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1 INTRODUCTION

This document is an Annex to the Final Report of the Rural Energy Master Plan for Liberia developed b
Gesto for RREA, and focuses on the preparation of the map of solarecesou

Chapter2 discloses a compilation, assessment and analysis of available local and global data.

Next inChapter 3 is presented the solar resource assessment modelling methodology and assumptions
and inChapter 4 the resultingoutputs, namely the Solar Atlas for Liberia.

In Chapter 5 is presemted the estimation of the photovoltaic potential for Liberia anddnmapter 6 the
corresponding methodology and assumptions that allowed PV estimation.

Finally, inChapter 7 the main conclusions from the solar resource asses# are exposed.

2 DATA GATHERING ANRALYSIS

In the scope of solar resource assessment studythinee meteorological variables of most interest are
radiation, albedo and Linke turbidity.

In order to classify the local climate and intmnual variability, local data must be collected. World
Radiation Data Centre (WRDC) is a global data source which provides a daily mean time series of glok
horizontal irradiation data for the meteorological stations all over the WokdRDC is maintained ftine

World Meteorological Organization (WMO) by the Russian Federal Service for Hydrometeorology anc
Environmental Monitoring. WRD@as established in 1964 amutocesses solar radiation data currently
submitted from more than 500 stations located in 56 ctiigs and operates an archive with more than
1200 stations listed in its catalogudowever, br Liberia, meteorological data from groumstations are

very sparse and haview years of records. Therefore, for this study we will consider Ghana and Nigeria
radiation data to calibrate and refine our solar resource mappirte representation of the available
WRDC meteorological stations for this study is displayddigare2.1 and inTable2.1. Also, inTable2.2

is presented the summary of monthly irradiation in horizontal plane for the selected WRDC stations,
namely the ones with more than 5 years of data.

1 WRDC, [OnlinePAvailablehttp://wrdc -mgo.nrel.qgov/
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Table2.1 ¢ List of available WRDC stations.

62 whs/

NAME WMOINDEX‘ COUNTRY LATITUDE LONGITUDE‘ ELEVATION NR_YEAR!
NAVRONGO 654010 GHANA 10.90 -1.10 201 7
TAMALE 654180 | GHANA 9.50 -0.85 168 13
YENDI 654200 GHANA 9.45 -0.02 195 3
BOLE 654160 GHANA 9.03 -2.48 299 5
WENCHI 654320 GHANA 7.75 -2.10 339 8
KUMASI 654420 GHANA 6.72 -1.60 287 24
HO 654530 | GHANA 6.60 -0.47 158 2
TAFO 654531 | GHANA 6.25 -0.38 195 6
AKUSE 654600 GHANA 6.10 -0.12 17 7
ACCRA 654720 | GHANA 5.60 -0.17 68 15
TAKORADI 654670 GHANA 4.88 -1.77 5 17
AXIM 654650 GHANA 4.87 -2.23 40 4,5
BENIN CITY 652290 | NIGERIA 6.32 5.60 79 285
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Table2.2 - Monthly irradiation in horizontal plane(kWh/m?).

JAN MAY JUN

TAMALE 1592 | 1567 | 1780 | 1687 | 1758 | 1592 | 1427 | 1315 | 1426 | 1695 | 1632 | 1477
WENCHI 1257 | 1312 | 1481 | 1427 | 1433 | 1249 | 1087 | 1003 | 1086 | 1314 | 1292 | 1171
KUMASI 1296 | 1324 | 1561 | 1526 | 1538 | 1313 | 1138 | 1032 | 1140 | 1375 | 1390 | 1198
AKUSE 1264 | 1354 | 157.0 | 1589 | 1596 | 1401 | 1248 | 1285 | 1418 | 1585 | 1452 | 1257
ACCRA 1233 | 1253 | 1547 | 1427 | 1384 | 1042 | 1010 | 1168 | 1352 | 1538 | 1415 | 1151
TAKORADI| 1380 | 1455 | 1721 | 1628 | 1576 | 1289 | 1287 | 1241 | 1388 | 1687 | 1707 | 1480
BENIN CITY 1321 | 1347 | 1477 | 1432 | 1454 | 1285 | 1095 | 1074 | 1160 | 1354 | 1432 | 13638

For this study itwas consideredHC1radiation databasge available to meet the need for lorigrm
radiation data series, which contains 20 years of data (188%), available i5olar Radiation Data page
(SoD&,.

HC1 is a unique and homogenized database which contains solar irradiation values derived from
METEOSAT satellites by the Heligdahethod, providing timeseries of global irradiation or irradiance.
Heliosat2 method was proposed and developed by the Center for Energy and Pexe84INES
ParisTech / ARMINES).

The main database of HC1 containsyathle cloud index and a set of parameters that are processed by a
dedicated software to calculate the daily global radiation on a horizontal plane from 1985 for Europe,
Africa and the Atlantic Ocean. The accuracy of HC1 has been assessed by comparisons wil
measurements of theVMO radiometric network in Europe and Middle East (80 sites) and Africa (75
sites).

SoDa interface allows obtaining daily data, monthly or annual means for a requested location. The spatia
resolution of HC1 is about 15 minutes otar.e. a grid cell near the equator represents an area of about
30 x 30 square kilometershe information colleed from HC1 database is presentedrigure2.2.

2S0Da, [Online]. Availableww.sodais.com

3 d 20 [d 50 ad [ STS INDBB2flom thd MeRoshiBatetit€sIdasshss sutfczst I (NG ALDIEr/Bokrgywol083 pp. 24@53,
2007
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Figure2.2 ¢ Identification of HC1 dataset colleed ¥ 2 NJ § KA & &aiddzReé o1/ m RIGIZT [/ 2Yya

Mapping of solar resource for Liberia also requires information from albedo and Tumkélity (LT)in

order to incorporate the effects of diffuse reflectivity and atmospheric attenuation in radiation modelling.
Albedo is mapped worldwide and made avaiéalmonthly by NASAEG (National Aeronautics and
Space Administratioq NASA Earth Observations) with a resolution of 0.1° x 0.1°. In this study it will be
used the most recent data available, from May 2014 to April 20T8an be obtained from climatotpcal

global databases, available on tBeDegpage & Y2y i Kf & @I fdzSa ¢gAGK | NBa
km x 10 km).

