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MONGKOL TREEKIJJANON : OPTIMAL ENERGY MANAGEMENT
STRATEGIES FOR LARGE INDUSTRIAL PLANT WITH SOLAR
ROOFTOP : A CASE STUDY OF PCS MACHINE GROUP HOLDING,
NAKHONRATCHASIMA PROVINCE. THESIS ADVISOR : ASST. PROF.

THANATCHAI KULWORAWANICHPONG, D. Eng., 156 PP.

ENERGY MANAGEMENT STRATEGIES/ PHOTOVOTAIC GENERATION

SYSTEM/ RENEWABLE ENERGY

This thesis illustrates optimal energy management strategies for the large
industrial plant by installing solar rooftop. In a case study of PCS Machine Group
Holding., Nakhon Ratchasima province that has a policy to the using renewable
energy to reduce electricity price for the objective of this thesis. The average
electricity consumption of this industry is 156,488 kWh per day, and the maximum
load demand is 11,988 kW.In this thesis, the energy management strategies are in 4
cases that included First, the industry is had installed optimal size solar rooftop, Next
second, the industry is had installed optimal size solar rooftop and battery, after that
Third, the factory is had designed to off-grid system and:the last fourth, the factory is
had installed battery energy storage system that reduces price to 50 percent from the
present. The simulation results show that the best optimal energy management
strategy is installing optimal size solar rooftop 14.182 MW on the industry. The net
present cost of this project is 1,918 MTHB, and the cost of energy is 2.77 THB less
than the strategy that has not installed solar rooftop 0.55 THB/kWh. The payback
period is 5.54 years. The case that optimal size solar rooftop is had installed on the

industry shows the net present cost of the project and the cost of energy is decreased



for that too low payback period. For criteria, the battery price is reduced down to 50%
the result show that will be worth for installed battery on this industry. Therefore, it
can be concluded that the installation of optimal size solar rooftop is the most suitable

energy management strategy for large factories at present.
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Name: PCS
Autho | Mongkol

Description:

Discount rate {%):
Inflation rate (%):
Annual capacity shortag

Project lifetime (years):
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Location Search
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Electrc Lozd #1

Rezmove

ADVANCED GRID ‘:E:’ Name: | Grid Aobraviation: | Grid

L

Caopy To Library

[ ! SimpleRates ) Real Time Rates ® Scheduled Rates 2 Grid E<tensic-n] “Gricf ¥ -j

Scheduled Rates @

Paramezers | Rate Definition Demand Rates Reliabiity Emissions

Salz capacity (KW 99 999,00 @ Systems to consider
- Simulate systerrs with and without the grid

Purchzse Capacit %
SUGGESTIONS: - pacity i % Incluce the grd in all simulations
. * Annual Purchase Capacity
ee update available Capacity Optimizaticn ] Net Metering
999999 ® Met purchases calculated morthly.
Net purchases ralculated z2nnually.
Maximum ne: grd purchases:
[ Limit (kWhyyr)
Grid Extersion Costs
Manthly Purchase Capacity Grid cap tal cost [B/km) .o @
Distance (k) C.Co @
Parameters | Rate Definition | Demand Rates  Reliabilifyl  Emissions
Step 1: Define and select a rate: l i
Gnd Rate Schedule
Price  Sellback 00:00 gy [ I & e o
B/kWh B/kWh " ARND § EREE SN == i =

A PEAK 41025 0.0000 Edrt b4 T - i
|
A OFFPEAK 25849 00000 | Edit| X e I— TTT1

S

|\ S

Step 2: Select period:
8 All Week
) Weekdays
I Weekends

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

m;- T I B
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec




Parameters Rate Definition | Demand Rates | Reliability Emissions

Step 1: Define and select a rate: |3_| 0

Demand Rate Schedule

Demand
B/KW/mo

Demand 1 | 7214 [edit

Step 2: Select period:
) All Week
2l Weekdays
) Weekends

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

Jan Feb Mar Apr May Jun Jul Aug Sep Oct

MNov Dec

Scaled data (K'W)

20000




Scaled data Daily Profile

Jan Feb Mar Apr
15,019.81 13,019.81 13,019.861 4 15,019.81 +
1301981 1301981 13,019.81 5 13.019.81 4
11,019.81 4 11,019.87 11,019.81 4 11,019.81 4
9.019.81 4 5,019.81 9,019.51 4 5,019.51
7010281 4 7.019.81 7,010.81 7010871
5,019.81 5,019.81 5,019.81 4 5,019.81
3ole8l—— 1 1t 1 308l +——r 1 T 38l v— 1 Tt T Jomwst+— 1t 1
o] 5] 12 18 1] 1] 12 18 o 1] 12 1& o [ 12 18
May Jun Jul Aug
= 15,019.81 15,019.81 15,019.81 4 15,010.81
= 13,019.81 - 13,019.81 13,019.81 4 13,019.81
& 1101981 11,078.81 11,019.81 11,019.81
S 9019.81 - 9,019.81 9.019.81 9.019.81 W
- 701981 - 7019281 /A 7.019.81 7.019.81 -
= 2u1usE] 2019817 - 2,019,514 5,019.81 -
& x0ne A T 301081 +———r—7— st — 20108 ——7— 7
0 B i2 18 o 1] 12 18 ] 6 iz 18 o [ 12z 18
Sep Oct Mow Dec
15,019.81 15,019.81 15,019.81 4 15,019.81 -
13,079.81 13,078,817 13,019.81 + 13,019.81 4
11,019.81 11,010.81 11,010.81 4 11,010.21
9.019.81 4 9019.81 - 9.019.81 & 9,019.81
7.019.81 4 7.019.81 - 7,019.81 7,019.81
5015.81 5019.81 - 5,019.81 5,010.81
3ot r—r— 71 —T1 — 301981 +——— 77— et +——m—r—T— 301981 ——— T — T —
Q 6 12 18 (1] 6 12 18 0 6 12 18 0 6 12 18
Hour
Add/MMemowve | hinko TKRME20
pPv SFT up N
- v S S— S SN -
Cnefic flnt plate BV = Jinko JKM320 3¢
{ Jinkos320)
I Complete Catalog |
D Find PV ¢ - ] Ine
{ |L Deratine o Cansider
Mame Y | Library 7| Manufacturer SRSty % CPv | factor | W ,CUME @ semperaturt
(W) (y=ars)
(38} effect
Fronius Symeo 4.5-3-5 with Generic P Pro Diefault Fronius A1 no o5 25 weo
Cronmins Symo A.2-1-M with Genenc | Pro Diefault Tranios "> P a6 25 yes
Hamwha Quplus BFR-GA.1 Pro Default Hanwha Q CELLS 028 no =23 25 Wes
Iuaver SUMN 2000 250 wath Genen Pro Detault | luawen £ no =1+ £h yes
Huawei SUMZ000 30W with Generic Pro Default  Huawei 20 no a5 25 yeo
Ingcteam (T1164kVA) with Genenc 'Y 'ro Detault Ingctcam 1.6k 02 no Do e =]
J& JarnG GO-270 Pros Dielaull | JA Scolar o0z7 e a8 25 ye=n -
< | n | Ls
Include CEC Library (vl o LCancel




Add/Remove  Jinko JKM320

Remowe
PV m MName: | Jinko JKM320 Abbreviation: | Jinko32
= Lopy lo Librory
Properties PV Capacity Optimizati
Mame: Jinko JKM320 -~ Capacity Capital Replacement OE:M &) HOMEH Optimize
Abbreviation: Jinko320 hidul () &) (&/year] Search Space
P T Flal jalal 1000 21,500,000.00 0.00 300,000.00 Arlvanm |
Anel Typae: poleale e
Rated Capacity (KW): 2000 Lifetime More..
time (years) 25.00 i1

Temperature Zoefficient: -0.4
Cperaling Ternperalure (7C): 4500
Ethicicnoy {(%4): Tb.449
Manufacturer: Jinko Solar

Clectrical Gus

Data Sheet for JKM275-60 e et Inpar
Motes: —. N AC N DWC
s R & Derating Tactor (3&): 85.00 -1
| MIPPT | Advanced Input | lemperature
Consider temperature effects?

Using ambient temperature defined in the temperature rescurce,

lemperature ettects on power (% L): -QADD @

Blesrminnal cgaeraling ool Tesnpeeralure (50 47%.00 @

Ethcicncy at standard test conditions (S0 T16.449 @

Remove

CONVERIER® g

SMA Amcrice STP25006TL Copy ™

Marme:

SMA Armnenice 5 1PZ000 L
Copy To Library

Wfi| Parallel with AC generator?

Our commitment is to provide PCUs and con ;

client’s solution to-achieve targefed LCOE

Abbreviation: SMA25
Propertics Capavily Oulitnizalion
8 Capacity Capital eplacemert ST ] % HOMER Optimizer™
MName: SMA Amcrica STP25000TL Copy e B (B) (Bifyear) Search Spave
Akbrevintinn: SMAPS 1 B, 500,00 B7,500.00 BUL b4 Advaned
CIC Inwerters Click here to add ncw itcm
Matss:
Thiz compunenl comes lrom Uhe CEC inver Ley
databasc, which was most recently updated
n Auqust 207/ The nominal voltage is: 4BUV. il . =
_CEC idansifior shic imurrar o = mirrrirarrer || MUTRIET L @ )
e = ] rinverter Input - | - Rectifier Inpus
Generic @ HOMER | |
homerener gy com ey | tetime (years): 5.0 @ Halatie Capmerty (98] | 0.000 @
Efficiency {34k 98.30 (©@|| Eefficiency (e 100.00 @ |

LEONICS.




STORAGE e

Properties

Idezlized Battery Model

Nomina Voltage (Vi 600

WNominal Cazacity (EWh): TE+03
Nominal Casacity (Ah): 1.67E+03
Roundtrip efficiancy (% 90

Maximum Charge Current (A\): 1.67E+03
Maximum Disckarge Current (&): SE+03

wwn.hnmereneggu.com

This is & generic lithium ion battery package
with 1 MWh of energy storage.

Generic
homerenergy.com

Name:

Generic 1MWh Li-lon Copy  Abbreviation: | 1MW~
Batterizs
Quantity Capital Replacerment
iB) (8)
1 €.652,000.00 000
Lifetime
sime (years) 1000
hroughput (kK¥h): 3,000,000.0

Site Soecific Input
Stnng Size:

Inilial 3late of Charye (76)

Minimum State of Charge (%):

[] Minimum storac

Remaove

Cogy To Likrary
Quanilily DpLimnizalion
& HOMER Optinmizer™
_ Search Space

Advancec

More...

&M
{B/year)
100.000.00
(3
(®)

Voltage: 600.00V

100.00

@
@

Maintenance Schedule...

20.00




Simulation Results

System Achitecture:  SMA America STP2500CTL Copy (6,192 kW) HOMER Cycle Charging leallite. LRI
Levelized COE: 8297

Jinko JKM220 (8,000 kW) Grid (909,000 K =
e B000 kAl G 0 Operating Cost $200,247,800.00

Cost Summary | Cash lMlow Compare Lconomics  Clectrical Renewable Penetraton  Jinko JKMI20 Grid  SMA America STP25000TL Copy  Cmissions

Cost Type §3,000,000,000
I §2,500,000,000
) Annualized §2,000,000,000
B1,500,000,000

] §1,000,000,000
Eategorize B500,000,000

®) By Comporent ] : . 1

] By Cost Type Grid Jinko JKiW320 SMA America
STP25000TL
Copy
| Component Capital (B) : Replacement (8)| O&M (B) Fuel (B)| Salvage (8) | Total (B) ]
Grid 800 B0.00 8239208174556  $0.00 B0.00  B2,392,081,745.56
Jinko JKIM320 B1/2,000,000.00 B.0U B29,U52 976,73 BUOD o0 B201,052916.73
SMA America STP250007L Copy BO288,671.38  B3,569,997.64 BO.OC  BO.OD -BGZ9,056.34 B12,229513.17
System B181288,671.38  B3.569997.64 B2421,134662.2¢ BO.0) -B6z9.056.34 B2605.364.27546
[simulation | [ i '@
| Report ime Series Plot Cther..

