800

Load (kW)

0 L] 12 18 24
Hour

Fig. 6. KM3 load profile

Electric utility provider will define “on-peak,” which is 8.01 a.m. - 9.59 p.m. and “off-peak,” which
is 10.00 p.m. - 8.00 a.m. rate to end-users. As an encouragement of electric consumption reduction
during peak demand, the rate of “off-peak” is lower than the “on-peak” rate. Nevertheless, many
end users still have to pay the high “on-peak” rate to the electric utility provider to run their business.
Another component of the electric utility rate is maximum demand, which is defined as the highest
energy draw by the building to support their business on any day of a month. The end-users will have
to pay on top of their monthly electric consumption for the maximum demand. This maximum
demand is considered a premium rate. Figure 7 shows KM3'’s average load profile summarised from
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a kWh (energy) and maximum demand (kW) point of view. Table 1 shows the utility’s energy tariff
rating, which applies to the KM3 building.

Baseline Scaled
Average [Kwhid) 20,008 20,006

Average [k'w) 834 834
Peak (kW) 1,952 1,952
Load factor 0.427 0.427

Fig. 7. KM3 load summary

Table 1

Tariff used by the KM3 office building

Tariff E2-Medium Voltage Peak/Off-Peak Industrial Tariff Rates (1st Jan 2014)
For each kilowatt of maximum demand per month during the  37.00 RM/kW

peak period

For all kWh during the peak period 35.50 sen/kWh

For all kWh during the off-peak period 21.90 sen/kWh

The minimum monthly charge is RM 600.00
Source: Tenaga Nasional Malaysia

PV system, which will be designed, is the main target for reducing the impact of a high “on-peak”
rate in the daytime, while fuel cells can be fully utilized to support low electric consumption during
nighttime. Hydrogen, which is classified as the cleanest carrier of energy globally, can be used in a
fuel cell to generate electricity.

3. Methodology

Simulation work was started by identifying a hybrid renewable energy system. The hybrid of
photovoltaic and fuel cell energy systems is the initial conceptual design of this study. Electric
demand by an hour of weekday and weekend for a year was collected from the electrical sub-meter.
It had been verified with the monthly bill charged by the local utility providers. The load demand of
the office building is shown in Figure 8 below. The office load has been scaled to 20,000 kWh/day,
and peak load is recorded at 19.5 MW/peak. The estimated lifetime is set to 25 years, while the
annual interest rate is fixed at 6%.

There are two components of day-to-day variability and time-step-to-time variability in random
variability factors. After electrical data of building is input into the simulation software, day-to-day
time-step-to-time and variability show approximately 15% and 20%, respectively.

From the HOMER software, authors can estimate the Net Present Cost (NPC) of the system,
including the total cost of installation and operation of the system over its lifetime.
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3.1 Solar Source and Photovoltaic
The latitude and longitude for the project location is 5925’ N and 100°35’ E, respectively. NASA

Atmospheric Data Centre provided solar radiation data, and it is shown in Figure 9 below. NREL
website provides the cost of PV cells to be included in this study as a preliminary approximate.
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Fig. 9. Monthly average solar radiation

KM3 building compound area has a total of flat roof space of 195,624.63 ft?, and open car park
spaces are in the range of 234,178 ft2. Thus, in total, there would be a PV cell installable space of
429,802 ft2. By cutting corners on unusable areas due to traffic flows and building limitations, i.e., by
taking only 70% of the area, it is only left with about 300,000 ft2 space for PV installations.

Market research has shown that a single PV cell size is about 14 ft> with each capable of
generating up to 240 Watts. Therefore, the maximum size of the PV cells and the converter shall be
300,000 ft? / 14 ft?, which will be around 20,000 kilowatts. Table 2, 3, and 4 tabulate the input data
applied to the HOMER software for the PV cell energy generation process.
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Table 2

PV cell input data

Input parameter Input data

Capital cost 51,750S/100kW
Replacement cost 2587508

O&M cost 0S/yr

Array slope angle 49°

Array azimuth 0° refer to south direction
Lifetime 25 years

De-rating factor 70%

Ground reflectance 20%

Options on size and unit numbers 0, 1800, 1900, 2000, 3000, 3100, 3500, 4500, 5000 kW