As an exampleFigure 2.3 and Figure 2.4, respectively present the mean annual albedo and Linke
Turbidity for Liberia.

4NASANEO, [Online]. Availablbttp://neo.sci.gsfc.nasa.gov/

5SoDa, [Online]. Availableww.sodais.com
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Figure2.3 ¢ Mean annual albedo for Liberia (NASA9 h  RF X / 2y adzZ GFyadQa
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3 SOLAR RESOURCE ASSENT

3.1 METHODOLOGY

The mapping of the solar resource is accomplished with $.snadel using satellite datanamely
HelioClim1l. The theoretical basis of r.sun model resulted from the work carried out for the European
Solar Radiation Atlas (ESRA), implemented®1S environment.

The above model is implemented under an open source GRASS GIS, commonly referred to as GRA
(Geographic Resources Analysis Support System), which is a free and open source GIS software sul
estimating global radiation under cleaky conditions from the sum of its beam, diffuse, and reflected
components for a given day, latitude, surface, and atmospheric conditions.

Realsky solar radiation is calculated from the cls&y values by applying a factor that parameterizes
attenuation cawsed by cloudinessn Figure3.1is presented thalgorithm for simulating solar resource

constant albedo=0.2

TB5
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g Keghb
Lat/ Lon Clear-sky Radiation € 1% <« | HCldata
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LT i
(10km>l(10km) ________ , Albedo
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Note:

ch - Clear-sky index, diffuse horizontal component
Kch - Clear-sky index, beam horizontal component
K9 -Clear-sky index, global horizental component

Figure3.1 ¢ Flowchart for the solar radiation mapping.

Atmospheric attenuation is an essential feature of this model and reflects the effect of the passage of
radiation through the atmosphere as a result of the existence of particles. The atmospheric attenuation
due to the existence of gas is modeled by the optical air mass and the optical thickness of Rayleigh, whos
values are modeled empirically from formulations with variable associated with elevation of the terrain.

6 M. Neteler and H. Mitasova, Open Source GIS: a GRASS GIS approach, 3rd edition, Springer, New York, 2008
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The atmospheric attenuation associated witte solid particles is related to the atmosphenghidity or

Linke Turbiditywhich is a good approximation for modeling the atmospheric absorption and scattering of
solar radiation of a clear sky. LT describes the optical thickness of the atmosphenesdt of water

vapor absorption and scattering by aerosol to a relatively clean and dry atmosphere. The higher the LT
value of LT, the greater the attenuation of radiation in a cleky atmosphere.

The morphology of the terrain also modelled, in tlese of the interaction between the availability of the
three radiation parcels and their own reflection being the albedo an essential aspect in the reflective
surfaces (e.g. snow).

After assessing cleaky conditions, the effect of cloud cover is evalehi@nd a correction factor is
applied, the cleassky index§ ), in order to obtain the reasky from the cleasky maps.

For reaisky simulation the effect of cloudiness is considered in the application as a transmission factor (a
model parameter that reflects the relation between cleskty and reakky radiation). A good estimate of

this parameter is dependent on the avdilbty of radiation measurements as well as the estimation of
the proportion of diffuse radiation.

In order to compute cleasky index§ ,0 andd , for beam, diffuse andlgbal radiation respectively),
HC1data was useddC1 database covetise period from 1985 to 2005 in a grid of approximately 20 km x
20 km(Figure2.2).

3.2 GRID RESOLUTION

Solar resource grid for Liberia was adjusted to thedel topography in order to optimize computation
time and the results that followed.

For clearsky irradiation mapping we will be considering the Digital Elevation Model (DEM) TerrainBase 5
(TB5), available worldwide with a grid resolution of 5 minutggfoximately 10 km) and provided by the
formerly National Geophysical Data Center (NGDC) from the National Oceanic and Atmospheric
Il RYAYAAUNYGA2Y O6bh! 10X y2¢ Dbh!! Qa Dbl OGA2Y.IThe / S
selection of this database islated to the spatial resolution of SoDa radiation database (HC1) in order to
ensure more rigorous characterization of cleday conditions in the territory of Liberiésee Figure
3.1Figure3.2).

”National Geophysical Data Center (NGD@pline]. Avadble:http://www.ngdc.noaa.gov/
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For realsky simulation it was used a higher resolution elevation dataset in order to improve solar
assessment mapping. Therefore, it was used a worldwide digital elevation model provided by the
SRTMo ne@ith a grid resolution of 30 arc second (approxtaia 1 km)

The extent of the simulation took into account the shadowing effects caused by the terrain, so that it was
given a margin of about 200 km from the country's borders.

It is presented inFigure 3.2 and Figure 3.3, the digital elevation datasets from TB5 and SRIM Q Q 2
respectively.

8 SRTM30", [Online]. Availablehttp:/topex.ucsd.edu/cgibin/get srtm30.cgi
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Figure3.3 ¢ Digital global elevation data (SR 1 QQ RI GF X / 2y adz GF yidQa LINEC

3.3 MODEL PARAMETRIZANIO

Linke Turbidityallows estimating atmospheriattenuation. Therefore, for cleasky simulation LT &s
used in its original resolution (10 x 10 km), matching the spatial resolution of SoDa solar database (HC1).

Considering the topography effects of Liberia territory, &l simulation was performed with LT data
interpolated to grid altimetry of SRTMLhus, the values were normalized to the mean sea level,
interpolated and calculated back to the elevation value. This characterization of the atmospheric
parameter is performed for each month of the year.