Simulation Results
System Architecture: SMA America STP2003TL Copy (6,192 kW) HOMER Cyde Charging it e i
Levelized COE: B2.97
Jinko JKM320 (8,000 kW] Grid (959,399 ki) B
Operating Cos . 300.00
CastSl.mmar,rICash Flow | Compare Econemics  Eectrical R@mhle'%neﬁatim Jinko JKM320 Grid  SMA America STP25000TL Copy  Emissions
{®) Bar Chart ) Table
Display: @) By Cost Type () By Component  Cash Flow: (® i Discounted
W Replacement 850,000,000 -
7 Salvaue
< ]
¥ Operating 20
| ™ Capitzl |
-$30,000,000 -
-$100,000,000 -
-8150,000,000 -
-$200,000,000 -
425000000 +——/—/————F—F—F— T — T — T T T T T T —T— T
a 1 2 3 4 3 o 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 2r 23 24 25
|Simulation Report| | TimeSeriesPlot | () Other..




[Eimulation Resuks

Syctem Architecture: SMA America STP2E000TL Copy (6,192 kW) HOMER Cycle Charging

Jinko JKM320 (8,000 kW) Grid (999,392 kW)

Told NPC:
Levelized COE b2.57
Uperating Lost: B20U 24/ 80000

82,607,364,000.00

jCost Summary Cash Flow | Compare Economics  Electrical Fenewable Penetration  Jinko JKM320 Gric  SMA America STP25000TL Copy Emissicns

Return on investment (35}
Internal rate of retum (%)
Simple payback iyr)

| iscounted payback (yr)

| Simulstian Report

Architecture

367.5
374.2
027
0.8

You may choose a different base case using the Compare Eccnomics button on the Results Summary Table,

Cost
Z Jinke320 Y “MWh-L Y Grid e Sh‘ﬁs v I'::}C oY Initial capital e
Base syslem " 8 : i 32,958 !
Lurrent system L J # ¥ soo0 000,000 6,102 12,618 B18IM
< 3
Merric Value
FPresent worth (8] $343.119,600
Annual wor th (Byr) B28,344, 380

Time Series Plot

| (%) Other..

Sirrulation Resu'ts

System Architecture
Jinke JKM320 (8,00C kW) Grid (999,959 kW)

Production

Simulation: R:pwl:

SMA America STP23000TL Cooy (6,192 k\Wy |HOMER Cyele Charging

Cost Summary Cash Flow Ccmoare Sconomics Electical | Renewable Penetration Jinko JEM320 Grid SMA Amernica STP25000TL Copy  Emissions

| 7 4 m | . : ~
f
KWhiyr | % | | Consumption KWh/yr | % Quantity EWh/yr | %
| I |
Jinko JKM320 | 12,521131 7.0 | I ACPrimary Load 72333801 100 Excess Electricity 283027 0388
Grid Purcheses 60503745 E2.9 I DC Primary Load 0 0 | Urmst Electric Load 5,533 0.0000C
Total 73024876 10C | Deferrable Load O 0 Capacity thortage 3476 0.01:1
il A 22200 Wik : .
Muantty Value | nit<|
Frenewable Fracion 166 %
Mar. Renew. Penetation 2'3 % o
Morthy Average Electnc Frocuction
W Jinko32) 12000 1
W Grid 10000 -I
€000
2 ww
4000
2000
0
Jan Fek Mar Apr May

sun

Total NPC:
Levelzed LU

B2605,364,00000
829/
§200,24/ 80000

Uperating Cost:

Jul Dec

Timie Series Plul

| '9 Ctber.




Simulzticn Resuls

System Architecture: SMA Americz STP25C0CTL Copy (6,192 kW) HCMZR Cycle Charging

Jinko JKM320 (8,000 kW) Grid (999,999 kW)

Total NPC:
Levelised COE:

$2,605,364,000.00
8297
B200,247,£00.00

Operating Cost:

Cost Summary Lashtlow Compare bconomics  Electnical | Renawable Yenetration | inkc JEM320  Gnd  SMA Amenca SIFZ50007L Copy  Emssions
Caparity-hasad metrics Value| Unite \alue| Units
Mominzl rencwable capacity divided by total nominal copacity | 1000 % Total renewable production divided by Ioad 173 %
Usable -erewable capacity divided by total capacity 100 % Total renewakle production divided by gereration 171 %

Cinz minus total nonrenewsble production dividec by lead 1000 %

4

Peak values Value

w

Renewable output divided by load (HOMER standard) 213 %
Renewable output divided by total generation 100 %

Haour of Day
[N

@

One minus nonrenewablz output divided by total load 100 5

Instantaneous Renewakble Output Divided by Load
250

200
150
100
50

Instantanecus Renewable Output Divided by Generaticn

90 180 270 355
Day of Year

One Minus Instartaneous Monrenewsble Divided by Load

100
80
60
40
20

simulation Keport

%0 180 70 355

Day of Vear
@ Uther...

lime Seres Plot

Simulaticn Results

System Architecture: SMA America STP

Jinko JKM320 (8,000 kW) Grid (999,993 kW)

Z0COTL Copy (6,192 kW) HOMER Cycle Crarging

Cosz Summary Cash Flow Compare Economics  Electrical

Chiantity Value lint=
Reted Capacity | €000 (4
Mzan Qutput 1429 (34
Mzan Qutput 34,304 Whyd
Copecity factor 179 ¥
Total Producticn 12,527,131 &Whyyr

FV Power Quiput

I YOO

Renewable Penetration | Jinko JKI320 | Gric

| _]” “I Yl !Hi ' IMI i'

82,605,364, C0CU0

827
$200,247,800.00

SMA America STP23000TL Copy Emissions

Quantity Vale | linis
Minimum Dutput LI} (4
Mazximum Qutput 7310 kW
PV Penetration w3 %
lours of Operation 4382  hrsfyr

Levelzed Cost 133 B/kWh

£,000 kw

€400 kw

4,800 bw

3,200 kW

1,800 kw

Tkw

1 %0 180

Day of faar

Simulation Report

270 365

Time Serize Plot

® Other...




Simulation Resuls

System Architecture: SMA America STP25000TL Copy (6,192 kW) HOMER Cycle
Jinko JKM320 (8,000 kW) Grid (999,939 kW)

Simulation Report

Total NPC:
Levelized COE:

Charging

Operating Cost:

82,605,364,000.00

8297

8200,247 800.00

Time Serec Plot

Cest Summary  Cash Flow Compare Economics  Elecirical  Renewable Penetrztion  Jinko JKM320 | Grid | SMA America STP25000TL Copy  Emissions
Rate Schedule: I All |
Energy et Enargy | Peak =
Month Purchased ;:TJgﬂtWh} Purchased | Demand B B |
{kWh}) (kWh) (W) |
January 5233129 0 5233729 13236 B1545483 B931307.0 |_
Februay 4943151 0 4940751 14,979 B14,52460 B1,11C,525 ‘
March 4571651 0O 4571651 11,254 B14,016,85 B834,366.3
Apnil 5382575 0 5382575 14325 B16,55598 B1062045
May 5523511 0 5529511 13.760 B17.34692 B102C180
June 4783750 O 4789750 13758 B14.798.28 B102C.035
July 6135104 0 5,135,704 15852 B12,02604 81175302
Avienict 49732012 n 4833012 10280 BI53AT738 BTAOE0GT
[nergy Purchased from Grid Cnergy Seold 4o Grid
24, e 16,000 ka 24 1.0 kw
e 12800kN .40 0.80 kw
$ SE00KW 0.60 kW
312 6,400 kW 312 U0 kW
S s200kw T A 0.20 kw
o 0w LES : 2 = 0w
1 S0 180 270 362
Dray of Year

() Other...

Simulation Results

Sy=t=m Architecture:
Jinko JKMI20 (8,000 kW) Grid (993,999 kW)

Irmverter| Rectifier| Units

SMA America STR?S00T] Copy (192 W) HOMEFR Cyrle Charging

Total NPC:
Levelized COE:

Operating Cost:

Quantity Quantity Inverter Fectifier| Units
Capacity 6192 0 kW Haurs of Operation 4382 0 krsfyr
Mean Qutput 1373 0 kW Energy Out 12,03005€ 0 KWy
Minimum Cutput 0 0 W Enzrgy In 12238104 0 KWh/yr
Maximum Qutpet 6192 0 W | msass 20R0448 0 Wkfyr
Capacity Factor ikl o %
Inverter Uutput
5,600 bW
ki 4,200 kW
H 2,800 kw
= 1.400 kw
1 ac 160 a0 25
Dy of Yaar
Ractifier Output
3a 1.0 kW
i 080 kW
gis AR kW
e 0.40 kw
£ 6 0.20 kw
0 r T T T 1 Okw
i S0 180 270 363
Uay of Yaar

Simulation Report!

Timc Scrics Plot

82,605,364,000.00

B297

8200,247,800.00
Cost Surmnary  Cash Flow Compare ELonoinics  Eledlrival - Renewabile Peneliation Jintko JRM320 | Grid | SMA Aunerica STP230007L Copy | Emissivnes

® Other...




Simu'ation Results

System Architectare:. |SMA America STP25000TL Copy {6,192 K| 1IOMER Cycle Charging Total NPC: 82.505.364.000.00
| evelized COF: 247

Jinks JKM320 (8,000 kW) Grid (999,999 kW) b k
Operating Cost 8200,247 200,00

Cost Summary Cash Flow Compoarz Economics Eecirical Renewable Penetration Jinko KM320 Grid SMA America STP250C0TL Copy | Emissicns

Quantity ‘alue Units
Carbon Dioxide 38,228,367 kafyr
Carbon Monoxice 1] kgiyr
Unburned Hydrccarbons 0 kg/yr
Parficulate Matter 1] ka/yr
Sulfur Diovide 165,780 kgiyr
Nibrogen Oxides 81,075 kyiyr

Simulation Resort Time Seres Plot @ Other...
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Sensors | PCS Solar Rooftop

: Friday, February 22, 2019

PCS Salar Rooftop
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PCS Solar Rooftop: Friday, February 22, 2018
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Market maturity of grid storage technology

A Technology scaling up
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Portfolio of Electricity Generation

2568

2561 2562 2563 2564 2565 2566 25567

W Pumped-storage hydro m Coal m Gas Oil pu Nuclear @ Renewable energy

517 3.44 uwumswaa Trlihwesldniu

(yansamuItememsiaulszmealne, 2018)

4
a K

A Y o o (=} o < [V Y Aa a
°VIW'lui]']"lﬂﬁﬂuﬂﬁullliljﬂﬁx‘lﬂ']iﬂﬂlﬂ‘uWﬁ\?\‘]'luﬂﬂﬂllﬂﬁmﬂim‘ﬁEJ‘JJ!ﬂWU‘LlG],u
A

[

sz ua lunansdeudsiny 2560 5311 ldv sy man Turuiegs :wiieny Tesla 1o

i3

v
aAa A =

9 v [ 9 A Y v A a [
ﬁ"iNIﬂi\?ﬂ'ﬁﬂﬂlﬂ‘UWﬁ\NTuﬂﬂﬂllﬂﬁlﬂ@ﬁﬁlﬁﬂﬂqﬂﬂ@u LW@LLﬂﬂi}J)ﬁWllv‘Iﬁ'lﬂ‘]Jﬂlﬂﬂﬂluiuﬂf’N
9 A a ] < v =R Y [ = A 9 A [
AUPRBDUTINIAN 2560 ’E)EJNUliﬂWm NTeIDIAU 2561 El\illiJiJﬂ’J'liJﬂ’Uﬂuflﬂ q tNeINY

