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Abstract— Net energy analysis for a grid-
connected photovoltaic (PV) solar-powered
supermarket in Port Harcourt city is studied.
Basically, in grid-connected PV power system, the
difference in the imported energy from the grid
and the exported energy to the national power
grid is used to compute the net energy, which can
be surplus, deficit or net zero when the two
energy parameters values are equal. In this paper,
net energy analysis is done for a supermarket that
has daily energy demand of 23.5 kWh per day. The
mathematical expressions for the net energy
analysis are presented and the simulation for the
net energy analysis was implemented using
PVSyst software. In all, the results show that the
annual load demand is 8,559.6 kWh while the
annual energy supplied from the PV power source
to the load is 8,411.2 kWh which gives annual
deficit energy of 148.4 kWh. This deficit energy is
supplied from the grid. However, the annual
excess energy generated by the PV power source
is equal to the annual energy injected to the grid
which is 32,403 kWh. Hence the annual net energy
of the entire PV power system is 32,254.6 kWh.
Essentially, the energy generated from the PV
array is in excess of the load demand. Hence,
greater portion of the energy generated from the
PV is injected to the grid.
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1. INTRODUCTION

Today, the power industry has undergone tremendous
transformations. Democratization of energy production
and the emergence of net metering has given the
consumers the opportunity to produce, consume, connect
to the grid with the ability to export and import energy
based on the net energy at the consumer site
[1,2,3,4,5,6,7,8,9,10,11].  Basically, net metering
technology allow the consumer to connect to the national
power grid from which the consumer can import energy
to meet its load demand [12,13,14,15,16,17]. At the same
time, the net meter allows the consumer to produce
energy  locally and  export to the  grid
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[18,19,20,21,22,23,24,25]. In that case, the consumer
pays for the net energy; if the imported energy is more
than the exported energy, otherwise the grid will be the
one to pay the consumer for the excess energy exported
to the grid from the consumer site.

In this paper, the focus is analysis of the net energy
situation that can arise when the local energy source at
the consumer site is from photovoltaic solar system.
Nowadays, solar power has gotten much prominence in
Nigeria due to the perennial challenges of power supply
from the national grid [26,27, 28,29, 30,31, 32,33, 34,35,
36, 37]. Also, solar power is green power and there is
steady decrease in the PV system components cost
[38,39, 40,41, 42,43, 44,45, 46, 47, 48,49,50,51,52,53].
As such, cost benefit is part of the driving factors for the
adoption of PV solar power.

In any case, in order to setup a solar power system,
appropriate component size selection is essential and
there are some mathematical expressions for determining
the PV system component sizes. Hence, in this paper, the
requisite mathematical expressions for the analysis are
presented along with the requisite load data and
meteorological data for case study consumer site. The
PVSyst renewable energy system simulation software is
used to implement the analysis.

2 METHODOLOGY

2.1 The mathematical model for net energy PV power
system

In grid-connected PV power system, the difference in the
imported energy from the grid and the exported energy to
the national power grid is used to compute the net energy,
which can be surplus, deficit or net zero when the two
energy parameters values are equal. Let Epp represent the
energy demand per day and Eyp represent the energy
demand per year, then;

Eyp = 365(Epp) (1)
The study considered a supermarket daily electric energy
demand profile which is shown in Table 1. Let
Ey, tepresent the individual PV module peak power
rating in kW, Npy, represent the number of PV module
used in the power system, PSH represent the daily peak
sun hour, and fpy gerqr represents the PV module
derating factor, and Epy, represent the PV array energy
production per year, then;
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Epya = 365(PWp)(NPV)(PSH)(fPV_derat) 2
Let Egcopm represent the portion of the energy consumed
by the load per year, Ey;yp represent the energy imported
from the grid per year, Eypxp represent the energy
exported to the national power grid per year, and
Eygr represent the net energy in the system per year, then;

Escom = Eyp = 365(Epp) 3)

Eyimp = maximum( Escoy — Epya, 0) 4

Eypxp = maximum(Epys — Escom, 0) 4)

Ener = Eyexp — Evime (5)

Hence, net zero energy situation occurs when Epy, =

Escom and Eygxp = Ey;yp. Essentially, in respect of the

supermarket daily electric energy demand, the parameters

of the PV power system are selected such that Epy, =
Escom = electric energy demand per year.