Correction of the altitude is given by the ratiotheen the atmospheric pressure of a specific locatigh (
and the corresponding mean sea level pressuye.(This factor corrects the optical length path as a
function of altitude and can be estimated from:

— Gesto AnnexlV| Pagell
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hﬂ 'Q Wt 81 (31)

Mapping of solar resource for Liberia also requires information from albedo in order to incorporate the
effects of diffuse reflectivity.

For clearsky simulation albedo wasaintained constant (albedo =2).in order to e consistent with the
conditions used in the creation of HC1 database.

For reaisky simulation, it was used albedo monthly data from NASA NEO concerning the period from May
2014 to April 2015.

Monthly maps of Linke turbidity and albedo are presentedRPENDIX {/
3.4 CALIBRATION AND CBRESKY INDEX CORRECTION

A good estimate of the cleaaky index depends on the availability of radiation measurements as well as
the estimation of the proportion of diffuseadiation. For Liberia, meteorological data from ground
stations are very sparse and has few years of records. Therefore, for this study we will consider Ghan:
and Nigeria radiation datd{gure2.1).

For the selected WRDC selected stations is only available for consultation data relating to the average
daily global radiation in the horizontal plane.

So that the HC1 data were comparable with data froRI'C stations, the monthly values of global, direct
and diffuse radiation to the nearest points of measuring stations were obtained.

The linear model for the correction of HC1 is presented in the following equation:
0 WL W — (3.2)

where:
0 ¢ Corrected clearsky index

0 ¢ Clearsky index (HC1 not corrected)
— ¢ Diffuse proportion (HC1 not corrected) measurements

® ¢ Coefficients of the linear model

Data used for the calibration of cleakyindex are presented IAPPENDIX HI. It is presented inrable
3.1the coefficients used in linear regression for correcting the values of
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Table3.1 ¢ Linear model coefficients.

+ | 0.736110916
+ | 0.28364459

The results of the linear model for the clesity index correction are shown in the graph-ajure3.4.

Without correction e Corrected

1.0 -

0.8 - »*
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0.2

0.2 0.4 0.6 0.8 1.0
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Figure3.4 ¢ Correction of HC1 values.

After obtaining the corrected) values (monthly values), the remaining cls&y indexes were
calculated and performed a new simulation in reé.

4 SOLAR POTENTIAL MAP

4.1 LIBERIA CLIMATE

[ AOSNRAI A& I O2dzyiNB 2y (GKS 2S3adG ! FNAOI yeriabave a i
a tropical climate, strongly influenced by the West African Monsoon. As for the south, Liberia has an
equatorial climate, experiencing rainfall throughout the year.

Most of Liberia has one wet season between late April andMudember. This rafall season is largely
controlled by the movement of thé y (i S Ndt ¢ NB LJA Ol fITCE @hict Ssbillatasbgtweth2he S
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northern and southern tropics over the course of the year. When ITCZ moves north (summer in the
northern hemisphere), the dominang A Y R RANBOGAZ2Y Ay NBIA2ya 4&2dz
blowing moist air from the Atlantic onto the continent. This pattern is referred to as the West African
Monsoon, and causes exceptionally high rainfalls on the coastline of West Africavirettiseason. In the
winter, ITCZ travels south (winter in the northern hemisphere) and therefore the dominant wind direction
Aad NBOSNASR:X gKAOK OldzaSa GKS RNE FyR RdzaGe Wi
northern regions of Liberfa

4.2 SOLAR ATLAS

The distribution of radiation in Liberia relates essentially with two factors:

a) The equatorial climate in the south (rainfall and consequently cloudiness almost the whole
year);

b) The influence of the West African Monsoon due to the movementT@Z in the northern
regions.

Therefore, Liberia is characterized by high levels of solar radiation, especially in central and northern
territory. In APPENDIX HWI are presented the monthly and annual maps of global, diffuse and direct
radiation on horizontal plane.

Global Horizontal Irradiatiomrmap, obtained prior to calibration, shows values of the same order of
magnitude as other maps available byher entities, in particular maps from METEONGRNand
SOLARGIS However,Gestoopted for a slightly more conservative mapping, calibrating the resulting
map of the first simulation wh local meteorological data. As previously statetkgteorological datdor
Liberiafrom ground stationss very sparse and has few years of records. Therefore, for this study was
considered Ghana and Nigeria radiation data to calibrate and refine our solar resource, since they have
similarities in radiation, geographical &on and topography. Ifrigure4.1 it is presented the map of
Global Horizontal Irradiation prior to the calibration andrigure4.2 the final GHI map for Liberia.

9M. N. a. G. L. C. McSweeney, "LibelidNDP Climate Change Country Profiles," School of Geography and the Enrtrc@0fha.

10Meteonorm,"Yearly sum of global irradiance," 199010.[Online]. Availablehttp://meteonorm.com/images/uploads/demo_uploads/ghi v715 hr.png

11 SolarGIS, [OnlineAvailablehttp://solargis.info/doc/free-solarradiationrmapsGHI
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Global Horizontal Irradiation (kWh/m?/year)
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Figure4.1 ¢ Mapping of Global Horizontal Irradiation prior to calibration.

r—
— Gesto Annex|V| Pagel5

LR.2016R.0010



RURAL ENERGY STRATEGY AND MASTER PLAN FOR LIBERIA

TECHNICAREPORT

Global Horizontal Irradiation (kWh/m?year)
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Figure4.2 ¢ Solar Potential Atlas for Liberia.

In Figure4.3 are presented examples of solar potential for some of the best places in the world. It is
worth highlighting that Liberia is characterized by high levels of solar radiation when compared with good
locations in Europe and Asia. On average, the solar piteof Liberia varies between 665 and
1771kWh/m?/year, being Greenville City the county capital with the minimum value of GHI,
1673kWh/m?/year, and Zwedru the county capital with d@h average highest value of

1 728kWh/m?/year.
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Figure4.3 ¢ Solar benchmark for the world.