Tasamsaenan

37 ayl
lugruvesnguiuazaunagiuitnerdos Tadnymwuimuididanaa ldiveq
v
Uszina'lne (PDP) srvauadandsu llihvelsamalne awnsaagd1dn Mluilgiu
9 4
uazewnay uud Tudumsldndsa e slsemalnenazvesTaniinsInan
[ A d? d' v Y N dy A A 9
aulandsnunaunuiindy iewniladedunaniizrionsanasveusonasnldlums
9
w'lndl s ld ldeenuTouieais q vadvayuldauaulandsnunyudouuiniu Tu
a a 4 @ dy [ ~ a J d' 9 [ a 4
Inentinusatiuiazaulummzndsaunyuiouainudietiad iesdeilidenegimeaas

o :j/ A a 3 4 < ' Y o = a
5116\1ISN'IHTWJVI’JVIJJHHL‘VHJEE‘I’NTIﬁ]$Gﬂﬂ@]QI‘])’a'lig‘N‘VIE]‘]Jll'lﬂﬂ’J'lﬂ'lii%WﬁN'lHﬂi}‘luL’Jﬂu%uii’]

v
= %

A A~ ) U a @ = Y ~ ' A o a a 1 Aq Y
DU 9 m@umﬂmmaqwamwaNmmgummummﬁmzumwamum awamﬂummh"lﬂ



94

= o

Y =S v I [V Yo ~ o Y o J =] £
v ldma TuTadszuudnnunaeu lasuanuanlefezihun1dswiuTearsganed 4
Aov I o ~ A= Aaa 1 Y F2
maluTagnnnundenuimunzasluiligivae nuaees asou leosu uazludiugaiela
o 09)1 o J a J J
WeueduasumsosnuuutaziImsTmes e iihuaziasygmaasveaTsunsy

HOMER #4928 anansanand luuni 5



UNN 4

Aad o a a v o
AFNIIAUUUNTITIVYUATNANTITIVIADI

\ o
41 AN
= Ao =K 9 9 [ a o ==t = (9 Qy
MIANHIIILANHINITAAAUNUATUNGINUYIVTHN W5 100, undu ng1 Taada
o w Y 7 < A ddy A a @ ~ o a o J
narsy) Taglylyarsginel) ieannlnunusnauaImMnmnNe aursuaadaa laais
] { o v v a3 @ { 4 J a a 1
sl waznuamesdrsuinnunas Ul learssadnaa lamnu Tnaaw1 13110510 Tnaa
] A £ 1A ya ng 4 a o (L 9 YA
Tugeon q YAy Tssnulddaduyaduasernadvuia 5 MW agneunds uazlal
o w a ;’f J =] = [~ @ QBJJ 9 a a SR A
Tasamsmaszaadelearsgd noldn 3 MW 5uilu 8 MW AWTUAREUINGIUNUTIIN
A % o 4 <
anvaulaneglylssnudinadussuunaaol

=

42 msdeesszutldihvesusn W.asoa. undu 031 Jaada S (r1wM)

Ad' = a S A = (44 Aw o
4.2.1 HNMIADHIVIHN N.H.L107. UNTH ﬂj“lj JELTN 1NA(NTIFH)

e =he

9
=~ Y A A

=2 o o Y a o S A = (%) Qy o w
NUNHTUANKITTINIUVIVOU A UTHN W.H.Lod. LUBUY ﬂiq‘ﬂ Tganq 3104

D.

Y
= [ v 1 [

(WH1TU) B8N0 WHIAUATI BTN G]\‘l’EJEJ‘VINﬂ”lf"l@l%?]u’f]i’]ﬂlaﬁlﬂlﬁﬁﬂﬂl@\iﬂizmﬂqﬂﬂ

u

79319 4.1

U

.....

ummN
18ang Nakye
! Ratchasimd

Y
v

A o A a S A = %) Qs’ o w
SUN 4.1 AUHUINAIVUTEN W.F.10d. LNTY ﬂ§’]J Taana 9100 (U1 U)

R

o



96

Y

Y a d ad d d
422  Fdeyannudunasinduazgurginundlsansivad
a 4 a 7 a A a {
mswan lihonaaduaseriadeziidszaniamnmsnan liihgeangalu
FrnanarsiudgiaeandosnumsldauvesIvangegalunainaisiu veslssudiu
Traininszuaumsmsnanlugienarsiuun ludlsmalnolinnuduvesmsunsadang
a 1 2 dy Aaa 9 T Ao a
p1Madod1ur1e 20-24 MI/m’/day Tutlszma Ingnunnianuduvesnsunisdaiseriag
A a Y a2 =} dy Ao [ = = v v A
A VINAUMANE TuRNREUNHRUBITZIN TuNUNTIHTAUATIIFANINNTATIVIATT
a Jd o = 9 Ty A a JA A ' A
A3 1Madlu1lszd1mnd) ANMTNYEIMTUHTIEAITING Aomasgagaed AL IEY
vouuaaziogh 6.13 kWh/m’/day uazwasiumasiiga odludoungadnioy Ae 4.731
g { 1o a J a
kWh/m'/day Tuiufifnfinnuduveanisuisadni9e1iad 70527 kWh/m'/daygaviqi
v 4 0 v 9 a =

windenlaemay 25.53° Clagvayannuduuaduazgungiozuaadlugiin 4.2 uag 4.3

AN

- Monthly Average Solar Global Horizontal Irradiance (GHI) Data
' Mol ' Clearness Daily Radiation 24 i
| Index (kWh/m3/day) || = 6- 0.9
Jan 0606 4984 < - 0.8
=
Feb 0580 5258 FE "’ sl
/2 4 -06 E
Mar 0570 5.685 = -
| e 05 §
Apr 0.581 6130 W a-gr L oa £
[ (- B
May 0523 5.594 Py | L3 ©
| =
Jun 0.498 5305 | E - 0.2
Jul 0496 5275 | [
Au 0494 <5207 | S \ 0
- ' SO FFRSISQ/TS
RS S oE
Sep 0512 5193 | FIEEI IS
| Downloaded at 11/24/2018 6:00:22 PM from: I
5 SEL R National Renewable Energy Lab database.
MNow 0.564 4,731 Mational Solar Radiation Database
CellNumber: 250066
[j =< S CellDimensions: 40km x 40km
- CellMidpointLatitude: 15.272
Annual Average (KWh/m?¥/day): 5.27 CellMidpointLongitude: 101,954

[ [ =

= 9 9 o A a o A A=
EI;‘]_I‘VI 4.2 Ell'ﬂjaljaﬂ’.]'llllsllll"]]f]\jﬂ1§!LN?QﬁﬂjQ@’]%@]ﬂﬂ]@qwu%ﬁﬂH'] WNIAUATIIVEUN



97

- Monthly Average Temperature Data
T .[}F;ih’ T :: 28
Month | Temperature | 27
. L°C) o
Jan 24,580 v 26 1
|Feb 25.980 £ 2-
| a
Mar 26,680 £ o4
| w
F
; Apr 26,900 .-%" 23 -
M 26.790 3] =
| i 22 4
Jun 26.310
| 21 —
Jul 26.000
FLIEPSTTHPLS &
' < 5 oF
Aug 25.900 ¥ = X §
' < 25 660 Downloaded at 12/5/2018 1:30:07 AM from: ~
| e : MNASA Surface meteorology and Solar Energy database.
(foct 24 840 Air temperature, monthly averaged values over 22 year period
| — | {July 1983 - June 2005)
| i 23.600 _ CellNumber: 104281
b e CellDimensions: 1 degree x 1 degree
Annual Average (°C): 25.53 CeliMidpaintLatitude: 14.5
CeliMidogintLonaitude: 101.5 b

[ 2 =

= v N A A=
?th/l 4.3 Tﬂﬂuaqmﬂﬂuﬂﬂlﬂqwu%ﬁﬂy1 AWHIAUATINYTUN

v
a o_v

423 TraamalvlihvesuSsn .4 0a. wdu 03U Taads diva@mzhidl 2015

' A A ) a S o & Y A A
ﬂ'ﬂu‘VIi]‘éﬁ!ﬁ'ﬁ]ﬂ"]J‘L!'Iﬂ"UENi%lI'LIWaﬂﬂTuﬂHulﬁﬂuuu imﬂumammsﬂ’izmu

mszni fhednseuneuneu Joyaniszmaliiherdedoyanmsema i u@uves vien
A a = (9] ay o w = Y @ a 3
W 3od. unGu ng1 Taans $1da wrww) il 2015 Tannmsasieiaoinmsandeszu

Rutdeyaruszuuudeyavesns ihdwgiine mazmalihwmdnfidunsymallih

4 H
gaga avulumudounsngiauiiai Ivaamaveghn 156,488.71 kWhiday uazii Inangge

U

A | A v v A o
A0 12,482.17 kW Iﬂfﬁ]g!Lﬁﬂﬁlﬂui’lﬂlﬂ@uuagi'lﬂlu@NE‘]J‘VI 4.4 110 4.5 A1ua1al



Scaled data Monthly Averages

14000
12000 + ==
g 10000
= _ 1
15}
E B000 St
o
m
(W}
v BI000
i
= iz
E
T 4000 L = I I
‘E = =
= J_
2000
0 T T T T T T T T T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct  Mow Dec
Maonth
~ = A
QU
U 4.4 anvazman)asunlasvesTnan lihsodou
Sealed data Daily Profile
Jan Feb Mar Apr
12,377.80 1237730 1237780 1237780
1137780 11377.4C 1137780 - 1137780
1037780 10377.3C 1037780 - 1037780
9,577.80 / 23701 937780 - 937750
8377.80 3,377.80 837780 - 837780
7577.80 7377.80 A 73Tse- 737780
6.577.80 5.377.80 637780 - 637780
5577.80 5377.80 5377.80 - 5377.80
4577.80 4277.80 237780 - 437780
357780 337780 337780 - 337780
2377.80 T T T 2377.80 T T 237780 T T T 237780 T T T
0 6 12 12 0. 6 12 18 0 6 12 18 7 € 12 18
May Jun Jul Aug
12,377.80 12,377.3C 1237780 - 1237780
1137780 1137730 1137780 - 1137780
S 10377.80 1037730 1037780 - 1037780
= 037780 3377.80 937780
8 B377.80 5377.50 837780
1z o iz
37780 5,377.80 ] :
B 3i7s0- 5377380 —,\-/\/-\ 537780 |
8 13780+ 4,377.80 437780
S77.80 377,80 337780
23T77.80 T T T 237180 T T 237780 T T T
0 6 12 13 SIaJ N2 | it 1 € 1z 18
Sep Oct Dec
12,377.80 12,377.3C 1237780 - 1237780
1137780 11377.3C 1137780 - 1137780
1037780 10377.3C 1037780 - 1037780
9,377.80 3,277.80 937780 - 937780
8,377.80 3,277.80 837780 - 837780
7577.80 7.377.80 737780 - 737780
5,577.80 5,377.80 637750 637780
5577.80 5377.80 1 537780 - 537780
4377.80 4377.80 237750 - 437780
357780 337780 337780 - 337780
23T7.80 T T T 2.377.80 T T 237780 T T T 237780 T T T
0 6 12 13 ¢ 6 12 18 0 6 12 18 0 & 1 18

U 4.5 anvauzmsnlasunlasveslvan lihaeTuvewaazinou




99

4.2.4 mseenuuuszuUNan Ivlvh

J

Aa o A A = (4] Qy 0o w ya Z o a
UIHN N. YO, LUUBU ﬂiq‘]J I%IEWN i]”lﬂﬂ(ll‘]riW‘Bu)”lﬂﬁﬂ@mlclfﬁmlﬁﬂﬂWW]EJ

1 9y 9 o w a qul J ] = <
a5 MW egneundl uaz laiilasimshidazaadilearsgineldn 3 Mmw sauilu g

Yy 9
a a v @

[ 09: 9 A =L Y o a d A ~ AW 1a 4
MW muum@uﬂu’mamwuﬁm"lﬂmmi Anserseumey Gluﬂiﬂlﬂﬂﬂﬂll@]ﬂﬁﬂ@ Twans

Y

] 9
AAAa o =) 4

< < ia o g g
gn0) nsdinAadaTearsgiiel s Mw naznsainaadslaars el lanumuizay

U U
k4
A

numulsganinmmaihnutezdnssugenaasvie lu wieunainauenagninsdans
' 2 < < { J 3
Mvunzay 5 nagnt ae (1) vivinalsarsgiiiel muzan 2) mualsarsynied vag
4 - 4 a a
HUANBTNIMANZ AN (3) H1VUIARENNTAVBITZUUNATDY (4) HDAKDIAITUIINIAAANUKAD

9 1 d'