Table 3

Fuel cell input data

Input parameter Input data

Capital cost 3,000$/5kW

Replacement cost 2500%

O&M cost 0.08S/yr

Lifetime 40,000 hrs

Options on size and unit numbers 0, 500, 600, 900, 1000, 1500, 2000 kW

Table 4

Converter input data

Input parameter Input data

Capital cost 2,0005/50kW
Replacement cost 200$

O&M cost 100S/yr

Lifetime 20 years

Efficiency 95%

Options on size and unit numbers 0, 2000, 2050, 2100 kW

3.2 Hydrogen Source

Fuel cells run on hydrogen gas, where it has a simple molecule structure and is available in
abundance. Hydrogen may exist in binary form, i.e., in liquid and solid states. In its purest forms,
Hydrogen is the lightest element from the periodic table. However, its energy contained per unit
weight is the highest of all fuels, where its energy per weight density is 52,000 BTU/Ib., which is three
times more than that of gasoline or petrol.

Hydrogen is never found on its own. In a stable state, it always combines with other atoms such
as oxygen or carbon. Figure 10 shows the molecular structure of Hydrogen. Hydrogen can be
extracted from practically any hydrogen-containing compound, including both renewable and non-
renewable resources. Regardless of the fuel source, fuel cells produce no polluting emissions when
utilizing Hydrogen.
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Fig. 10. Hydrogen molecule (H>)

In the US alone, Hydrogen is transported via 700 miles of pipelines without harm, and 70 million
gallons of liquid Hydrogen is transported annually on land over US highways without incident. There
are indoor and outdoor hydrogen refuelling stations are located in many states. They have safely
dispensed compressed Hydrogen for use in passenger vehicles, buses, trucks, forklifts, and other
types of vehicles.

Hydrogen is produced from a wide range of raw materials, and any hydrogen-rich material can
serve as a potential fuel source for fuel cells. Hydrocarbon fuels, novel feedstocks such as landfill gas,
anaerobic digester gas, and biomass can also produce Hydrogen, as can compounds containing no
carbon, such as ammonia or borohydride. The vast majority of today’s Hydrogen is produced via
steam reformation of natural gas (95% in the US, roughly 48% globally), but alternative sources such
as biogas are growing in popularity.

3.3 Water Electrolysis

When an electric current is introduced to water (H,0), hydrogen and oxygen atoms are detached,
with Hydrogen forming at the cathode, whereas oxygen forming at the anode. A simple setup of the
electrolysis process is shown in Figure 11. There are various methods to introduce electric current to
electrolyze water. Potential energy could be converted to electrical energy using renewable energies
such as solar, hydro, and wind energy. However, a direct grid input to the electrolyzer was chosen to
eliminate any conflicts and complexity in this study.

o

H7 "0,

Water + Salt + Acid

Fig. 11. Simple electrolysis set up
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Table 5 and 6 below tabulate the details entered into the HOMER simulation software for the
water electrolysis process.

Table 5

Electrolyzer input data

Input parameter Input data

Capital cost 1,0005/10kW
Replacement cost 100$

O&M cost 10$/yr

Efficiency 80%

Lifetime 15 years

Options on size and unit 0, 3400, 3500, 3600, 3700
numbers kW

Table 6

Hydrogen input data

Input parameter Input data

Capital cost 1,0005/2000kg
Replacement cost 100$

O&M cost 10$/yr

Lifetime 20 years

Options on size and unit 0, 955000, 955500, 955600,
numbers 956000 kg

3.4 Block Diagram and Schematic Diagram

The hybrid system may be configured by the separation of the AC and DC link. The Block diagram
in Figure 12 below illustrates the power flow from both links. Both links are interconnected by a
power converter, i.e., the inverter.