5 PHOTOVOLTAIC POTEANTI

5.1 METEOROLOGICAL DATA

In the scope of thihotovoltaicresource assessment study the three meteorological variables of most
interest are global horizontal irradiation, diffuse horizontal irradiation and temperature. In order to
identify the local climate and interannual variability for the primary parameaté?V resource assessment
were used values from the mapping of global and diffuse radiation obtained from the solar resource
assessment, better explained @napters3 and4.

As presented ifrigure5.1 GHIfor Liberia was performed with a resource grid of 1 km x 1 km.
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Global Horizontal Irradiation (kWh/m?*/year)
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Figureb.1 ¢ Annual Average Global Horizontal Irradiation.

Temperature is aariable that affects, only secondarily, the photovoltaic modelling and therefore it will
be considered in all simulations a global data source such as the WorldClim rofechperature data
consists in monthly data with a horizontal resolution of 1 km.

As an exampleFigure 5.2 presents the mean annual temperature for Liberia. Monthly maps of
temperature arepresented inAPPENDIX W/

2WorldClim, [Online]. Availabléttp://www.worldclim.org/
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5.2 ESTIMATION OF SPECIFRODUCTION

Specific production is assessed by PVSyst application, using meteorological data desthibeidenious
Chapter 5.1 and topography data provided bBJRTMo ' dpproximately 1 knresolution SRTMo 1 Q Q
data is better described iGhapter 3.2.

To better assess Liberia PV Potenté#d, points equally distributedvere selected in the country as
presented inFigure5.3. APVSyst simulatiowasperformedfor each of the selected points.

13SRTM30", [Online]. Availablenttp://topex.ucsd.edu/cgibin/get srtm30.cgi
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® Selected Points to simulate

Topography (m)
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[C1 600 - 700

[ >700 0 15 30 60 9 120

Figureb.3 ¢ Selected points to simulate PV potential for Liberia.

PV simulation was performed with PVSyst application, for a typical technical solution qfraj&dt with
10 kWp of solar panel§ limited in the invertet® of 10 kW. It was considered the same PV model solution
for the selected 45 points.

14 For smulation purposes, were adopteingliSolarpanels,YL250R29b.

15 For smulation purposes, was adopted theeBiens inverter SinvertrVM10

r—
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Gathered the simulation results, several options for linear regressions that included the most significant
varnables were studied in order to estimate the PV production for all the territory. The values of altitude,
latitude, global irradiation and temperature used in the simulations were also summarized. The linear
regression used to describe photovoltaic potahfior Liberia was defined by the following equation:

~

0 @ WOUO0MQOA@NLO QO WOV Y (5.2)
where:

P ¢ Specific production estimate, resulting from the linear model (KWh/kWp)

GHIg Global Horizontal Irradiation (kWh/Atyear)

T¢ Temperature (°C)

¢ Coefficients from the linear model

Dataused for the linear regressiois presented inAPPENDIX RW. The coefficients used in the linear
model are presented iffable5.1.

Table5.1 ¢ Linear regression coefficients.

13641967327416
-0.01842593641
7.16136497860
0.82408454631
-5.16047964437

[ | [ -

Applying the linear regression to the maps of altitutiitude, GHI and temperature it was possible to
estimate and map the specific production for the whole territory of Libd¥igure5.4).
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Specific Production
(kWh/kWp)
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[ 1491 -1500
B > 1500

Figure5.4 ¢ PV Potential for Liberia.

6 PV SIMULATION

6.1 PHOTOVOLTAIC POWERNT

The proposed PV modules are describedable6.1. The inverters are described Trable6.2.

b2 LINROdNBYSYd 61 a Y4 RGest@RidNihidiiépdrt. SHe queinelBy g/ invarters
proposed were selected according to best practices and quality standard in the market (2015), and may
not reflect themost cost efficiensolution.
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Table6.1 ¢ PV array characteristics.

PV Module SiPoly Manufacturer Yingli Solar
Model YL250R29b Unit nominal power 250 Wp
Number of PV modules 40 Array Global power
In series In parallel Nominal (STE) At operating conditions
20 modules 2 strings 10.0kWp 8.96 kWp (56C)
Array at operating conditions (5TC)
U mpp I mpp
541V 17 A

Table6.2 ¢ Inverter characteristics.

Inverter Model Sinvert PYM10 Manufacturer Siemens
Characteristics Inverter Pack

Operating voltage Unit Nominal Power Number of inverters Total Power
380850 V 10.0 kW AC 1 unit 10.0 kW AC

6.2 METHODOLOGY

6.2.1 TRANSPOSITION MODEL

Transposition is the calculation of the incident irradiance on a tilted plane from the horizontal irradiance
RFiGFo t+{&ald Iftft26a GKS OK2AO0S o0SG4SSy 1l&Qa Y2
is referred to give slightly better resslt(in terms ofRoot Mean Square Deviation (RMSi)hourly
values) in any casé being the current default option from version 6.25.

6.2.2 SYNTHETIC HOURLY EEATION

Synthetic data generation provides a mean of constructing meteorological hourly data froomontily

known values. This is required since numerous simulation processes have to be computed as
instantaneous values (or pseudlastantaneous as hourly averages). This is the case, for example, with the
transposition model which closely depends on tloéas geometry.

16 STG Standard Testd@hditions

7P, Ineichen, "Global irradiance on tilted and oriented planes: model validations," University of Geneva, 2001.
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For global irradiance, was used a wesdtablished random algorithty which produce hourly distributions
presenting statistical properties very close to real data. For temperature, such a general model doesn't
exist. PVSyst uses procedurefusted only on Swiss meteorological ddta

6.2.3 PV MODULE MODEL

t+adald dzasSa (KS {K201fSeQa aAyYL} S a&aygtdineRmoduRsS ¢
PVsyst treats in detail the following loss types in a PV array:
1 Thermal losses
1 Ohmicwiring losses
1 Module quality losses
1 Mismatch losses
1 Incidence Angléosses

6.3 ASSUMPTIONS

6.3.1 HORIZONTAL AND INANE IRRADIATION

The horizontal irradiation and diffuse radiation were considered from the global horizontal irradiation
obtained from the Solar Potential Map. The hourly in plane irradiation was obtained according to the
method described ilChapter6.2.2

6.3.2 THERMAL LOSSES

¢KS t+{&aid dzZaSR (KS { K201t SeRa2REYLINERE2Y 8
and two variables (temperature and irradiance).