Y [
miladedquarnazaaasuieaimisonielifindugszuniaseireldiinanldve

a d Aa Jd 1 9 A ~ a G Y
wsiwesFuasuyendasiusuls Tasldnsdlimunzauigana nazsimginsainlylu

MIAUIUILUEA T UAITIN 4.1

~ o ) [ =
M9199 4.1 tanasIMUnsaitazAinge s ny el

) I lumsaaag A1I1395N113167)
gi/nyai ) .
@1UVIM/MWA))
PV (Jinko JKM320) 21,5811/ MW 0.3801M/MW/A)
Generic IMWh Li-Ton 6.648111M/MWh 0.14141N/MWh/i)
Inverter (SMA America STP25000TL) 1.5 814NN/ MW -

Y Y
gariulumsdiaosaziinmstiasinadleiunavue 8 ndl Ysznoudle (1)15391189

lifadslearigied @ Tssnmdadlea1sguiel s Mw 3)Issnudadalgarigiliied 8

4

a 0911 < { a qul ]
MW (@ Tssnudadslsarsgiieldrevinaimiuzay (5)IssnuaadsTeaisyuineluas

u

[
=

4y A a o s
nuameIAtrLIaNIZaY (6)T5enudaanlgaisgiieduazuuameIauaIuiso
o a Y 9 ~ = A 1 2 9 VoA a g
Autumsuuonendivasz 14 (7) nuamesalsisinanaundeiladequaiiozands
@®oannsavie lihndugszuniaseie Tdhman 1ddalunsdin 189 3 az1ddoyaTnan

113l 2015 drunsaing 99 6 214 Inaaluil 2015 89 2020 Tasimuald Inaauvuiailas

4
v A

A 9 = & o ' = o a 9
4.5% n39i 7 19 Tnanil 2020 Fawamssraesvesusaznsdiaunsnhmiesine laaed
425  pstilsanuiahidadslyarsguiienl
v 9
nsainde lidadaTearszvietaz 19 Tnantl 2015uasTunuiavesszuudagil

v 1 Y
# 4.6 anstraseir linnunszuy IihvesTsenuluneuide lidads Taarsgrien




100

Aunuilegtiugnd (NPC) iy 2,285 A1uum Jan1d91eveanasIuaeniag (COEMMINDY
Y
A o

331 vuazgeraa luihennia ag 57,111,226 kwh feg1f 4.7

v 9
51/ 4.6 unudsvesszuy Tsaauds hidads Tvans el

System Architecture: HOMER Cycle Charging jamies- G

: Levelized COE: B33
Grid (50,000
fid (50,000 1) Operating Cost $188,771,700.00

Cost Summary Cash Flow Compare Economics | Electrical ﬂ d Emissions

: Production KWh/fyr % Consumption KWhiyr | % Quantity kWh/yr %
| Grid Purchases | 57111226 100 ACPrimary load 57,111,226 100 Excess Electricity 0 0
:“To?l : 57111226 100 | DC Primary Load 0 0 Unmet Electric Load 7,154 00125
Deferrable Load 0 0 Capacity Shortage 7,860 00138
A\ o, & TR . .
Quantity Value Units
Renewable Fraction - 0 . %

Max. Renew. Penetration 0 %

Monthly Average Electric Production

BGnd 8000
7000

6000

5000

4000

3000

2000

1000

0

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

[ v 4
51/ 4.7 wamstrasamadiu e Tssnuids hidads Tvari el

o ¢
42.6 nylssnuAandsarssrivied sMw
A a oaj J [} = @ @ A
nsdin lssnudadslaarsginell s MW Hunufsvessuaegli 4.8 uas

w14 Tnandl 2015 wazliuwursvesszunaegli 4.8 snmssaesiildnaszuy Tl



101

a qu o <3 = @ a [ Y 9
v93 I591uaaa Tearsgniel) sMw vaunuilagliugns (NPC) 11111 2,096 A 141N

1a119918909NEI9UADNUIE (COE) (M1151 3.03 1IN nazdoniad iiainnia daz
49,495,957 kWh 91931/ 4.9

AC DC
Grid Electric Load Jinko320

THIO [

B 1 -

15648871 kWh/d
1248297 W peak

SMAZS

v 9
51/ 4.8 unuAsvesszuy Tsanudads Tyansgiliel s Mw

System Architecture: Grid {50,000 kW)

Jinko JKM320 (5,000 kW) HOMER Cycle Charging
SMA America STP25000TL (3,998 kW)

Total NPC: 82,096,728,000.00
Levelized COE g3.02

Operating Cost: B163,830,400.00
Ceost Summary Cash Flow Compare Economics iaectrical ﬁ;:ru:\uable Penetration Jinko JKM320 Grid SMA America STP25000TL  Emissions

‘ Production kWhyyr % ‘ Consumption: | kWh/yr E Quantity kWh/yr | %
| Jinko JKM320 | 7825707 137 | | ACPrimary Load 57,112,822 100 Excess Electricity 77,115 0.135
: Grid Purchases 49495957 863 | | DC Primary Load 0 0 Unmet Electric Lead 5,557  0.00970
R o TR 0 | Deferrable Load 0 e Sapaghyshiorage i 7 b8 D02 |
|Total 57112822 100 -
Cuantity VBIUE; Uni'ls;
Renewable Fraction 133 %

Max, Renew, Penetration 169 %

Monthly Average Electric Production
W Jinko320 8000

W Grid 7000

Jan Feb Mar Apr May Jun Jul Aug Sep Oct MNowv Dec

k4
51/ 4.9 wamstraanadiu e Issnudads Tearsgvied sMw

427 nstilssnufadaleansgviied 8 Mw

v E4
i IssnuAadlea1sguiel 8 Mw vz19Twandl 2015uazlinauiaves

v 9
szuuaegi 4.10 9nmssraesih limswdszuy IfhvedlssnudadsTears el 8
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MW daunuilagtivgns

q 9 q

Y
A

i 2.89 U wazdeias Idhainnsa taz 45, 416, 715 kWh asgd 4.11

AC DC
Grid Electric Load Jinko320
Fi{e] |

JUN 4.10 UHUAIVDITE uuiswmmmimaﬁmmﬂ 8 MW

7000

M Grid
6000
5000

= 4000

Max. Renew. Penetration 270 %

System Architecture: Grid (50,000 kW) Total NPC:
Jinko JKM320 (8,000 kW) HOMER Cycle Charging Levelized COE:
SMA America STP25000TL (6,144 kW) Operating Cost:
Cost Summary Cash Flow Compare Economics | Electrical Renewable Penstration  linko JKM320 Grid SMA America STP25000TL  Emissions
| Productlon kWhyr Fa Consumption KWh/yr | %a Quamlt_v
E:_Jmho JKMBEU | 12521131 216 AC Primary Lead 57113777 100 Excess Electncﬂy
Grid Purchases 45416715 784 DC Primary Load 0O 0 Unmet Electric Load
Total 57937846 100 | | Deferrable Load = 0 o | Capacity Shortage
| Total 57,112,777 100 |
Quantity
Renewable Fraction
Menthly Average Electric Production
M Jinko320 8000

102

(NPC) 191101 2,001 411110 e 1d918u9andea1uaeniig (COE)

B2,001,244,000.00

B2.29
§150,348,700.00

kthyT %
621,781
4603
?_',354

‘I i]]"
0.00810
0.0129

Value| Units
205 %

3000
2000
1000
0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Now Dec
JUn 4.11 Namsmammqmu"h/\hﬂw@ﬂiwmmmTclfmsswmﬂ 8 MW
a 6’3 d Y
428  nsallsanuAanslsasyiieddevinaimingay
{ a 3 J < {
nsain lsenuaads Tgansgrneddrevinaiimnzauaz 14 Tvaa 7 2015 04
o Y A v A d%} | @ @ A
2020 TagMviual lvaaloasimsnuInilas 4.5% unuiavedssunaziang aegUi 4.12
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1) Tssnudadslsmssiieddevinanmunzan 191naail 2015
o o ' <]
1nn1ssianslasld Inaail 2015 irldnsrudrvuialaairsgnesl
nmuzannuszuy TifhwesTssnufevuia 14,182 Mw Hdunuilegiugns (NPC) iy
Y A Y @ 1 1 "W dil o w a
1,918 A i ldaeveandeauaeniiae (COE) iy 2.77 U Feasias Iviheinnia

laz 39,709,768 kWh uaziiszezmsaunuedi 5.54 1 dasiaeuununielu (IRR) 17.7%
795107 4.13

U

AC DC
Grid Electric Load Jinko320

)

15648877 kWh/d
1248217 kW peak

SMAZS

-2

‘]J‘I?I 4.12 UHUAUDITY ‘]JUI’B"N'IHGI@WNI%GﬁSWVI@‘]Jﬂ’JEJﬂJH'IﬂTIL‘HiJ'IWﬁiJ

System Architecture: SMA America STP25000TL (7,997 kW) HOMER Cycle Charging ot HEC £1.918,071.000.00

linkers T30 (14, 187 kW) Gridl (50,0000 kW) Lea Rl AF: =y
Operating Cost: 8122,.260,000.00

[oct Summary Cach Flow Compare Economice Eleclrlcal | Renewable Penetration Jinko JKM320 Grid SMA America STP25000TL Emissions

Production kWhyyr e l -nnsUmpTion l’Wh;"yr % 1 Cluantity KWhiiyr %
Jinko JKM320 | 22106546 35.0 AC Primary Load 57,115,742 100 | Excess Electricity 4480551 725
Grid Purchazes 20700762 64.1 DC Primary Load 0 4] Unmet Electric Load 2,636 0.00460
lotal b1,906,372 10D Dietarrable Load 0 (4] Lapacity Shortage b ubl n.oL2
@l & ALLNER U .
Quantity | Malue| Units |
Renewable Fraclion 305 %

K Mix. Renew. Penctration 479 %

Maonthly Average Electric Production
B Jinku320 9000

M Grid 7000

bUDD
= 5000
= 4000
2000
2000
1000
4] ' ' ' ) ( ( ' [ ' ' ' |
keb Mar Apr May Jun Jul Aug Sep Ot Mow Dec

31U 4.13 NamimaawmTiwmmmMaﬁivxlmﬂmﬂmmwmmwﬁu Tviandl 2015

2) Tsanudaaslsaigrivieddevinaiimanzas 151vaatl 2016

1anssiaedlasld Inanll 2016 Krlinsudrvualearigiesl

d' % = = 9 L% a |-
tmngaunuszuy ihveslssnunevuia 14,820 Mw idunuilagiiugns (NPC) tiny
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9 a0 Y [ 1 1 1w dy o 2 a
2,004 21011 HarlFIeveandsaIuaoniie (COE) iy 2.77 1 Foiias luihoinnia
IS IS A ld‘ o
Yoz 41,496,718 kWh uaziszezmsaunuedi 5.541 dasiaevunumelu (IRR) 17.7%
A3 4.14

3) TssnuAaaslaaigriveddevinaiimanzas 1¥1naatl 2017
o o 1 3 {
vinnssraealaeldinant 2017 ildnsrwdrvuialearsyieln
mimzaunuszuy Ifhveslssauaovuia 15300 MW dunuilagiiugns (NPC) mhnu

Y S Y Y 1 ] "W dy o w a
2,073 a1 T ldieveandsnudeniiie (COE) iy 2.78 1 Femaa lWiheinnia
= = A Id' S v 5 d'

Az 42,852,388 kWh Uszezaunuedn 5.541 dasmeuununglu (IRR) 17.7% fa31i 4.15
4) Tsanudandlsmigriieddevinaiimanzas 1¥vaail 2018
nnmsitaedlaoldInandl 2018 i1 ldnsrudrvuialearsgiied
A @ = S 9 [ 3 a "o
nmngaunuszuy ihveslssnunevuia 16,735 Mw lidunuilagiivgns (NPC) tnu

9 = Y [ 1 1 1T W Lﬂy o @

2,263 dwnm A ldTeveandeniudaoniiae (COE) iy 2.77 1n uazdesias Ivihnn

n3aia

ee

46,857,530 kWh Hszezaunuegh 5.551 dasmeuununely (RR) 17.7%

(3

g1 4.16
5) Tssnudaaslasmssufieddevinaimunzan 191naail 2019
1nn1stiaeslasldlvantl 2019 $rldnsrudrvuialearsgiiel
A 2 A = 9 o a ' v
amnzauiuszuy ihvesdssnufoving 17,373 Mw Sdunuilegiiugns (NPO) iy