2.2 The meteorological data of the case study
supermarket site and the daily load demand of
the supermarket

The case study supermarket is located at latitude and
longitude of 4.837655, 7.025225 respectively. The map
visualization showing the supermarket location is shown
in Figure 1. The solar radiation and ambient temperature
data based on the supermarket location are shown in
Table 1. The load demand of the case study supermarket
based on the electrical appliances used and the number of
hours they are used per day is shown in Table 2.
Modelling of the hourly distribution of the load demand
profile was done using PVSyst software as shown in
Figure 2. The PVSyst graphical presentation of the
hourly distribution of the load demand profile is shown in
Figure 3. In all, the daily energy demand is 23.5
kWh/day and the monthly energy demand is 704
kWh/month. The schematic diagram of the grid
connected PV power supply is presented in Figure 4
while Figure 5 shows the grid-connected PV system
configuration used for the simulation in PVSyst software.

VENICE SUPERMARKET
PORTHARCOURT

> teircal VLT . s : = — “
Figure 1. The map visualization showing the supermarket location (with latitude and longitude of 4.837655, 7.025225
respectively)

Table 1.The site radiation and ambient temperature data for the simulation of net zero PV component parameter

selection B
Meteo File Rumuokor Port Harcourt_Nasa_SYN.MET, Monthly accumulations —_— a X
Close Print Export Change Plane
Meteo for Rumuokor Port Harcourt - Synthetically Generated Data
Plane: tilt 7°, azimuth 0°, Albedo 0.20
Interval beginning GlobHor DiffHor Globlnc [Hay model) T Amb
Kw/h/mé.mth kKwih/né. mth Kwih/mé.mth °C

January 161.2 57.97 169.4 257
February 146.7 56.24 151.0 260
Mach 148.8 7099 1494 260
Apil 138.0 £9.00 135.7 262
May 1311 67.27 126.9 260
June 106.2 £61.20 1025 25.3
July 100.4 6262 97.7 246
August 106.0 B5.72 104.0 243
September 1023 65.40 1026 245
Oclober 114.1 B6.65 115.9 248
November 126.3 £51.20 1311 251

December 153.4 57.35 162.2 254
Year 1535.2 76361 1548.4 253
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Table 2 The supermarket daily electric energy demand profile

Hours of operation per Daily energy demand
Electric Appliance Wattage (W) Qty. day (Wh/day)
Refrigeration 200 2 9 3600
Air condition 1000 1 9 9000
Computer 120 1 9 1080
Printer 110 1 9 990
Television 70 1 9 630
Fans 60 4 9 2160
Lighting 20 6 9 1080
Other Miscellaneous 400 1 9 3600
Power for testing Electronic
products 340 1 4 1360
Total 23500
User's needs definition , Variant "New simulation variant” -— a X
Comment Template SHS, 2 lamps + little TV/PC
General features  Daily profile I Graph |
~Hourly values
User's needs: daily profile, Constant over the year
3500 T T T |y £ T T T T T |y T - Oh |0 12h|2458
i 1h |0 13 h|2458
e 1 2h [0 14 h[2458
52500:— e e e e e e e e e =4 3h 0 15h|2458
= ] 4h 16h
52000 F ; 0 2458
B - ] 5h |0 17 h [1329
B0 i 9 6h [0 18h[0
= 1000 E 3 7h |0 18h|0
: 8h |2453 20h|p
S00 . 9h [2458 21 h|0
g:~ bl oyl 1 g sl 10 h|2458 22h|0
0 2 4 6 8 10 12 14 16 18 20 22 24 11 h 2458 23hlo
~Operator [acting on all values) 7 [P dseiey Y ohies of Average 977 W
& I|dentical Value [0.00 W _ Day sum 23.5 kWh/day
 Add Constant over the year : Monih sum 704 Kwhimth
C Multiply n‘ XXX kwWh/mth
Work out | - | I
®
¢ Renomalise to sum V" Renomaiize | w M
Print | X Cancel | ' 0K |