RA BB

Irradiance loss is due to the efficiency decrease for lower irradiances, in respect to the standard
1 000W/m?. This irradiance loss is a consequence of the intrinsic behavior of the PV modules, dependinc
on the PV module parameters Rserie and Rshunt.pBEnameters for the one diode model are specified

in the model summary at th&éable6.3.

18 M. C:P. R.J. Aguiar, "TAG: Thaependent, Autoregressive, Gaussian Model for Generating Synthetic Hourly Radigttar, Energywol. 49, pp. 167174,
1992

¥M.-N. F. F. B.-IL. Scartezzini, "Compression of mykar Meteorological Data, OFEN, 30@3rB Final Report," LESEPFL, Lausanne, 1990.
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Table6.3 - Model summary.

Model Summary
Main parameter

R shunt 268.000hm
Rsh (G=0) 820.000hm
R serie model 0.35 ohm
R serie max. 0.420hm
R serie apparent 0.53 ohm
Gamma 1.02
loRef 0 nA
muVoc -127 mV/°C
muPMax fixed -0.41 /°C

The STC conditions are specified for a cell temperature 3€.2But the modules are usually working at
much higher temperatures. Farystalline silicon cells, the loss is abei41%/fC at MPP.

The module temperature is calculated by a thermal balance, dependent on a specified heat transfer
parameter describing the module layout.

For the considered PV array, the thermal loss facteese computed though constant loss factor of
29 W/m?K, which is used internally for the computation of the PV yields.

A w4 A -

¢tKS 4SSt SOGSR LI NIYSGSNE INB FOO2NRAY3I G2 YI ydzFl

6.3.3 OHMIC WIRING LOSSES

The ohmic wiring losses induce losses betwéle@ available power from the modules and at the
terminals of the array. It is assumed a default global wiring loss fraction of 1.5% at STC running condition
as a best practice standard.

6.3.4 MODULE QUALITY LOSSE

Module quality loss is taken into account aloss fraction of 0.8% to depict the discrepancy between the
NBIFf Y2RdzZ Sa o6& NBaLISOl G2 GKS YIFydzZFl Ol dzZNBNDRa a

20 MPP¢ maximum power point
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6.3.5 MISMATCH LOSSES

Mismatch losses are taken into account as a constant loss during simulation. It iseceds&l loss
fraction of 1% at MPP as a best practice standard.

6.3.6 |AM LOSSES

The incidence effect (the designated term is 1AM, for "Incidence Angle Modifier") corresponds to the
RSONBIFaS 2F (GKS ANNI RAIFIYOS NXI tf @irradidnteQuideryhd@mall K S
incidence, due to reflections increasing with the incidence angle. It is approached by the "ASHRAE
parameterization depending on one only parameter, assuming its value from the best practice standard
(bo=0.05).

6.3.7 SYSTEMS PERFORMAREEHO

System Performance Ratio (PR) iguantity, defined namely by th&uropean Communities (JRC/Ispra),
which represents the ratio of the effectively produced (used) energy, with respect to the energy which
would be produced by a "perfect" system caniously operatig at STC under same irradiar{tecident
Global in the plane).

The PR includes the array lossdsaflings, IAM, PV conversion, module quality, mismatch, wiring, etc.)
and the system logs (inverter efficiency igrid-connectedor storage/battery/unused losses in stand
alone, etc.).

Unlike the "Specific energy production” indicator, expressed in [KWh/kWpl/year], this is not directly
dependent on the meteorological input or plane orientation, allowing the comparison of the system
quality between installations in different locations and orientations.

Therefore, PR is computed by:

0'Y '0°Qi Qo OQ'Q? ,
a € W¥0Ews &

(6.1)

where:
Egrid¢ Energy delivered to the grid [kWh],
GloblIncg Irradiation in the plane of arrajkWh/m?]

Pnomg Array nominal power at STC (nameplate value) [KWp]
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The product "O& ¢ ?© & dGs numerically equivalent to the Energy which would be produced if the

system was always running with its nominal efficiency as defined by the nameplate nominat pow
[KWhPL

6.3.8 SPECTRAL LOSSES

t+taéald R2SayQi GF{1S Ayid2 VOREzizga #ARBOIKEt a2 g8aE
The Sandia model takes spectral correction into account, giving a slight gain on production for crystalline
modules. Therefore, this gain is not accounted in the current methodology.

6.3.9 TEMPERATURE LOSSES

Temperaturdosses are modelled by the thermal losses.

6.3.10 LOW IRRADIANCE BEHAN

The efficiency behavior involved in the results of PVsyst is a "pure” application of thediGiss
standard model, corrected for exponential Rshunt as function of the irradiance.

In the smulation process, the "Irradiance loss" is the deficit of efficiency as function of the irradiance
during the simulation, by respect to the efficiency at nominal conditions (STQ) W/m?), as stated in
Figure6.1> | OO2NRAY 3 GKS YI ydzFl OGdzZNENRa aLISOAFAOLNGA?2

PV module: Yingli Selar, YL250P-29b

fficicncy ab Pmax [#)]

Relative efficiency loss
] o by respect to STC -
1000 Wimz2, Eff = 15.31 %

4 Cells temp. = 10 °C 800 Wim2, 0.4 % B
Cells temp. = 25°C 600 Wim2, 0.4 %
5 Cells temp. = 40 °C 400 Wim2, -0.4 % ]
Cells temp. = 55°C 200 Wim2, -3.3 %
Cells temp. =70 °C
0 | | | |
0 200 400 500 800 1000

Figure6.1 ¢ Efficiency as a function of irradiance level.