PV

Load

DC Link Inverter H{ AC Link
~
Fuel Cell J

/l\ Grid

Hydrogen

Battery

Fig. 12. Block diagram for simulation

Figure 13 below illustrates the connections of the hybrid system created in HOMER software. It
consists of all the fuel-cell/photovoltaic hybrid systems mentioned in the review above. The systems
also constitute a battery as a storage element and the utility grid. The concept adopted was to
complement the grid supply for daily demand and feed the excess power generated back into the
grid.
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Fig. 13. Schematic diagram

4. Results and Analysis

When simulated in HOMER to yield the feasibility of such hybrid installations, it has been shown
that the fuel cells are less utilized than the photovoltaic cells. The winning configuration has not used
even a single kg of Hydrogen. This is due to the high capital cost of the fuel cell and less return of
investment spanning over more extended periods. From a practical point of view, the storage of
Hydrogen and pipeline may also be an inhibiting factor. In contrast, the photovoltaic cells may seem
a more credible source by taking advantage of the nature of the building, which has flat rooftops and
ample open parking space. The grid input was as follows in Figure 14, according to utility rates.

Rates |Em|mns | Advanced | Forecasting |

{* Scheduled rates
" Real time prices

Fate schedue Rate Schedule
Step 1: Define and select a rate 00:00 [ peak
Rate Price  Sellback Demand [CJoff_peak
(sKWh) (S/kWh)| (s/kW./mo) 200 !AII week
peak 0110 0480 11.050 Waekdays.
off_peak 0.070 0.480 11.050 Weekends

Add | Remove | Edt... |

Time of Day

Step 2. Select a time peniod
[TAlWeek  Weekdays | Weekends |

Step 3: Click on the chart to indicate when
the selected rate applies.

¥ Net metedng
(¥ Net purchases calculated monthly —s
(" Net purchases calculated annually % Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Fig. 14. Grid rate inputs
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A constraint forcing HOMER to at least use 25% of the renewable energy was also set as in Figure
15.

File Edit Help
Constraints are conditions that systems must meet to be feasible. Infeasible systems do not appear in the
sensitivity and optimization results. Operating reserve provides a margin to account for intra-hour deviation from
the hourly average of the load or renewable power output. HOMER calculates this margin for each hour based
on the operating reserve inputs.

Hold the pointer over an element name or click Help for more information.

M aximum annual capacity shortage (%)

ol
ke

Minimum renewable fraction (%)

Operating reserve
As percent of load
Hourly load (%)

S

Mote:

HOMER calculates the total
required operating reserve for
each hour by multiplving each
of these four inputs by the
load or output value for that
hour and adding the results,

Annual peak load (%)

Az percent of renewable output

Solar power autput (%)

J1 1
ek EE

Wind power output [%)]

Primary energy savings

—y
o

[ Minimum primary eneray savings [%)

Jd
Elgle

Fig. 15. Renewable energy usage constraints

In Figure 16, the NPC values are negatives, which show the revenues exceed the capital costs. The
negative values are reasonable as excess power is sold to the grid. In a trial-and-error methodology,
the redundant fuel cells were removed to reduce further the capital costs by only utilizing PV cells as
in schematic Figure 17.

1|lefEz] FY [HFCT[Conv [Bec [H2Tank | Gnd intial Operating Total COE | Ren. | HFCI
fW) | W) | 6W) | &W)| ka) | W) Capital Cost (84r) NPC (8/Wh)| Frac. | (hrs)
1494 B . 10... 1 1900 $4400001 -3333.119 $-38.208444 0409 077
14 B 0. 10... 10 1900 $4.400005 -3333.119 $-38208436 -0.409 077
{HEE 100.. 1 0. 001 1 1900 $4400602 -3333128 $-38.207.960 -0409 077 1
AL 100 1 0. 005 1 1900 $4400606 3333128 $-38207.952 -0409 077 1
o EE 00 1 0. 001 10 1900 $4.400606 -3333127 $-38207.948 0409 077 3
AL 100 1 0. 005 0 1900 $4400610 -3333127 $-38207340 -0409 077 3
AR 100 1 10 001 2000 1900 $4401601 3333126 $-38206932 0409 077 606
A4EEE 100.. 1 10.. 005 2000 1900 $4401605 -3333126 $-38206524 -0409 077 606
149 B 0. 10... 2000 1900 $4401000 -3333069 $-38206804 -0409 077
A EFFA 100 10 0. 001 10 1900 4406006 3333209 $-332035% 0409 077 1
L EE 100.. 10 0. 005 10 1900 $4406010 -3333209 $-38203588 -0.409 077 1
L &FHE 100 0 0. 001 1 1900 $4406002 3333208 $-38203580 0403 077 0
L4 EE 100.. 10 0. 005 1 1900 $4406006 -3333207 $-38.203568 -0409 077 0
{4H¢E 1w0.. 10 10.. 001 2000 1900 $4407001 -3333187 $-38202312 D409 077 61
A EF 100.. 10 10.. 005 2000 1900 $4407005 -3333186 $-38202304 0409 077 61
19 B . 10... 1 2000 $4400001 -3332546 $-38201.120 0409 077
149 B 0. 10... 0 2000 $4400005 -3332546 $-38201116 -0.409 077
AHEF 100 1 0. 001 1 2000 $4400602 -3332555 $-38200640 -0403 077 1
L EE 100.. 1 10. 005 1 2000 $4400606 -3332555 $-38200628 -0409 077 1
&R 100 1 0. 001 10 2000 $4400606 -3332555 $-38200628 -0409 077 3
A TR 1 1 10 nns mn 2000 s4400 610 33372554 S-AR200A2N0 N4N8 077 3