Figure 2 The modelling of the hourly distribution of the load demand profile using PVSyst software
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User's needs definition , Variant “"New simulation variant” — [m] >
Comment |Temp1ale SHS. 2 lamps + little TV/PC
General feaiuresl Daily profile Graph |
i| Parameter
2000 (=
= = Ly 2 Jd @l E 4101
Specified Energy need (load), 23.45 kWh/day
2500 |- -
Values
= 2000 | E =+ Hourly
B " Daily
5: 1500 |- -1  Monthly
~ 1000 3 [1—j Days
Units
S00 | - & W
C kw
o L L L L 1 1
0 3 B 12 15 18 21 24 L=
01/01/90 <1 M
&Y Print 3 Cancel « OK

Figure 3 The PVSyst graphical presentation of the hourly distribution of the load demand profile

System shema - O X
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g

ON
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—> — —> —>
PV U Array E used ,l, ,|, E back-up
Array %

User

E needed

Figure 4 The schematic diagram of the grid-connected PV power supply
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Grid system definition, Variant “New simulation variant" - a X
Global System configuration Global system summary
: |-|_j Number of kinds of sub-arrays Nb. of modules 110 Mominal P\ Power 33.0 kwp
Module area 181 mf Maximum Py Power 321 kwide
—?I 5% Simplfied Schema Nb. of inverters 1 Nominal AC Power 3.3 kWac
PV Anay l
~Sub-armray name and Orientation’ Presizing Help
Name [PV Aray ¥ Nosizing Enter planned power  |30.0 kwip
. ) . Tit 8° =
Oiient. ~ Fixed Tilted Plane ot ol | [T ... of available area(modules) ( [154 rn‘
~Select the PY module
| Available Now |
| Sharp v| |300Wp26¢  Simono  NU-RD 300 Since 2016 Manufacturer 2016 ~| [ Open |
Sizing voltages : Vmpp (60°C) 27.5V
[~ Use Optimizer Yoc (10°C) 438V
Select the inverter v 50Hz
|Avalable Now ~| M 60Hz
|Kaconewenergy  v| [333kw 200800V TL  50/60Hz Powador 33.0TL3IM Since 2011 =l B Open |
Nb of MPPT inputs |3 j v Operating Volage: 200-800 v Inverter powerused  33.3 kWac
¥ Use multi-MPPT feature Input maximum voltage: 1000 ¥ Inverter with 3 MPPT
Design the anray
Number of modules and strings Operating conditions
2| 2| Vinpp (B0'C) 606 V
Mod. in senes l-- o | [ between 8 and 22 Voc (-10'T) 954 V
ings |5~ L ,
ke sehot = Plane inadience 1000 W/n? C Maxinddta @ STC
Ovelloadloss 0.0 % = Impp (STC)  47.2A Max. operating power 30.0 kw
Bocea i D99 _EE Show g 2 lsc (STC)  499A 3t 1000 W/ and 50°C)
Nb. modules 110  Area 181 nf Isc(atSTC) 4994 Armay nom. Power [STC)  33.0 kwp
: ) System overview X Cancel ' OK

Figure 5 The system configuration used for the simulation of the grid-connected PV power supply system

The core parameters of the PV module used in the PV the
grid-connected power supply system is shown in Figure
6. According to the parameter values in Figure 6, the
selected PV module has standard test condition (STC)
efficiency of 18.44 % and rated watt peak power of 300
Wp at STC. The graph of the efficiency versus cell
temperature for different incident irradiation values for
the PV module is shown in Figure 7. The graph of Figure
7 shows that the operating efficiency of the PV module
can increase to a value close to 20 % if the cell
temperature drops from the STC value of 25 °C to a value