9 =)

2,349 a1 Ta19918v09Na9 A0 (COE) 11l 2.77 VN wazdemaalnihon
n3a Yaz 48,644,480 kWh ﬁiwzﬁunuafjﬁ 5557 9asimeuununialy (IRR) 17.7%
SaqUil 4.17
6) Tﬁamu?mélv’ﬂma1§§Nﬁaﬂﬁaﬂwmﬁmmmu 19vaail 2020

wruiaveaszuudaanalugii 5.22 1iamsdianslasld Tnanil 2020
ﬁﬂﬁ‘nima'wmﬂimmfgv\lﬁaﬂﬁgwmzﬁuﬁmzw"lWﬂwaﬂswmﬁammﬂ 18,011 MW
Haunuilagiiugns (NPC) v 2,435 A uum T l9e1eveandenuaeniae (COE)
W 2.77 v nazdertdaliihnnnsa Yaz 39,709,768 kwh fszosunuedi 5.55 7

on3mpULNUMg U (IRR) 17.7% 293109 4.18
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System Architecture: Grid (50,000 kW) Total NPC: §2,004 385,000.00
Jinko JKM320 (14,820 kW) HOMER Cycle Charging Levelized COE: B2.77
SMA America STP25000TL Copy (8,356 kW)

Operating Cost: B138.221,200.00

Cost Summary Cash Flow Compare Economics i Electrical | Renewable Penetration Jinko JKM320 Grid SMA America STP25000TL Copy Emissions

Production I kKWhiyr | % i Consumption kWh/yr ! % ! Quantity ! kKWhyr I% |
Jinko JKM320 23,195,390 359 AC Primary Load 59,685,951 100 Excess Electricity 4,691,592 7.25
Grid Purchases | 41496718 64.1 DC Primary Load 0 0 Unmet Electric Load 2754 0.00460
| Total 64,692,107 100 Deferrable Load 0 0 Capacity Shortage 7,273 0.0122
Total 50,685,951 100 |
| Quantity ! \I’aiue! Units

et eion 05 %
Max. Renew. Penetration 479 %

Monthly Average Electric Production
M Jinko320 9000
. 8000
M Grid 7000
6000
5000
§ 4000
3000
2000
1000
4]

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

H ° a os/’ 3 {
1 4.14 mams$ranves Tssnudade Tvansgriiod drevinainanzay Tuaadl 2016

System Architecture: ~ SMA America STP25000TL Copy (8,724 kW) HOMER Cycle Charging iutal TR 82073, 17800000
Levelized COE: 8278
Jinko JKM320 (15,300 kW) Grid (50,000 kW) e
Operating Cost: 8143,005,500.00
Cost Summary Cash Flow Compare Economics grEfectrfcaﬂ Renewable Penetration Jinko JKM320 Grid SMA America STP25000TL Copy Emissions
— -~ — - & < |
[ Productinn kWhfyr | % l I(".nnswmplinn | kWhy/yr % Cmiantity leWhyfyr | %
| Jinko JKM320 | 23946721 358 AC Primary Load 61,619,034 100 Excess Electricity 4,855,525 7.27
Grid Purchases 42,852,388 64.2 DC Primary Load 0 0 Unmet Electric Load 2,931 000480
| Total 66,799,109 100 Deferrable Load 0 0 | Capacity Shortage 7,605 00123
Total 61619034 100
________ : A : :
'__O_uantity | Value| Units|
Renewable Fraction 305 %
Max. Renew. Per i 404 %
Monthly Average Electric Production
B Jinko320 9000
M Grid m&nwcn
6000
5000
Z 2000
3000
2000
1000
0
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

H ° a :/’ 3 i
1 4.15 vams$raevesIssnudads Tvansrfiod drevuaiininzay Tnaatl 2017
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System Architecture: Grid (50,000 kW)
Jinko JKM320 (16,735 kW) HOMER Cycle Charging
SMA America STP25000TL Copy (9,436 KW)

Total NPC: 82,263,324 ,000.00

Levelized COE: 8277

2.0

Operating Cost: B156,077,500.00

Emissions

Cost Summary Cash Flow Compare Economics | Electrical | Renewable Penetration Jinko JKM320 Grid SMA America STP25000TL Copy

T 1 [ |
Production kWhfyr | % i I Consumption KWh#yr | % | é Quantity kWhiyr | %
- - | ! ] s E
| Jinko JKM320 | 26,191,921 359 | AC Primary Load 67,396,574 100 Excess Electricity 5297673 T.25
Grid Purchases 46,857530 641 i DC Primary Load 0 4} Unmet Electric Load 3,110 0.00460
dotal 73049452 100 | Pt nahie Eoat g g {Cap=atyBhoniager gl = 000 ]
Total 67,396,574 100 i
Quantity Vhlue! Units!

Renewable Fraction 305 %
| Max. Renew, Penetration 479 %

Meonthly Average Electric Production
B Jinko320 10000
9000

B Grid 2000

kW
=
2

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Now Dec

v v v
51/ 4.16 wamsiianaves Issnuaad lgarsrlieddrovnaivanzay Tnaadl 2018

Systemn Architecture: Grid (50,000 kW)
Jinko JKM320 (17,373 kW) HOMER Cycle Charging
|SMA America STP25000TL Copy (9,796 kW)

Total NPC: 82,349 637,000.00

Levelized COE: B2.77

2.0

Operating Cost: 8162 029 600,00

Emissions

-Prnduction | kWhyr l—%_‘_l | Consumption | KWhyyr T%_J Quantity : kKWh/yr | % i
Jinkw JKM320 i 27,190,765 . 3?.9 [ AC Plimdnth_.bud E_gﬁ_c-,?;ﬁo Extess Eledlricity 5499715 7.25 I
Grid Purchases 48,644 480| 64.1 DC Primary Load 0 0 Unmet Electric Load 3,229 0.00460
Total 75,835,245 100 Deferrable Load 0 0 | Capacity Shortage 8,526 0.0122
Total 69,966,782 100
Quantily i leuel Um'bg
Ren;able Fraction -E_ ?_I

. Max. Renew. Penetration 479 %

Monthly Average Electric Production
M Jinko320 10000

M Grid

kW
(¥,
g

Jlan Feb Mar Apr May Jun Jul Aug Sep Oct MNow Dec

H ° a :/’ 3 i
1 4.17 vams$raeves Issnudads Tvansrfiod dreviaiinanzay Tnaatl 2019



107

2.435,950,000.00
System Architecturt~ SMA America STP25000TL Copy (10,156 kW) HOMER Cycle Charging IOiall.NP:' ” e, m-“‘:‘i“"
evelized COE 2.TT

Jinko JKM320 (18,011 kW) Grid (50,000 kW) 2

Operating Cost: $167,981,700.00
[ost Summary Cash Flow Compare Economics | Electrical | Renewable Penetration Jinko JKM320 Grid SMA America STP25000TL Copy  Emissions

| Production kWh/yr %

Consumption kWhiyr % | | Quantity KWhfyr | %
| Jinko JKM320 | 28,189,609 359 : | AC Primary Load 72,536,986 . 100 Excess Electricity 5,701,738 7.25
Gﬂd iJLm:hases 50431402 641 DC Primary Load 0 0 Unmet Electric Load 3,348 0.00460
Total 78,621,018 100 Deferrable Load 0 0 Capacity Shortage 8839 0.0122
| Total 72,536,986 100_ _ . _ .
Quantity Value| Ui’!it:
Renewable Fraction 305 %

Max. Renew. Penetration 470 %

Manthly Average Electric Production
B Jinko320 12000

W Grid 10000

8000

2 000

4000

2000

0

lam Fah LTS Arr | ¥ Taa

v k4 v
51/ 4.18 wamsiiaoaves Issnudade Iyansgrlieldovinainanzan Tuaail 2020

a o d $ 3
429 malssnufandlsasyilieduazuuaneialsvinaiminza
~ A a & s (< Ay A ]
nsali lsanuaaaddgarsgineluazuumaeidrsviaiminzanaz 14

= =t o Y = A 4? =l o
Tviand) 2015 9491/ 2020 Tasdviualy lvaaloas 1SRNV UTaY 4.5 % UHUAVBITEVUIY

v
=

uaaeaagi 4.19

AC DC
Electric Load Jinko320

= o Aa osz' 4 <3 Ay A =
Z‘]J‘V] 4.19 u,wuww'e)eizuumﬂmMm’agwmﬂuazummmmammwmmmﬂwaﬂﬂ 2015
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1) Tssnudadslsarssieduaznumneidrsvinaiiminzanlyvan
1l 2015

1nnssraedlagld lvanil 2015 Hildnswnvuialsarssiiedn

U

mnzaunuszuy IihvesTssnufevuna 14,182MWHALLUAADTYUIA 6 MW HAUNU

Hagifugns (NPC) M 1,948 dmun i ld910ueanasauaoniie (COE) 11 2.80
dy o w a = = A ld' Y o
v Fohaslnihninnia az 38,457,215 kwWh uagiiszezmsaunuegh 5.84 1 dasino
ununglu (IRR) 16.2% A931/91 4.20
2) Tsanudaddlsarsgriieduaznumnesdrsvinaiminzanlilvaa
1 2016
unuAavesszuusaaaslugl 5.26 vinmssiaeelagldvaail 2016 i

J

1 < { [
Tinswnvnalsarssnielimnzauiuszuu e lssnufovuna 14,820 MW tay

u

Y a

B Ay o Y A gy o
UUANBDIVUIN 6 MW N@uwu‘ﬂﬁ]ﬁ]ﬂqu‘ﬁ (NPC) tm1nuy 2,024 14U N 3Jﬂﬂ%i]”|8"]]’0\‘1waw1u

a a
Y

@018 (COE) M1 2.80 UM Fon1dd Inihainnia Fay 40,236,310 kWh uazliszezms
A ld' ]S o [ d'
AuNUoLN 5.83 1) das1meuunuMely (IRR) 16.3% Aa31/n4.21

3) TsanuAadalsarsgiieduaznumnesdrsviaiminzanlilvaa
12017

ueuAsvesszuDaInaaluglf 5.28 vinnissianelaeldnand 2017
o 1 < { o
wlimswvnae Tvas e iunz auiuszon lWihvesIssaufeuia 15300 MW
= Ay o A o Y a1 g9
HazHUANeIYUIA 6 MWh Baunuilagiiugns (NPC) 11111 2,092 a1uum Uals91evoq
% 1 1 1 % dg, o QU =) =

WHINUADNUIY (COE) 111191 2.80 V1IN Foraa lihainnia Yaz 41,589,700 kWh uas
=\ A ld' ] o [ d‘
UszgzmsaunNuegn 5.811 8aswovunungly (IRR) 16.3% A431/7 4.22

4) TsanuAanddaassriiietuasuuanesdisvinaimunzanlflvaail

2018

=).

o o ' 3

1nnssiaealaeldlnanil 2018 Hrlinsrvdvualyarsginel

mimzaunuszuy lihveslsenuferua 16.735 MW wazuuames v 7 MWh Hdunu

fagiiugns (NPC) iy 2,286 A Haldareueandenuaeniie (COE) 110U 2.80
dy o o a =\ = A ld‘ S| @

v Fonas Ivliheinnia Tag 45,393,619 kwh uaziiszezmsaunuedi 5.84 1 dasiaeu

ununelu (IRR) 16.2% #3317 4.23
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5) Tsanudadalasarsgiieduazuumnesalavinaiitminzanlilvaa
1l 2019

nmssraedIaeld Inanil 2019 ¥1ldns1uvuialearssfioln

minzaunuszuy liihveslssnufevuna 17.373 MW uazuuameIvuia 7 MWh ldunu

Hagifugns (NPC) i 2,372 1w s ld910veanasauaoniiie (COE) 1R 2.80
tﬂy o w a = = A Idl =

v Fohasluiheinnia az 47,172,833 kwh uazliszezmsfunuegh 5.83 1 das1aou

ununglu (IRR) 16.3% A431/9 4.24

6) TsenudAaaslaarsgiiieduaznuameidrsvinaiitmunzanldivan
1l 2020

=).