21 PVSyst, [OnlineAvailablehttp://www.pvsyst.com/en/

Incident global [Wim"
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6.3.11 INVERTER LOSSES

The inverter efficiency is presented in the datasheetBigtire6.2. The efficiency was modelled according
02 YIFydzFlI OGdzNENDRa aLISOAFAONIGA2Yyad

PVSYST V6.25 08/03/16 16h06

Characteristics of a grid inverter

Manufacturer, model : Siemens, Sinvert PYM10
Availability : Prod. from2009
Data source : Manufacturer 2009

Input characteristics (PV array side)

Operating mode MPPT
Minimum MPP Voltage Vmin 380 V Nominal PV Power Pnom DC  10.2 kW
Maximum MPP Voltage Vmax 850 V Maximum PV Power Pmax DC  10.2 kW
Absolute max. PV Voltage Vmax array 1000 V Maximum PV Current ImaxDC N/A A
Min. Voltage for PNom Vmin PNom  N/A V Power Threshold Pthresh. 60 W
Behaviour at Vmin/Vmax Limitation Behaviour at Pnom Limitation

Output characteristics (AC grid side)

Grid Voltage Unom 400 V Nominal AC Power Pnom AC  10.0 kWac

Grid frequency Freq 50/60 Hz Maximum AC Power Pmax AC  10.0 kWac
Triphased Nominal AC current InomAC 18.0 A

Maximum efficiency Max Eff. 98.8 % Maximum AC current Imax AC  18.0 A

European average efficiency Euro Eff. 97.4 %

Remarks and Technical features Sizes: Width 530 mm

Internal DC switch, Output Voltage disconnect adjustement, Height 601 mm

ENS protection, Depth 270 mm

Weight 40.00 kg
Technology: IGBT

Protection: IP65
Control: dot matrix 128 x 64

Efficiency profile vs Input power

120 T T T T

] Ty TPPPpreeT PP rrPTTTpPPPPE g .

B0 - Lol E

Efficiency [%]
@
o

) R 4

B [+ .

6
P In (DC) [kW]

PVsyst Licensed to Gesto Energia, SA (Portugal)

Figure6.2 ¢ Inverter datasheet.
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6.3.12 DC, AC AND EVACUANIONE CABLE LOSSES

The losses ibirect CurrentDQ circuit (ohmic losses for the array) were considered as a loss fraction at
STC of 1.5%. The lossegha Alternating Current AQ circuit (from the inverter to the injection point)
were not considered. The assumed losses follow the best practice.

6.3.13 TRANSFORMER LOSSES

The main losses associated with the transformer are the iron losses and the resistiegfiirdasses. The
iron losses were considered to be 0.1% at STC and the resistive/inductive losses were considered to b
1.3% at STC, according to the best practices and design procedures.

6.3.14 DUST AND SHADING BE&S

Losses on production due to dust and shadeffects were not considered in the planning stage. In the
design phase, they should be properly modulated.

6.3.15 SOLAR MODULE DEGRAIN

It was considered a panel component efficiency loss of 5%, taking into consideration the degradation of
PV modules andgeing of cables and other equipment. The order of magnitude of effects of ageing of
other equipment and cables in energy production is expected to be much smaller in relation to the PV
module degradation, thus its effect is considered to be included m dhcertanty of the module
degradation.

7 CONCLUSIONS

Modelling Global Horizontal Irradiation was accomplished with r.sun model ushgGHml satellite

data and calibrated with global radiation data from 7 weather stations in Ghana and Nigeria, prbyided
WRDC. Liberia is characterized by high levels of solar radiation, especially in central and northerr
territory. On average, the solar potential of Liberia varies betwe&63 and 1771 kWh/n¥/year, being
Greenville City the county capital with the ritimum value of GHI, @73 kWh/nt/year, and Zwedru the
county capital with the average highest value af28 kWh/n¥/year.

The Solar Atlas of Liberia will allow identifying any site nationwide with generation capacity between any
power ranges, beingn auxilary tool to promote rural electrification through solar energy.

For assessing Liberia PV potential were performed 45 simulations, for a total of 45 points covering Liberi
territory, with a typical technical solution of a PV project with 10 kWp of sotarefs, limited in the
inverter of 10 kW. To the gathered results was applied a linear regression in order to include the most
significant variables and therefore estimate the PV production for all the territory.
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APPENDIX W GLOBAL DATA COLLECTE
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APPENDIX H: CALIBRATION DATA

Data for the calibrationof clearsky index for Liberia

Station Month  Laftude Lomgitude Gcs

(SRTM)