of about 1 °C. Conversely, the PV module efficiency can
decrease to a value close to 15 % if the cell temperature
increases from the STC value of 25 °C to a value of about
60 °C. The impact of cell temperature on the effective
watt peak power of the PV module is shown in Figure 8.
At STC temperature of 25 °C the PV has power output of
303.0 W. However, at 10 °C cell temperature the power
output of the PV module can be as high as 320.6 W
whereas at cell temperature of 70 °C the output power
can drop to 247.3 W.
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i Definition of a PV module — O X
Basic data | Sizes and Technology | Model parameters | Additional Data | Commercial | Graphs |
Model [NU-RD 300 Manufacturer [Sharp
File name ]smn_uu_nnaoo.mu Data source |Marufacw 2016
21 Original PYsyst database Prod. from 2016
Nom. Power [Eﬁm wp  Tol -/+ ]EI,EI |5.U %  Technology |Simono vl
(at STC)
~Manufacturer specifications or other Measurements ___] 1 Model summary _]
_—— W ; Main parameters i
Reference conditions: GRef [1000 W/n¢ TRef |25 C Aiaha 450 ohm
Short-circuit current Isc 9970 A Open circuit Voc [3940 W Rsh{G=0) 1800 ohm
Max Power Point: Impp |9.630 A Vmpp |31.20 W R serie model 0.26 ohm
o R serie max. 0.32 ohm
Toapecshre cosfficient’ ™ mso80 |MATC g colle’ 160 inseties R serie apparent  0.42 ohm
| or mulsc |0'050 %IC Model parameters
) Gamma 1.033
Internal model result tool l' loRef 0.18 nA
Operating conditions GOper IIUI]G j’ W/ TOper |25 jl‘C - muVoc -129 mV/°C
Max Power Point: Pmpp 303.0 W 2|  Temper coeft. -0.39 %/'C M= fed S e
Current Impp  9.42 A Voltage Vmpp  32.2 V
Short-circuit current lsc 9.97 A Open circuit Voc  39.4 V
Efficiency /Cells area 21.12 % / Module arza 18.44 %
EE Show Dptimization B3 Copy to table | & Print | X Cancel " OK

Figure 6 The core parameters of PV module used in the PV the grid-connected power supply system

Module behaviour according to Incident Irrad. [W/m?] — [ ] >
Close Print Export Format Help
PV module: Sharp, NU-RD 300
=]
25 ~ T T ¥ T Y T y T
20 =
g s} =
= 4
-
= ]
= [ i
2 1w : -
= Incident rrad. = 1000 W/m*
: = [ncident Irrad. = 800 W/m* 1
| - ncident rrad. = 600 W/m*
| — Incident rrad. = 400 W/m*
s} ——— Incidentirrad. = 200 W/m* ]
0 1 1 1 L 1 =
o 10 20 30 40 S0 60
Cells temp. [*C]

Figure 7 The graph of the efficiency versus cell temperature for different incident irradiation values for the PV module
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Module behaviour according to Temperature [°C] - O X
Close Print Export Format Help
PV module: Sharp, NU-RD 300
al
3807 : - . , , " - . ‘
Incident Irrad. = 1000 W/m# .
| = Celistemp.=10"°C, Pmpp =3206 W ]
300 - Cells temp. = 25 *C, Pmpp = 303.0 W .
Celis temp. = 40 °C, Pmpp =2849'W 4
[ = Cells temp. = 55 °C, Pmpp =266.3 W ]
250 —— Celistemp.=70°C, Pmpp =247.3 W -1
200 -
E ! ]
5 ]
3 ! |
— 150} .
100 -1
sof i
ok ; ] . ] ] , ] . 1
0 10 20 30 40 S0
| Voltage [V]

Figure 8 The graph of the watt peak power versus operating voltage for different cell temperature values for the PV
module

3 RESULTS AND DISCUSSION

The simulation for the net energy analysis was
implemented using PVSyst based on the PV system
configuration shown in Figure 5. The screenshot of the
simulation results showing the main energy outputs of the
PV power system is shown in Figure 9 and Figure 10. The
results in Figure 9 and Figure 10 show the monthly and
annual energy generated by the PV array (E Avail), the
monthly and annual energy demand of the load (E Load),
the monthly and annual energy supplied to the user (E
user), the monthly and annual energy supplied or injected to
the grid (E_Grid), and the solar fraction (SolFrac) which is