1nmssaedlasld naail 2020 $1ldns1uvwalsarssiio

U

mimzaunuszuu lihvesdsenufeyuna 18.011 MW naguuamesvua 7 MWh Hdunu
Pagiiugns (NPC) iy 2,458 dwnin a9 10ueanaauaeniieg (COE) 111 2.80
k4

A o w a A =\ A Idl Q) w
11 Foiaa lihennia Taz 45,393,619 kWh taziiszeznsnunuedn 5.81 1 dnsineu

ununglu (IRR) 16.3% A431/9 4.25

System Architecture: SMA America STP25000TL (7,997 kW) Total NPC: 81,909,997 000.00
Jinko JKM320 (14,182 kW) Grid (50,000 kW) Levelized COE: B2.76
Generic MWh Li-lon (6.00 strings) HOMER Cycle Charging Operating Cost: B122 304 700.00

SMA America STP25000TL  Emissions

Cost Summary Cash Flow Compare Economics I Elet::trl'c;I Renewable Penetration  Generic MWh Li-lon  Jinko JKM320 Grid

] = -

i == ——— = o

Production KWhfyr | %a | lConsumption | kKWh,/yr J_% Quantity KWhfyr %
| Jinko JKM320 | 22196834 36.6 | AC Primary Load 57,115,743 100 | Excess Electricity 3,079,118 5.
Grid Purchases 38457 215 634 DC Primary Load 0 0 | “Unmet Electric Load 2,636 [k
| Total 00654042 100 Deferrable Load 0O 0 ! Capacity Shortage 6,960 04
Total 57115743 100 < m | L3
CQuantity Value| Uni

Renewable Fracticn 327 %

Max. Renew. Penetration 479 %

Monthly Average Electric Production
M Jinko320

M Grid

A o Aa :/l J < Ay A =
717 4.20 vamssiaeanaads Teansguieluazuuamesdrsvinanmnzay Tvan 2015
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Sister Are Bl O Geptrc NWE L lon 1600 strings) Grid (50,000 kW) Qi $1.995950,00000
Levelized COE: B2.76
Jinko KM320 (14,820 kW) SMA America STP25000TL Copy (8,356 kW) HOMER Cycle Chargi His e
4 : i e opy 2 et Operating Cost: B134227,300.00
Emissions

[Cost Summary Cash How Compare Economics | Electrical ' Renewable Penetration Generic M\Vh Li-lon  Jinko JKM320 Grid SMA Ameriza STP25000TL Copy

! Production kKWhiyr | %

[ T T 7 /
| | Consumption KWhiy % | gQuantity | kWhiyr | %
|Jinko JKM320 | 23,195394 366

ACPrimary Load  50,685951 00 Excess Electricity 3,271,984 5.6
| Grid Purchases 40236310 634

DC Primary Load 0 0 Unmet Eleciric Load 2,754 0.00460
Total 63431704 100 Deferrable Load 0 0 | Capacity Shortage 7,273 0.0122
Tolal 59685951 00 -
l|(1uantity Valuei Unilsé
Renewable Fraction 326 %

| Max. Renew. Penetration 479 %

Manthly Average El=ctric Producticn
W Jinko320 9000

_ 8000
W Grid 7000
6000

% 2000
4000
3000
2000
1000

0 T o= =T T T T
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

= 0 Aa
'g"‘]JVI 4.21 HAN130100INA

2 s (2 d :
aaaTya1s grneluaziuameiareanmanzan Tnaail 2016

System Architzcture: Generic MWh Li-lon (6.00 strings) Grid {SD,D('B kW)

Total NPC:
Jinko IKM320 (14,820 kW) SMA America STP25000TL Copy (8,356 kW) HOMER Cycle Charging

Levelized COE:

$1,995,950,000.00

Operating Cost:
Emissions.

Cost Stmmary Cash Flow  Compare Economics | Electrical  Renewable Penetration Generic M\h Li-lon Jinko JKM320 Grid  SMA America STP25000TL Copy

! Production kWh/yr %

| Consumption kWh/yr % l | Quantity I kWhiyr I £ 1
[ Jinko JKM320 | 23,195394 366 ACPrimary Load 50685051 100 | Excess Hechicty. | 2.271084 516
| Grid Purchases 40236310 634 | DC Primary Load 0 0 Unmet Electric Load 2754 0,00460
Total 63431704 100 Deferrable Load 0 0 Capacity Shortage 7273 00122
A Total 50685951 00 N -
! Quantity Valuei Unitsé
Renewable Fraction 326 %

Max. Renew. Penetration 479 %

Monthly Average El=ctric Producticn
M Jinko320 9000

2 8000
M Grid 7000
6000

i 5000
4000
3000
2000
1000

0

Apr May Jun Jul Aug Sep Oct Nov Dec

A o dAa o s g Ay A ~
gﬂ‘ﬂ 4.22 wamimamm]ﬂmT%awgﬂmﬂuammmam’Jaﬁummnmmzﬁu Tﬂﬂﬂ‘ﬂ 2017
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System Architecture: SMA America STP25000TL Copy (9,436 kW)
Jinko JKM320 (16,735 kW) Grid (50,000 kW)
Generic MWh Li-lon (7.00 strings) HOMER Cycle Charging

Total NPC: B2,253,793,000.00
Levelized COE: B2.76

Operating Cost: B151,442 800.00

SMA America STP25000TL Copy Emissions

Cost Summary Cash Flow Compare Economics | Electrical | Renewable Penetration Generic MWh Li-lon  Jinko JKM320 Grid

Production ! kWh/yr | % ! | Consumption EWh/yr : % ]. | Quantity | kKWh/yr ! % ].
| Jinko JKM320 | 26,192,640 3686 AC Primary Load 67,396,574 100 Excess Electricity 3649630 510
Grid Purchases 45392619 634 DC Primary Load 0 0 Unmet Electric Load 3,110 0.00460
Total 71,586,259 100 Deferrable Load 0 1} Capacity Shortage 8213 0.0122
| Total 67396574 100
| Quantity I\Ialuei Unitsi!
Renewable Fraction 326 %

| Max. Renew. Penetration 479 %

Menthly Average Electric Production
M Jinko320 10000
9000

M Grid &0l

kW
g

Aug Sep Oct Nowv Dec

a

= 0 da & s = sy = a
'g"‘]JVI 4.23 wamimamwmmi%msgﬂmﬂuazmmmmmamm@mmmzﬁu Tviaad 2018

Systemn Architecture: SMA America STP25000TL Copy (2,796 kW) Total NPC:
Jinko JKM320 (17,373 KW) Grid (50,000 kW)
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System Architecture: SMA America STP25000TL Copy (10,15
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System Architecture

Component Name Size Unit
PV | Jinko JKM320 | 14,182 | kw
_System converter | SMA America STP25000TL | 7,997 | kW
| Grid | Grid | 50,000 | kW

Dispatch strategy HOMER Cycle Charging
Schematic

AC DC
Grid Electric Load Jinko320
- -
SANERE -
- &
156488 71 kWh/d
1248217 kW peak
SMAZS
.._.E Lo
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Capital

Net Present Costs
Capital

| Grid | 80.00

| Jinko JKM320 _ #305M
SMA America

| STP25000TL  ©12.0M
System | B317M

Annualized Costs

Operating

| B1,558 | B0.0C _ | B0.0D

| B51.5M I 80.00 80.00
.00 [ B4.BIM

_B1.60B _ | B4.61M | -$812,341

Replacement Salvage

-8812,341

W Gd
Jinko JKM320
W SMA America STRZS000TL

Resource

| 80.00 | 81.558
| $0.00 B356M

| B0.00 B15.8M
| $0.00 81.928

| Grid | B0.0D _
Jinko JKM320  $25.2M
SMA America
STP25000TL  $990,887
System B26.2M
Page 4 of 12

B128M 0.00 80,00
#4.25M #0.00 #0.00
| 80.00 $380,836 | 867,106
| B132M B380,836 -B867,106
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Resource
| #0.00 B128M
[ 80.00_ _B29.4M
| $0.00 81.30M
£0.00 B158M
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Electrical Summary

Excess and Unmet
Quantit

| Excess Electricity

. Unmet Electric Load
Capacity Shortage

Production Summary
Component

| Jinko JKM320

. Grid Purchases
Total

Consumption Summary
Component

| AC Primary Load

. DC Primary Load

| Deferrable Load

_ Total
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Value Units
| 4,489,551 | kWh{yr
| 2,636 | kWh{yr
6,960 kWhyyr
Production (kWh/yr Percent
22,196,546 359
39,709,768 64,1
61,906,313 100
Consumption (kWh/yr Percent
57,115,743 100
0 0
0 2 0
57,115,743 100
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PV: Jinko JKM320

Jinko JKM320 Electrical Summary
Quantit

| Minimum Output

. Maximum Output

| PV Penetration

. Hours of Operation

| Levelized Cost

Jinko JKM320 Statistics
Quantit

. Rated Capacity

| Mean Output

| Mean Output

. Capacity Factor

| Total Production

Jinko JKM320 Output (kW)

Page 7 of 12

Value Units
|0 | kW
| 12,959 | kw
| 38.9 | %
| 4,382 | hrs/yr
| 1.33 | B/kWh
Value Units
| 14,182 | kW
2,534 kW
60,812 kWh/d
| 17.9 | %
22,196,546 kWh/yr

14,000

+8,400

5,600

2,800
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Converter: SMA America STP25000TL

SMA America STP25000TL Electrical Summary

Quantit Value
| Hours of Operation | 4,382
_ Energy Out | 17,405,976
| Energy In | 17,706,995
Losses 301,019

SMA America STP25000TL Statistics

Quantity Value
| Capacity 7,997
. Mean Output | 1,987
. Minimum Qutput |0
. Maximum Output | 7,997
| Capacity Factor | 24.8 EE B

SMA America STP25000TL Inverter Output (kW)

SMA America STP25000TL Rectifier Output (kW)

Units
| hrsfyr
| kWh/yr
| kWh/yr
kWh/yr

Units

| kW
kW
| kW
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Grid: Grid

Grid rate: Demand 1
Energy Net Energy

Purchased Energy Sold Purchased Peak Demand Demand
Month (kWh) (kWh) (kWh) (kW) Energy Charge Charge

| January 0 o 0 | 10,422 | B0.00 B772,683
| February |0 |0 | 0 | 11,794 | 80.00 | $874,430
| March | 0 ] L0 | 8,861 | 80.00 | B656,981
| April 0 K] 0 [ 11,279 | 80.00 | $836,256
| May 0 0 0 10,835 B0.00 | B803,292
| June 0 ) 0 10,833 | 80.00 | $803,177
| July 0 10 8] 12,482 80.00 | B925,428
| August | 0 |10 | 0 | 8,173 | 80.00 | B605,976
| September ] |0 | @ | 8,083 | B0.00 | B599,265
| October 0 |0 | 0 | 9,625 | 80.00 | B713,614
| November 0 o |0 | 9,959 | 80.00 | B738,351
| December 0 o |0 | 10,652 | B0.00 | B789,749
| Annual 0 0 ] 12,482 80.00 ['B9.12M
Grid rate: PEAK

Energy Net Energy

Purchased Energy Sold Purchased Peak Demand Demand

Month kWh kWh ( kW Energy Charge Charge

| January 806,428 |0 0 B83.31M | #0.00
| February 636,670 | 0 0 B2.61M | B0.00
| March 718,519 o 0 B2.95M | $0.00
| April 885,306 0 0 83.63M | 80.00
. May 1,084,573 0 10 B4.45M | B0.00
| June 847,343 a 0 83.48M | 80.00
| July 1,099,138 |0 0 B4.51M | B0.00
| August | 1,012,517 0 012, 0 | B4.15M | B0.00
| September | 818,929 Jo B [ 818,9293 10 | B3.36M | B0.00
| October | 1,048,109 [0 | 1,048,109 |0 | B4.30M | BO.0O
| November | 845,610 10 | 845,610 0 | B3.47M | B0.00
[ December 697,509 |0 1697509 10 | B2.86M | 80.00
| Annual 10,500,650 o 10,500,650 |0 843.1M | 80.00