Fig. 16. Simulations results data
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Lodale | o ies: Dol Stas:  Completedin1 seconds.
il Senstiviy Results  Optimization Resuis |
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20 Mwh/d ‘_m Diouble click on a system below for simulation results
= 1,952 K/ peak. Ly g Y [Conv | God initad Oparating Total COE | Ren.
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{9 FE 100 10 1500 $4400000 3333119 §$-38208444 0409 077
Convetet { 1300 SO 1065498 S13620643 0146 000
AC oC
Resouces Other

Fig. 17. New modified schematic

The new search spaces were altered to cater to a reasonable size of PV cells and converters, which
resulted in more negative values of NPCs where the PV size is now set to a 10,000 kW maximum. The
changes for new search spaces are depicted in Figure 18.

Double click on a system below for simulation results You can add and remove values in this table of in the Sizes to Consic

[
PV T
‘fl’l@l .(w)ls:mw) 0?1\/3) ] C‘::d I m) l Ndpc Hold the pomnter over an element name or chck Help for more informa
:Ff B2 100.. 10 :x s 4.400.003 336321 ;: s -?g.sz PV Array Gid e
’ B0 e sl W W) kW)
1 [ .. 0000} 0.000 0.00
2 5,000,000 1.900.000 5,000.00
3 10,000.000 2,000.000 10,000.00
4
5
6
7
8
9
10
<< Hide Winning Sizes I Overall winner  Category winner
PV Anay Grid Converter
(kW) (kw]) (kw)
1 0 0 0
2 5,000 1,900 5,000
3 10,000 2,000 10,000
;_AI You have changed the inputs since HOMER calculated these results
g PV search space may be insufficient.
AJ Converter search space may be insufficient
(5)| Completed n 1 seconds

Fig. 18. New search space for simulation

The new results show much higher revenues, as shown in Figure 19. Compared to the grid only
sources, the PV and grid alternative gives a return of investment in 1 year.

When checked on the cash flow summary of the HOMER simulation, the grid has negative flows
representing the inward cash flow due to the sales of excess energy to the grid based on the feed-in
tariff, as illustrated in Figure 20.
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Fig. 19. NPC and payback period

1 2 3 4 5§ B T 8 9 10 11 12 13 14 15 16 17 18 19 20 21 2 23 24 2%

Year Number

System dachitechue: 1,900 kw/ Grid 10,000 k' Reclifier Total MPC: § 38,208 444
10,000 KW/ PV Levelized COE: § -0.409/kwh
10,000 kW Inverter Dperating Cost $-3.333.11%/w
Cost Summary | Cash Flow | Bectrical | PV | Convester | Gad | Emissions | Houry Data |
Cost type: Cash Flow Summary
= et 20,000,000
. 10,000,000
¥ Reverse sign
& 0
H
Categorize: © 10,000,000
% By component §
" By cost type E -20,000,000
I Showdetsis % 3 000,000
-40,000,000
i n Grid Converter
—I Component Capital ($) | Replacement (§)|  04M [$) Fusl(§) Savage($) | Total($)
Py 4,000,000 0 £.391 582 0 0 10,391 682
Grid ] 0 49261292 ] i] 49,261,232
Converter 400,000 12472 255 667 0 6,390 £61,143
System 4,400,000 12472 42813948 ] £.590 38,208 464

Fig. 20. Cash flow summary
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Electrical consumption by the loads is also mainly from the PV cell arrays. Only about 500 kW
monthly is used from the grid, mostly at night when the grid rates are lower. This usage is illustrated
in Figure 21.