Kumas 1 6.72 -1.60 195.67| 129.60 0.66| 195.23| 163.14| 0.84| 76.80 0.47
Kumas 2 6.72 -1.60 186.74] 132.36 0.71| 186.30[ 152.48| 0.82| 76.38 0.50
Kumas 3 6.72 -1.60 213.86] 156.10 0.73] 213.60) 160.31 0.75( 90.74 0.57
Kumas 4 6.72 -1.60 217.39] 152.59 0.70] 217.16/ 155.99 0.72( 86.18 0.55
Kumas 5 6.72 -1.60 212.74] 153.82 0.72] 212.61] 144.00[ 0.68( 89.79 0.62
Kumas 6 6.72 -1.60 199.12] 131.30 0.66] 211.00) 115.57| 0.55( 82.32 0.71
Kumas 7 6.72 -1.60 216.72| 113.81 0.53] 198.94] 116.60[ 0.59( 85.47 0.73
Kumas 8 6.72 -1.60 22584 103.24 0.46] 216.55| 108.32 0.50( 82.49 0.76
Kumas 9 6.72 -1.60 211.23] 113.96 0.54| 225.65 95.21| 0.42| 77.67 0.82
Kumas 10 6.72 -1.60 211.29| 137.47 0.65| 210.96/ 130.07( 0.62| 88.55 0.68
Kumas 11 6.72 -1.60 190.22] 139.01 0.73] 189.91] 142.38 0.75( 83.18 0.58
Kumas 12 6.72 -1.60 186.88] 119.75 0.64| 186.53] 150.63| 0.81| 78.51 0.52
Accra 1 5.6 -0.17 198.80] 123.32 0.62] 199.03] 167.99 0.84( 76.43 0.45
Accral 2 5.6 -0.17 189.16] 125.25 0.66| 189.53| 150.90| 0.80| 76.98 0.51
Accra| 3 5.6 -0.17 21531 154.71 0.72] 215.62) 154.89| 0.72| 89.52 0.58
Accra| 4 5.6 -0.17 220.57| 142.70 0.65] 220.71 154.35[ 0.70( 84.20 0.55
Accral 5 5.6 -0.17 210.60] 138.41 0.66| 210.83| 137.29| 0.65| 84.75 0.62
Accral 6 5.6 -0.17 196.34] 104.21 0.53| 212.08f 109.72| 0.52| 76.14 0.69
Accral 7 5.6 -0.17 217.28] 101.02 0.46| 196.61f 120.59| 0.61| 81.66 0.68
Accra| 8 5.6 -0.17 226.05| 116.78 0.52] 217.49] 114.20[ 0.53( 81.70 0.72
Accra| 9 5.6 -0.17 211.88] 135.21 0.64| 226.17) 108.86( 0.48( 82.08 0.75
Accral 10 5.6 -0.17 213.60] 153.84 0.72| 213.70[ 136.74| 0.64| 88.45 0.65
Accra 11 5.6 -0.17 193.18| 141.45 0.73| 193.32| 141.70| 0.73] 82.30 0.58
Accra| 12 5.6 -0.17 190.48] 115.08 0.60| 190.82) 157.93| 0.83| 77.72 0.49
Takoradi 1 4.88 -1.77 207.91| 138.00 0.66] 207.68] 176.59 0.85( 70.81 0.40
Takoradi 2 4.88 -1.77 198.85] 145.46 0.73] 198.53] 165.24( 0.83( 71.69 0.43
Takoradi 3 4.88 -1.77 225.74] 172.09 0.76| 225.67| 171.82| 0.76] 85.13 0.50
Takoradi 4 4.88 -1.77 218.71] 162.77 0.74| 218.91f 156.05| 0.71] 81.72 0.52
Takoradi 5 4.88 -1.77 214.89| 157.61 0.73] 214.92] 142.15 0.66( 82.86 0.58
Takoradi 6 4.88 -1.77 201.18| 128.88 0.64| 214.82) 112.14| 0.52| 76.22 0.68
Takoradi 7 4.88 -1.77 217.10] 128.66 0.59| 201.27) 131.88 0.66( 82.60 0.63
Takoradi 8 4.88 -1.77 225.45] 124.08 0.55| 217.15| 124.36| 0.57| 84.18 0.68
Takoradi 9 4.88 -1.77 214901 138.80 0.65| 225.50[ 111.03| 0.49]| 83.03 0.75
Takoradi 10 4.88 -1.77 218.36] 168.65 0.77| 218.27) 143.34| 0.66( 88.55 0.62
Takoradi 11 4.88 -1.77 200.92| 170.73 0.85] 200.71 155.53 0.77( 78.90 0.51
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TECHNICAREPORT

Station Month  Laftude Longitude Gcs

(SRTM) Drs
Takoradi 12 4.88 1.77| 10067 14804 074 100.33) 166.67] 0.84| 73.18] 0.44
Benin City 1 6.32 560 19205 132.10] 069| 191.86| 160.18] 0.83 79.46] 0.50
Benin City 2 6.32 560 184.12] 13470 073] 183.90] 143.11] 0.78] 79.56] 0.6
Benin City 3 6.32 5.60 212.69 147.70 0.69| 212.59 142.31| 0.67| 90.09 0.63
Benin City 4 6.32 5.60 221.47 143.20 0.65| 221.49 144.20| 0.65| 85.87 0.60
Benin City 5 6.32 560 20820 14540 070] 208.37] 125.97] 0.60| 85.10] 0.68
Benin City 6 6.32 560 19483 12850 0.66] 200.63] 104.72] 050 76.76] 0.73
Benin City 7 6.32 560 21592] 10050 051] 19494 10057 052| 7685 076
Benin City 8 6.32 560 22062] 107.40] 047] 216.03] 10362 048] 79.65] 0.77
Benin City 9 6.32 560 209.69| 116.00] 055| 22048] 93.05] 0.41| 7457 o080
Benin City 10 6.32 560 20950] 13540 065| 200.21] 116.12] 056| 82.95] 0.71
Benin City 11 6.32 560 186.78] 14320 077] 186.58] 138.79] 0.74| 81.38] 059
Benin City 12 6.32 560 183.78] 136.80] 074| 18347] 15336 0.84| 77.90] 051
Wenchi 1 7.75 210 18891 12570 0.67| 190.20] 168.96] 0.89| 71.48] 0.42
Wenchi 2 7.75 -2.10 181.66 131.20 0.72| 182.84 157.79] 0.86| 72.60 0.46
Wenchi 3 7.75 -2.10 210.51 148.10 0.70] 211.99 167.77] 0.79| 87.83 0.52
Wenchi 4 7.75 -2.10 211.92 142.70 0.67| 213.45 154.78| 0.73| 85.18 0.55
Wenchi 5 7.75 210 211700 14330 o0.68| 213.12] 147.50] 0.69] 87.54] 059
Wenchi 6 7.75 210 19854 12490 063 20027 122.88] 0.59] 8269 0.67
Wenchi 7 7.75 -2.10 212.27 108.70 0.51| 199.86 111.53| 0.56] 83.71 0.75
Wenchi 8 7.75 -2.10 222.36 100.30 0.45| 213.85 108.82| 0.51| 82.39 0.76
Wenchi 9 7.75 -2.10 207.77 108.60 0.52| 223.95 100.19] 0.45| 77.30 0.77
Wenchi 10 7.75 210 20564 13140 0.64] 207.01) 133.99] 0.65| 8545 0.64
Wenchi 11 7.75 -2.10 184.09 129.20 0.70| 185.43 147.05| 0.79| 78.97 0.54
Wenchi 12 7.75 -2.10 180.52 117.10 0.65| 181.72 157.65| 0.87| 72.61 0.46
Akuse| 1 6.1 -0.12 195.67 126.40 0.65| 196.22 171.11|] 0.87| 74.08 0.43
Akuse| 2 6.1 -0.12 186.51 135.40 0.73| 186.96 158.10] 0.85| 74.36 0.47
Akuse 3 6.1 012 21349 157.00] 074 213.96] 167.12| 0.78] ss.06] 053
Akuse 4 6.1 012 21997 15890 0.72 22065 160.48] 0.73] 83.78] 0.2
Akuse| 5 6.1 -0.12 210.14 159.60 0.76| 210.71 145.44] 0.69| 86.73 0.60
Akuse| 6 6.1 -0.12 196.35 140.10 0.71| 211.65 120.61| 0.57| 79.66 0.66
Akuse 7 6.1 012 21720 124.80] 0.57| 196.86| 130.65| 0.66| 85.38] 0.65
Akuse] 8 6.1 -0.12 227.24 128.50 0.57| 217.88 128.50f 0.59| 87.15 0.68
Akuse] 9 6.1 -0.12 211.14 141.80 0.67| 227.80 118.48| 0.52| 85.50 0.72
Akuse| 10 6.1 -0.12 211.66 158.50 0.75| 212.16 149.25 0.70| 88.28 0.59
Akuse| 11 6.1 -0.12 190.42 145.20 0.76| 190.90 155.17] 0.81| 78.81 0.51
Akuse] 12 6.1 012 18742 12570 0.67| 187.91 163.69] 0.87| 74.82] 0.6
Tamale 1 9.5 085 18160 159.16] o0.88| 181.76| 163.11] 0.90| 71.35] 0.44
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TECHNICAREPORT