Grid rate: OFFPEAK
Energy Net Energy
Purchased Energy Sold Purchased

Peak Demand Demand

Charge Charge

| January | | 2,879,946 ) | B7.44M | B0.00
February 23 2,757,978 0 B87.13M | 80.00

| March 0 2,210,661 0 LBS.71M | 80.00
| April o 2,545,604 ] | B6.58M | #0.00
| May 0 2,455,540 0 B6.36M | 80.00
| June 2,225,543 0 2,225,543 0 85.75M | 80,00
| July | 2,928,065 W 1A g0 IR B7.57M | 80.00
| August | 2,066,578 o I 2,066,578 o | BS.34M | $0.00
| September | 2,327,139 o | 2,327,139 [0 | B6.02M | 80.00
| October | 2,623,280 ] | 2,623,280 0 | 86.78M | $0.00
| November | 2,054,275 o | 2,054,275 0 | 85.31M | 80.00
| December | 2,130,508 [0 | 2,130,508 0 | BS.51M | 80.00
[ Annual [ 29,209,117 o [725,209,117 0 [ 875.5M ['®0.00
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Grid rate: All

Energy Net Energy
Purchased Energy Sold Purchased Peak Demand Demand
Month ( ] (W) Energy Charge Charge

| B8c

M |92
8,173 B9. #605,976
| 8,083 .38 | B599,265

My
112,48,

| 4,027,203 [4027,203
3,079,095 79,095

| September | 3,146,069 | 3,146,069

October 3,671,389 3,671,389 9,625 ) B713,614
| November [72,899,885 | 1'2,899,885 I'9,959 I'®8. | B738,351
December | 2,828.017 | | 2,828,017 | 10,652 | B8.37M_ B789,749
| Annual 39,709,768 | 39,709,768 [ 12,482 B

Energy Purchased From Grid (kW)

14,000
24
11,200
8,400
. A 5,600
- oo - . . ]
I ™3 2,800
a m-u-.mljlm " s
o 30 &0 20 120 50 180 10 24 X 330 360 0
Energy Sold To Grid (kW)
1.0
24
0.80
18 - |
+0.60
12
0.40
6
0.20
a T T T
0 10 D a0 2 o 10 4 m X 30 360 0
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Compare Economics

IRR (%):17.7
Discounted payback (yr):7.13
Simple payback (yr):5.55

Base Case Current System
Net Present Cost | §2,298 #1928
CAPEX §0.00 B317M
OPEX $189M #132M
__LCOE (per kWh) $3.31 §2.77
| €02 Emitted (kg/yr) | 36,094,300 25,096,570
Fuel Consumption (L/yr) (1] 1]
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Reactive Power Adjustment in MV Distribution
Systems Integrating with Wind-Turbine Power
Plants

Mongkol Treekijjanon*!, Boonruang Marungsri**?,

Thanatchai Kulworawanichpong**

ABSTRACT

This paper illustrates optimal reactive power set-
ting for voltage stability in the power distribution
system affected from wind turbine operation. The
implementation of disturbance analyzing device to
compare the result before and after setting reactive
compensator is shown. In this research, to optimize
the overall voltage limitation, three decision vari-
ables were used i) active/reactive power generated
from wind turbine farm plants, ii) specified voltage
magnitude all node limitation and iii] power fac-
tor control. A Classical optimization technique is
well-known and widely accepted for solving optimiza-
tion problems. “WA-YU” wind turbine farm project
rated 8.0 MW, 22-kV of Provincial Electric Authority
(PEA) of Thailand in Nakhon Ratchasima at feeder
no. 9 was employed as a case study. The veltage limi-
tation was controlled within 22 kV £5 % based on the
PEA regulation. The result showed that appropriate
reactive power is efficiently related to the best power
factor. The controlled voltage seemed to provide no
effect to consumers from the same feeder cirenit.

Keywords: Optimal reactive power flow, Wind tur-
bine farm, Overvoltage limitation.

1. INTRODUCTION

The issue of global warming and the soaring cost of
fuel, energy-efficient and environment, friendly heat-
ing and cooling applications varying from domestic
and commercial to industrial sectors are among the
promising development from renewable sources [1].
The renewable energy is cooperated and installed
in distribution power systems to incorporate two or
more sources of power generation to balance each
other’s strengths and weaknesses [2]. There are many

Manuseript received on March 1, 2017 ; revised on May 28,
2017,
* The authors are with Graduate Student in Energy Manage-
ment Engincering, Institute of Engineering, Suranarce Univer-
sity of Technology, Nakhon Ratchasima, THAILAND, E-mail
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** The authoms are with School of Electrical Engineer-
ing, Institute of Engincering, Suraparce University of
Technology, Nakhon Ratchasima, THAILAND, E-mail :
bmshvee@sut.ac.th?, E-mail : Thanatchai@gmail com®, E-
mail : uthen.leetonfigmail.com®

3, and Uthen Leeton***, Non-members

types of energy from renewable energy such as wind
turbine power, solar power plant, and biomass power
plant. These sources are environmentally friend and
use predominant energy carricrs that have been in-
stalled increasingly all over the world. The sources
mentioned above can be divided into two groups: con-
trolled sources and uncontrolled sources. Controlled
sources mean that the output power can be easily
controlled to the goal power; for example, biogas or
biomass power plant. It is evident that output power
from uncontrolled sources is unpredictable and in-
dependent of human action. Solar and wind power
plants are environmentally uncontrolled sources [3].
The wind turbine techmology is now actively pre-
sented in the electricity market, and it can be seen as
a vision of the future. When the wind power plant is
installed to serve loads in LV /MV power distribution
grids, energy flow in the distribution network must
be well managed to minimize total power losses or
maximize net energy transaction in the system and
voltage stability.

The overvoltage is a source of disturbance in the
power systems which can damage the lines and equip-
ment connected to the system. Typically, most of the
overvoltage are originated from surges, lightning, and
switching of electric loads that may result in sparks
and flashes between phase and ground. In weakest
point, the relay protection for overvoltage can misop-
crate which can affect the breakdown strength of insu-
lation, failure of trensformers and rotating machines
or circuit breaker trip can operate falsely in the net-
work [4-5]. This paper focuses on the over voltages
occurred when the wind farm fully generates power
to the grid. The problem of fully generated power
from the wind turbine is an excessive power to the
grid. The reason for this is that the power system
protection can shut down the plant connected to the
grid which can affect nearby factories in this situa-
tion. The protection system of wind turbine energy
and voltage control limitation quality on the substa-
tion mostly trip by 59 code IEEE/ANSI for overvolt-
age code. The resulted effects are plant shutdown
processes. The other results are inter-log between
relay setting criteria in wind turbine protection, and
substation in which malfunction may oceur on circuit
breaker 400V because overvoltage relay is not reset.
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Thailand’s government has a policy that directs
the electric market to generate power from renewable
energy resources as alternative energy development
plan (AEDP) 2015. The goal of renewable energy
source is to supply up to 25% of total demand [6]
within 2021. Wind turbine generation is nowadays
highly implemented to serve power demand. But the
power from the wind turbine is limited regarding suit-
able areas for the installation, the issue of power qual-
ity and the impact on electric power system to other
users in the same system such as over voltage prob-
lem.

Section two describes an electric power distribu-
tion grid with wind turbine power plant, overall
power distribution grid and wind power model. Sec-
tion three is optimal problems structure correspond-
ing to mathematical expressions of its objective and
various practical constraints. Section four gives sim-
ulation results and discussion.

2. ELECTRIC POWER DISTRIBUTION
GRID WITH WIND TURBINE FARM

Various renewable energy generations have been
developed to reduce greenhouse gas emissions and in-
creasingly attract in resolving global problems such
as environmental pollution and energy shortage. The
renewable energy generation, which is impressionable
to vary in the environmental conditions and weather,
is anticipated to be increasingly connected to distri-
bution systems in the future [7]. However, the disad-
vantage is that wind power generation is intermittent,
depending on weather conditions. Short-term energy
storage is essential to get a smooth power output from
a wind turbine [8].

Electric power distribution is the final stage to de-
liver electricity to end users. A distribution system's
network carries electricity from high-voltage power
transmission systems and therefore offers it to con-
sumers via low-voltage residential power cables. The
electric power distribution grid with renewable en-
ergy is defined as an integration of electrical loads
and generation [9-10] as shown in Fig. 1.

A rotor axis of rotation in a turbine that is horizon-
tal to the carthed is called a HAWT (Horizontal Axis
Wind Turbine). Nowadays, HAWTs are illustrative of
the majority of all large-scale wind turbines. These
turbines are utilized in an upwind manner, where the
rotor plane is set to be instantly upwind of the tower
through the utilization of a yaw motor that rotates
the entire nacelle. Wind passing over the turbine
blades provides lift, and this then induces a rotational
torque. This test system of the wind farm is double
fed induction generator (DFIG) on which layout and
component of Gamesa type G114- 2.0 MW are shown
in Fig. 2 [12].

Wind turbine control is conventionally divided into
four primary regions, as shown in Fig. 3. Region
1 spans operation from the start up to the aA¥cut-
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Fig.1: Renewable energy plant for power distribu-
tion grid [11].

Fig.2: Wind Turbine Gamesa type G114-2.0 MW.
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Fig.8: Wind power, turbine power, and operating
regions for an ezample 5 MW turbine.
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in’ wind speed where the generator is turned on and
starts generating power. When wind speeds are over
cut-in, but still too low to generate maximum power,
the turbine is stated to be in Region 2. The objee-
tive i3 to increase acrodynamic efficiency to capture
as much energy as possible from the wind stream in
this below rated region. In Region 3, wind speed is
highly sufficient to operate the generator at its rated
power output; the goal is to regulate speed and power
safely at rated levels in this case. In Region 4, the
turbine shuts down due to high wind speeds to pre-
vent damage to the turbine.

3. OPTIMAL PROBLEM FORMULATION

The optimal problem consists of a nonlinear objec-
tive function defined with nonlinear constraints. The
general optimal problem can be expressed as a con-
strained optimization problem as follows.

Minimize  f(x)
Subject to  g(x) — 0, equality constraints
h(x] < 0, inequality constraints

h(x} < 0, inequality constraints By converting
both equality and inequality constraints to penalty
terms and hence added to form the penalty function
as shown in (1) and (2).

P(z) = f(z) + Qz) @
Qfz) = p{g"(z) + [max(0, h())’} (2)
Where:  P(x) is function of the penalty,

Q(x) is term of the penalty
p is the penalty factor

The transformation of a constrained into an uncon-
strained optimization problem was achieved by em-
ploying a coneept of the penalty method in which the
penalty function as described above is minimized [13].

3.1 Objective Function and Constraints

The objective was set to control the reactive power
which later has the influence to the appropriate bus
voltage. Analysis of Power flow was performed to de-
termine the appropriate value using adjustment value
to analyze the reactive power compensation of wind
farm. The objective function is load voltage deriva-
tion (LVD) shown in equation (3).

. = (v -w)
Min filzu)= (*—) 3
in fi{z,u ; V;: 7

Where: Vi..y is a reference voltage or nominal volt-
age (1 pau./22 kV), Vj is voltage at bus k,z is the

state of the system, and u is the variable change. For
the case of the wind farm, reactive power can be con-
trolled by adjusting the real power related with power
factor which shown in equation (4).

Qi = F  Pg; * tan(cos™' (PF})) (4)

Where: ; is reactive power (MVAR),Fg; is the
real power from a wind turbine, F' is a constant op-
erate mode; (+1) for (+Q) and (-1) for (-Q) and PF;
is the power factor.

3.2 System Constraints

Quantities of the controllable system are genera-
tor MW, controlled voltage magnitude and reactive
power injection from wind turbine farm related with
the power factor. Hence, no viclation on other quan-
tities (e.g. Generator MVAR, load bus voltage mag-
nitude, MVA flow of transmission lines) occurs in nor-
mal system operating conditions. These are system
constraints to be formed as cquality and inequality
constraints as shown below.