the fraction of the load demand that is actually supplied
from the PV power system. The hourly distribution of the
energy injected into the grid is shown in Figure 11. In all,
the annual load demand is 8,559.6 kWh while the annual
energy supplied from the PV power source to the load is
8,411.2 kWh which gives annual deficit energy of 148.4
kWh. This deficit energy is supplied from the grid.
However, the annual excess energy generated by the PV
power source is equal to the annual energy injected to the
grid (E_Grid) which is 32,403 kWh. Hence the annual net
energy of the entire PV power system is 32,403 kWh -
148.4kWh = 32,254.6 kWh.
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I Simulation variant : New simulation variant - O X
| Close Print  Export Help
|
|
! New simulation variant
| Energy use and User's needs
i
| E Avail E Load E User E_Grnid SolfFrac
| kKwh kwh kKwh kKwh
| | January 3737 727.0 7111 3026 0.978
February 3429 E56.6 643.0 2780 0.988
March 3721 727.0 723.0 2998 0.994
April 3550 7035 699.6 2851 0.954
May 3487 727.0 724.7 2762 0.997
| June 3132 7035 692.3 2440 0.984
| [July 2980 727.0 717.4 2262 0.987
! August 2850 727.0 708.4 2141 0.974
|| September 3212 7035 681.2 2530 0.968
| October 3440 727.0 £698.8 271 0.961
| | November 3486 7035 £688.8 2797 0.979
December 3792 727.0 7169 3075 0.986
Year 40814 8559.6 8411.2 32403 0.983
Figure 9 The screenshot of the simulation results showing the main energy outputs
Simulation version: New simulation variant - O X
| Close Print Export Format Help
Simul. variant: New simulation variant
|
5000 | T T T T T T T T 7 T T d
Energy supplied to the user, 0.0000 kWh
| ——— Available Energy at Inverter Output, 0.0000 k\Wh
——— Energy injected into grid, 0.0000 kWh !
4000 | .
s  — 1
- I
3000 B
5 LT
=
]
&
2000 |- -
1000 |- -
- J
0 1 1 1 L 1 1 1 1 1 1 1
Jan Feb Mar Apr  May Jun Jul Aug Sep Oct Nov Dec

Figure 10 The graph plot of the monthly energy generated by the PV array (E Avail), the monthly energy supplied to the user
(E user) and the monthly energy supplied or injected to the grid (E_Grid) and annual
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New simulation vanant
Monthly Hourly sums for E_Gnd [kWh)

OH 1H 2H 3H 4H 5H 6H 7H
January 0 0 0 0 0 0 0 65
February 0 0 0 0 0 0 0 52
Maich 0 0 0 0 0 0 0 67
Apnil 0 0 0 0 0 0 0 86
May 0 0 0 0 0 0 0 S6
June 0 0 0 0 0 0 1 83
July 0 0 0 0 0 0 0 70
August 0 0 0 0 0 0 0 65
September 0 0 0 0 0 0 0 10
October 0 0 0 0 0 0 1 m
November 0 0 0 0 0 0 1 12
December 0 0 0 0 0 0 0 9N
Year 0 0 0 0 0 0 4 953

8H 9H 10H 1TH 12H 13H 14H 15H
Joanuary 118 245 381 408 44 467 388 285
Febiuary 106 240 335 32 412 394 337 266
Maich 124 253 358 43 442 a7 364 230
Apnil 143 258 345 383 am 395 356 2n
May 145 253 347 387 403 380 323 238
June 17 220 255 328 350 329 302 229
July 108 208 280 N4 3 N3 270 205
August 96 190 268 308 308 294 264 195
September | 155 258 333 339 349 333 230 215
October 1680 258 347 376 406 382 308 230
November 173 263 35 379 390 383 348 252
December 150 25 380 437 449 445 379 276
Year 1597 | 2948 | 3974 4479 | 4880 | 4532 | 3930 | 2953

16H 17H 18H 194 20H 21H 22H 23H
January 169 76 2 0 0 0 0 0
Febiuary 168 74 3 0 0 0 0 0
Maich 177 73 3 0 0 0 0 0
Apnil 149 &0 2 0 0 0 0 0
May 137 51 1 0 0 0 0 0
June 129 54 4 0 0 0 0 0
July 110 S0 3 0 0 0 0 0
August 112 45 1 0 0 0 0 0
September 115 40 1 0 0 0 0 0
October 124 38 0 0 0 0 0 0
November 130 S 0 0 0 0 0 0
December 134 38 0 0 0 0 0 0
Year 1655 832 21 0 0 0 0 0

Figure 11The hourly distribution of the energy injected into the grid
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4 CONCLUSION

The analysis of the net energy of a photovoltaic solar power
system that is connected to the national grid is presented.
The analysis was done using PVSyst simulation software.
The energy load profile is based on the electrical appliance
in a case study supermarket. Based on the computed load
demand and the meteorological data of the case study
location, the PVSyst software was used to select the
requisite components of the PV power supply system and
also to simulate the operation and energy output of the
system. In all, based on the simulation results, the energy
generated from the PV array is in excess of the load
demand. As such greater portion of the energy generated
from the PV is injected to the grid.
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