System Architecture: 1,900 KW Gnd 10,000 KW/ Rectifier Total NFC: § -38,208 444
10,000 kw PV Levelized COE: $ -0.409/kWh
10,000 kW Inverter Operating Cost $-3,333,119/w
Cost Summary | Cash Fow B‘N?!”‘:a'IF’V | Converter | Gid | Emissions | Hourly Data |
e tioduction | KWhip | % | Corsumption | Kwhiw | % Quaniity Kwh/yr %
{PVamap 1 13811974 77 AL primary load 7302144 43 Excess electiciy 0.00180 0.00000 |
Gnd purchases 4137433 23 Grid sales 9766672 57 Unmet electric load 51.5 0.00071
Total 17748412 100 Total 17068816 100 Capacity shortage 327 0.00448 |
Quantity Value
Renewable fraction 0767
2.500 — Monthly Average Electric Production .
— — [] |== Grid
2,000
£ 1.500
;!: 1,000
500

Jan Feb Mar Apr Msy Jun Jul Aug Sep Oct Nov Dec

Fig. 21. Electrical consumption by source

A comparison is made between plotting the hourly load parallel to the energy extracted from the
grid and PV cells, as shown in Figure 22. Most energy is harvested from the PV cell, as can be seen in
the figure.

10,000

= AC Primary Load
PV Power
== Grid Purchases

8,000

2,000

0l T AR e

1 2 3 ‘ 4 5 ' 3 ' 7
January

Fig. 22. Hourly electricity load vs PV generations vs Grid purchases

Additionally, the PV generation and Grid Sales are plotted to show the excess PV power is sold in
sync with the production on-site, as in Figure 23 below.
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From a green facility point of view, harmful emissions meant to save more power has been sold
to the grid, which benefits other users and the environment [19]. The data shown in Figure 24 proves
the point as simulated by HOMER.

10,000

PV Power
Grid Sales

2,000

6,000

Power (K1)

4000

2,000

Fig. 23. Hourly PV generation vs Grid sales

Paollutant Emissions (kadyr)

i Carbon dioxide -3,557 676
Carbon monoxide 0
Unbumed hydrocarbons 0
Particulate matter 0
Sulfur dioxide -15.424
Nitrogen oxides -7.543

Fig. 24. Gases emissions
5. Discussions

The Net Present Cost (NPC) is the lifecycle cost of operating any system. The lowest NPC for any
configurations means the most cost-efficient approach a building owner may adopt to run systems.
Negative values represent higher revenues or return of investment by selling excess power to the
grid. The simulation chose a winner based on the input parameters by discarding the Fuel Cell input.
It is understandable due to its high cost/power rating investment in fuel cell systems. The industry is
yet to find a more cost-effective system to produce bulk Hydrogen. It may take several more years
as research is still in the early stages.

As the system’s technology, or the photovoltaic cells, evolves into the future, it is forecasted that
the running cost would be lower as the prices of the cells may decrease. This pattern is similar to all
electronic types of equipment around the world.

6. Conclusions
In conclusion, investing in PV or photovoltaic cells for this KM3 building is most viable compared
to other renewable energy systems. An initial capital cost of almost 5 million USD is required, but the

payback may be seen in one year. When simulated in HOMER to yield the feasibility of such hybrid
installations, it has been shown that the fuel cells are less utilized than the photovoltaic cells. The
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winning configuration has not used even a single kg of Hydrogen due to the high capital cost of the
fuel cell and less return of investment spanning more extended periods.

From a practical point of view, the storage of Hydrogen and pipeline may also be an inhibiting
factor. In contrast, the photovoltaic cells may seem a more reasonable source by taking advantage
of the nature of the building, which has flat rooftops and ample open parking space.

The facility may be used as a secondary power plant to supply power to neighbourhoods in a
distributed generation system concept.
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