Equality constraint: Power flow equations are
shown in (5) to (6) [14].

Np
Pgi—Ppy— Z Vi |V5|[Vi 5| cos(0i 5 — i +-85) =0 (5)
=1

Np
Qai—Qpi+ E [Val|V;| Y i sin(®; — 6 + 85} =0 (8)

i=1

Where:  Fg; is the real power generation at bus
1
Py ; is the real power demand at bus i,
Qg is the reactive power generation at
bus i,
Npg is the total number of buses,
Qp; is the reactive power demand at
bus i,
0;,; is the angle of bus admittance ele-
ment i, J
Y;j is the magnitude of bus admittance
clement i, j

Inequality Constraint: Variable limitations are

given in (7) to (10) [15].

(AR B il (7)
PP%?,;‘ < PFyr; < PFGT; (8)
Qam;r‘g < Qwr; < QT (9)

mi
Pt i < Pwri < PR

(10)
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Where: V™™, V™ are upper and lower limits  study the effectiveness and performance of the sys-
of voltage magnitude at bus i tem. The wind turbine is located in Dan Khun Thot

PR} PR are the upper and  District, Nakhon Ratchasima, Thailand (see Fig. 4)

lower limits of the power factor of wind  and installed in feeder no. 9 at Dan Khun Thot sub-

turbine farm module i station in the 22 kV distribution system. The tur-

Wi QW are the upper and lower  bine is Sap Phlu Project wind farm number one rated
limits of reactive power of wind turbine 8.0 MW, Doubly Fed Induction Generator(DFIG)

farm module i, Gamesa type G114-2.0MW (2.0MWx4units, so the

P Piare the upper and lower  total rate is 8.0 MW). This wind farm contracted on

limits of power generated by wind tur-  VSPP-PEA-052/2555 for low voltage side and started

bine farm module i on 10 July 2012. The relay setting for protecting wind

turbine and substation are shown in Table 1. The re-

lay setting was set to function in under voltage by

The penalty function can be formulated as ex- relay code no. 27 (ANSI/IEEE code) which is set at
pressed in (11), and sub-equation of penalty term is 9% for voltage drop and can delay for 3.0 second with
shown in (12) to (17). the alarm activated, 10% for voltage drop can delay
for 1.0 second with the trip command to operate the

circuit breaker. On the other hand, over voltage oper-

P(z) = filz,u) + Qv + Vpp + Ng + 0 ates by relay code no. 59 which is 5% and can delay
(&) =fime) +ly +er + o +Ogg (1) for 3.0 second with alarm, 10% can delay for 0.25
second with the trip command to operate the circuit

Nm Ng
Qp=pY. [Pc..- = Ppg— 3 V||V Yis] cos(8,; — &+ 85) breaker.
i=1

()

j=1
(12)  Table 1: Relay setting criteria of voltage limitation

Ng Ng ! - -
Qg = PZ [Qc,& -Qb,i + Z |Vil V5 [Y3; | sin(8y; — & +5j.}} v ‘!;hlltlc“onz? Tz 593 Osﬂcttmg o\
=1 =1 nder Voltage: , 3.00 sec. arm
(13) U2< 90%, 1.00 sec.— Trip
No ) Over Voltage: 59 UL> | 105%, 3.00 sec. —Alarm
Qowr=p 21 {max (0, Qwr, —QWJ)} U2> 110%, 0.25 sec.— Trip
b (14)

Ne
+p 3, {max (0,QR ~ Qury)}’

Qpp = PE [mml (°= PFwr,i — PFW{-)}Q
p2 (15)
+P:Z;1 {mu (U. PRy — ‘PF“”"—)},

Oy =53" {max (0, ; - V)2
= (16)
+p Y {max (0, V" - ;) }?

i=1

Ng 2
Qpwr=p max (0, Pwr,i — Pgr;
P E{ ( : )} (17) Fig.4: Location of a wind turbine for a case study

i "f {max 0, P2, — Pur) ) in Dan Khun Thot, Nakhon Ratchasima, Thailand.
i=1
Ng is the total number of generators, 5. SIMULATION RESULTS
Ng is the total number of reactive power sources The case study of a wind turbine was simulated by
Nt is the total number of transformers using the same computer which is an Intel, Core(TM)

i5-6200U, CPU@ 2.3 GHz, 4.0 GB RAM. The results
from the disturbance analyzer hardware device were

collected and compared. The Digsilent software pack-
4. A CASE STUDY OF DAN KHUN THOT age was also used to solve power flow problem in the

SUBSTATION distribution network.

A 12-node test system with is “WA-YU” wind tur- The relay settings were done by PEA team to take
bine farm project was employed as a special case to  into account the grid codes which do not impact to
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customers. The criteria of voltage limitation for PEA
to control the guality of electricity are given in Ta-
ble 2. For medium voltage level, normal operation is
5%, while the emergency operation is 10%. The low
voltage level is 10% for both (normal and emergency
operate)

Table 2: The voltage’s limitation to operate each
voltage level

Voltage | Normal Operate | Emergency Operate
Level Max. Min. Max. Min.
1207 | 109.2 | 126.5 103.5
e (5%) | (5%) | (10%) (10%)
724 | 655 | 759 62.1
68 kv (5%) | (5%) | (10%) (10%)
347 | 313 | 363 29.7
2K sy | 6% | aow) | aow)
23.1 209 | 242 198
= (5%) | (5%) | (10%) (10%)
a0y | 8 342 418 342
(10%) | (10%) | (10%) (10%)
w0y | 20 200 240 200
(10%) | (10%) | (10%) (10%)

Practically, power factor control mode was ad-
justed by the discrete setting value of reactive power
which is stepping of reactor and capacitor hy 0.9 Mvar
per step device. Fig. 5 illustrate typical reactive ca-
pability curve. The variable limits given in Table 3
were used as system constraints.

The power generator of wind plant is Doubly Fed
Induction Generator (DFIG). To adjust the voltage
at the point connection by controlling the reactive
power function to optimal the real power produced
is called “PF Control”. Fig. 6 shows wind turbine is
rated 2 MW per module, have four modules for “WA-
YU” wind turbine farm project. Each module can re-
ceive and provide reactive power (Q) ranged hetween
+ 625kVar (provide) to 625kVar (receive) at power
factor = 0.95 (inductive/capacitive). The rated elec-
tric power of 2.0 MW can manage active power on
the graph control features of the PQ wind turbine
generation in Fig. 7. The method is accordance with
the increase or decrease of the voltage at the point of
connection of power systems.

Table 3: Variable Limits Used for load voltage
derivation
. Limit

Nariable Min. | Max.
VI-V12 (pu) 0.95 | 1.0
WT(Q1-Q4) (kVAR) | -625 | 625
PF (WT1-WT4) 08 | 1.0
WT(P1-P4) (W-MW) | 0 8.0

The criteria are defined in the analysis as follows:

61
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Fig.5: Curve power factor contrel on reactive power
control of wind turbine.

The reference bus voltage is 22.6 kV (1.027 p.u).
The total load on the distribution system is 2.0 MW.
The conditions are light load and wind turbine gen-
erates power to grid at full capacity with 8.0 MW
generation.

The voltage of connection point at the industry is de-
fined not exceed 22.80 kV in full generate capacity
8.0 MW of wind farm. Because over voltage will af-
fect to neighboring plant higher than the standards
set at 23.1 kV in the factory when not operating the
production line

The power factor translates diversion on the reactive
power (Q) entered by capacitors (+ Q) or inductor
{-Q) of the power plant, the rest of the distribution
system PEA into the power system (Absorb Reactive
Power).

Fig.6: Wind turbine power plant 8.0 MW, 22 kV
for the test system.

The data of quality measurement analysis from the
electrical disturbance analyzer device are shown for
the period hefore and after corrective action. In Fig 8
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Fig.7: P-Q characteristic of electricity power by
wind turbine.
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Fig.8: The 8.0MW rated of wind power generation
system connected to the distribution system of 22kV
PEA.

the power plant is in PCC1 position, affected factories
are in PCC.2 and power stations is in PCC.3 (PEA
source).

Fig. 9 shows the voltage, real power and reactive
power at PCCl. The conditions of overvoltage oc-
curred due to the suitable feeding of real power from
the wind farm to the grid level of about 5 MW and ab-
sorbed reactive power approximately 400 kVAR. On
the other hand, the PCC2 point is the factory area
which uses real power demand of 2 MW so the real
power of wind turbine is excessive and high voltage
effected. The overvoltage in factory area is shown in
Fig 10.

Fig. 11 shows the low voltage side of service trans-
former at the substation is about 418.8 V which is
higher than normal voltage in 10% (considered 380
Vrms of normal voltage) for support load demand
about 2.2 MW while the wind turbine generated real
power at 5 MW.

Table 4 shows that the wind turbine farm provides
power to 22 kV distribution grid of the PEA. Capacity
ranging from 60% of the installed capacity (8.0MW)
begins to impact the excessive voltage in the distri-
bution system. The entire electric power distribu-

Torvaphot : Do Vot o WAL 324 D, v Sy

Al ey T
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Fig.9: State voltages exceeded at the power plant
(PCC1).
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Fig.10: Qvervoltage conditions at the industry area
as plant side (PCC2).

tion network is experienced with overvoltage becanse
the wind turbine is connected to the same feeder at
the 22-kV circuit. The protection device at the point
of connection such as over voltage relay detected an
overvoltage and commanded the Circuit Breaker in
the MV switchgear to be operated, and this led to
the severe impact on consumers (factory area).

The proposed method in this paper can find op-
timal reactive power related to the power factor to
minimize the load voltage derivation as its objective
function. The result showed that the voltage at a
wind farm is controlled by the power factor setting at
0.98 lagging, where reactive power is set to feed into
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Fig.11; The overvoltage of low voltage side trans-

former at PEA’s power substation (PCC3).

Table 4: The data record of the electric parameter
at wind turbine farm.

the grid at 1.6 Mvar (inductive) with the maximum
real power generation of 8 MW. The load voltage de-
viation for this case reduced to 0.0002 and confirmed
its efficiency. The load voltage deviation becomes
0.0002.

The result of setting power factor at wind turbine
site using optimization can regulate voltage magni-
tude of the wind farm, and the low voltage side is re-
ferring to the local PEA standard which is 22 kV-+5%
[16] as shown in Fig. 12. The result of voltage limi-
tation is controlled related to wind turbine real /re-
active power as illustrated in Fig. 13.

6. CONCLUSIONS

The severity of overvoltage in the 22kV distribu-
tion system of PEA has an impact to the factory area

Date | Time| P Q PF. | Vol- [ Over

(MW) (MVar) tage | volt-

(kV) | age

(%

22kV dor)

5/5/ | 15.40] - +0.65) 0.997| 23.30| 5.9

2016 6.45
R

11/5/] 15.00] - +0.68 0.999 23.21| 5.5
2016 7.35

20/5/] 19.30]{ - +0.91) 0.998| 23.60| 7.2
2016 7.59

21/5/] 12.20{ - +0.94) 0.999| 23.72| 7.8
2016 7.81

22/5/ 06.00] - +0.gﬁ 0.998| 24.05] 9.3
2016 7.76
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Fig.13: Result of voltage limitation controlled re-
lated to wind turbine real/reactive power.

caused by the wind turbine power plant. The over
voltage is depended on the real power feed to the grid
and effective control voltage. In this paper, purposes
of power factor control combine power flow analysis
was considered in the limitation of node voltage. The
Digsilent software and disturbance analysing device
were applied to find optimal power factor and reac-
tive power from wind turbine farm with load voltage
deviation as an objective function. The aim was to
control the voltage at 22kV + 5% equals to 23.1kV
based on PEA’s standard definition which does not
affect customers. Test results showed power factor
setting at 0.98 (lagging) could provide an optimal ac-
tive power from a wind turbine and feed to 22kV's
distribution system of PEA. The best setting of reac-
tive power was more intelligent control the voltage at
the connection point not so high depend on the stan-
dard of PEA. The benefit of optimal voltage control
is direct to wind turbine farm who sell electricity, to
continually provide electricity to their customer. The
over voltage relay as a protection device on 22kV's
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switchgear showed an effective operation with the re-
duced effect to the nearby customers.
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