Station Month  Laftude Longitude Gcs

(SRTM) Drs
Tamale 2 9.5 -0.85| 178.15| 156.74| 0.88| 178.30| 155.27| 0.87| 72.03| 0.46
Tamale 3 9.5 -0.85| 209.88] 178.01] 0.85| 209.96| 169.57| 0.81| 86.90| 0.51
Tamale 4 9.5 -0.85| 209.95] 168.66] 0.80| 210.23| 159.17| 0.76| 85.17| 0.54
Tamale 5 9.5 -0.85| 21254 17584 0.83| 212.72| 157.24| 0.74| 8731 0.56
Tamale 6 9.5 -0.85| 200.95] 159.20| 0.79| 205.29| 136.92| 0.67| 82.26| 0.60
Tamale 7 9.5 -0.85| 209.95| 142.73| 0.68| 201.12| 123.34| 0.61| 83.79| 0.68
Tamale 8 9.5 -0.85| 220.17| 13152 0.60| 210.20| 117.23| 0.56| 83.48| 0.71
Tamal¢) 9 9.5 -0.85| 205.00] 142.65] 0.70| 220.61| 123.13| 0.56| 80.17| 0.65
Tamal¢) 10 9.5 -0.85| 200.92| 169.51] 0.84| 201.10| 159.26| 0.79| 81.24|] 0.51
Tamale 11 9.5 -0.85| 178.27| 163.24| 0.92| 178.40| 161.74| 0.91| 69.81 0.43
Tamale 12 9.5 -0.85| 17556 147.67| 0.84| 175.72| 161.36| 0.92| 67.76| 0.42
where:

"0 ¢ Clearsky Global Irradiation
O ¢ RealskyGlobal Irradiation
0 ¢ Clearsky index for Global Irradiation

O ¢ Realsky Diffuseradiation

— ¢ Diffuse proportion measurements

Realsky values refer to the actual data obtained from WRDC statibims monthly values ajlobal and
diffuse radiation from HC1 were obtained for the nearest points of the measuring stations from WRDC.

Also, for WRDC stationgere used the cleasskysimulation with the elevation dataset of SRTM (1 km x 1
km) in order to ensure a more asserti@pproach between the simulation and reality. For HC1, the values
of global irradiation resulted from the cleaky simulation with TB5 (10 km x 10 km), topography
database used by SoDa.
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APPENDIX h: SOLAR RESOURCEASTIDEAILED MAPS)

MAPS OF DIRECT RAD(ZN
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Map of Direct Radiation for January (kWh/f
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Direct Radiation
(kWh/m?)
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Map of Direct Radiation for February (kWh/f
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Direct Radiation
(kWh/m?)
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Map of Direct Radiation for March (kWh/).
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Direct Radiation
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Map of Direct Radiation for April (KWh/r).
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Direct Radiation
(kWh/m?)
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Map of Direct Radiation for May (KWh/r).
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Direct Radiation
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Map of Direct Radiation for June (KWh/&
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Direct Radiation
(kWh/m?)
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Map of Direct Radiation for July (KWh/A).
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Direct Radiation
(kWh/m?)
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Map of Direct Radiation for August (KWh/A).
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Direct Radiation
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Map of Direct Radiation for September (kWh/fn
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Direct Radiation
(kWh/m?)
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Map of Direct Radiation for October (kWh/f).
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Direct Radiation
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Map of Direct Radiation for November (KWh/&.

— Gesto Annex|V] Page52

LR.2016R.0010



RURAL ENERGY STRATEGY AND MASTER PLAN FOR LIBERIA

TECHNICAREPORT

Direct Radiation
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Map of Direct Radiation for December (KkWh/
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Annual Direct Radiation
(kWh/m?/year)
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Map of Annual Average of Direct Radiation (kWhffgear).
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MAPSOF DIFFUSE RADIATION

Map of Diffuse Radiation for January (kWh/g
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