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The	  present	  study	  evaluates	  the	  performance	  of	  a	  hypothetical	  1-‐hectare	  solar	  photovoltaic	  (PV)	  plant	  
located	  in	  the	  Baía	  Azul	  Beach,	  in	  Benguela,	  Angola.	  The	  first	  year	  performance	  of	  the	  plant	  composed	  
by	  2,784	  DuoMax	  365	  PV	  modules	  from	  Trina	  Solar	  Company	  was	  evaluated	  by	  means	  of	  the	  VelaSolaris	  
Polysum	  software	  package.	  The	   total	   surface	  area	  of	   the	  PV	  modules	  was	  of	  5,456.64	  m2.	  The	  annual	  
alternate	   current	   electricity	   production	   was	   of	   1,511.70	  MWh	   allowing	   a	   total	   of	   710.47	   tCO2	   of	   CO2	  
emissions	   reduction	   and	   a	   performance	   ratio	   of	   72.8	   %.	   The	   annual	   average	   energy	   and	   exergy	  
efficiencies	  of	  the	  PV	  system	  were	  respectively	  of	  14.3	  %	  and	  14.7	  %.	  
	  

	  
1. Introduction	  	  

The	  solar	  photovoltaic	  (PV)	  industry	  is	  one	  of	  the	  fast	  growing	  industries	  
in	  the	  world	  and	  in	  2018	  it	  had	  worldwide	  installed	  power	  of	  505	  GW	  [1].	  
Solar	  photovoltaic	  systems	  can	  speed	  up	  the	  decentralization	  of	  energy	  
production	   and	   distribution,	   improving	   the	   local	   creation	   of	   jobs	   and	  
subsequent	   economic	   growth.	   They	   can	   guarantee	   the	   absence	   of	  
negative	  environmental	  impacts,	  namely	  carbon	  dioxide	  emissions	  [2].	  To	  
keep	  up	  with	   this	   high	   grow	   rate	   on	   the	   spread	  of	   the	   PV	   application,	  
new	   technologies	   have	   been	   developed,	   either	   in	   terms	   of	   the	  
consumed	  energy	  in	  the	  fabrication	  of	  the	  PV	  modules	  as	  well	  as	  in	  new	  
operating	  concepts	  in	  order	  to	  increase	  the	  PV	  cells	  efficiency	  [3].	  

The	  incident	  solar	  radiation	  in	  Angolan	  is	  high	  and	  almost	  constant	  along	  
the	  year,	  and	  there	  is	  a	  positive	  convergence	  of	  several	  factors,	  the	  high	  
incident	  solar	  radiation,	  the	  low	  ambient	  temperature	  variation,	  the	  low	  
wind	  velocity	   in	   coastal	   regions	  and	  a	   large	  availability	  of	   free	   land	   for	  
the	   installation	   of	   large-‐scale	   PV	   systems.	   The	   country	   has	   an	   average	  
yearly	  number	  of	  sun	  hours	  in	  the	  3600	  to	  5800	  range	  [4].	  

Angola	  is	  one	  of	  the	  major	  oil	  producers	  of	  the	  African	  continent,	  but	  its	  
electricity	   is	  mainly	   available	   through	  hydroelectric	  plants	   [5].	   To	  widen	  
the	   renewable	  energy	   share	  on	   the	  electricity	  production,	   the	  Angolan	  
Ministry	  of	  Water	  and	  Energy	  wishes	  that	  until	  2025	  there	  will	  be	  a	  4.5	  
fold	   increase	   on	   the	   electrical	   energy	   generation	   capacity	   [6].	   Besides,	  
there	   is	  also	   the	  need	   for	  private	   sectorial	  activities	  as	  well	  as	  political	  
and	  social	  stability	  in	  order	  to	  invest	  in	  the	  renewable	  energy	  sources	  [7].	  
The	   approval	   of	   the	   Decreto	   Presidencial	   N.	   256/11	   from	   the	   29th	  
November	   of	   the	   National	   Energy	   Politic	   and	   Strategy	   (Política	   e	   a	  
Estratégia	   de	   Segurança	   Energética	   Nacional)	   defines	   the	   required	  
strategic	   orientations	   for	   the	   energy	   sector	   in	   order	   to	   guarantee	  
regular,	   qualified	   and	   competitive	   costs	   for	   business	   enterprises	   and	  
population	  in	  general.	  

In	  Angola,	   the	  majority	  of	   companies	  and	  many	  households	  have	   their	  
own	  diesel	  electricity	  generators,	  and	  consequently	  Angola	  is	  the	  world	  
number	   one	   importer	   of	   diesel	   generators	   [8].	   In	   less	   demanding	  

situations,	  where	  the	  energy	  storage	  is	  not	  an	  obligation,	  the	  solar	  non-‐
battery	   PV	   systems	   can	   reduce	   the	   diesel	   dependency	   at	   low	   cost,	   by	  
operating	   as	   a	   complement	   to	   these	   fossil	   fuel	   generators	   [9].	   The	  
increasing	   demand	   of	   electricity	   to	   power	   air	   conditioning	   and	  
ventilation	  systems,	  either	  domestic	  or	  industrial,	  has	  a	  huge	  impact	  on	  
the	   use	   of	   diesel	   electricity	   generators.	   This	   equipment,	   besides	   the	  
environmental	  burden	  due	  to	  the	  emission	  of	  combustion	  exhaust	  gases	  
added	   to	   a	   noisy	   environment,	   negatively	   influences	   the	   population	  
health	   [8].	   The	   generation	   of	   the	   electricity	   through	   renewable	   energy	  
sources,	  would	  thus	  have	  a	   twin	  effect	  upon	  the	  society,	  as	   it	  not	  only	  
could	  reduce	  the	  above-‐mentioned	  environmental	  impacts,	  but	  also	  the	  
country	   dependence	   on	   fossil	   fuels.	   The	   PV	   electricity	   production	  
systems	   have	   the	   shortest	   (in	   less	   than	   one	   year)	   installation	   period,	  
combined	  with	  the	  lowest	  maintenance	  costs.	  

The	  PV	  technology	  still	   faces	  some	  barriers	  to	  its	  development,	  such	  as	  
difficulties	   to	   find	  out	  proper	   financing	   schemes,	   financial	  or	  economic	  
unstable	  situation	  or	  bad	  quality	  of	  equipment	  proposed	  by	  the	  dealers	  
due	   low	  market	  transparency,	  as	   it	  happens	   in	  many	  African	  countries.	  
Also	  high	  prices	  or	   taxes	   imposed	  on	   such	  equipment,	   lead	   to	  difficult	  
conditions	   for	  many	   communities	   and	   keep	   fossil	   fuels	   as	   reference	   in	  
the	  energy	  production	   sector	   in	   several	   third	  world	   countries.	   In	  other	  
words,	   the	   PV	   development	   depends	   on	   the	   competitiveness	   of	   other	  
energy	  production	  technologies	  [10].	  

In	  the	  Benguela	  region,	  only	  59	  %	  of	  its	  population	  has	  access	  to	  potable	  
water,	   the	   water	   mains	   system	   did	   not	   keep	   the	   pace	   with	   the	  
population	  growth.	   In	  2017,	  only	  43	  %	  of	   the	  population	  had	  access	  to	  
an	   irregular	   and	   faulty	   electricity	   distribution	   network	   [1].	   The	  
improvement	   of	   the	   electricity	   distribution	   services	   is	   of	   paramount	  
importance	   for	   the	   Angolan	   development	   as	   well	   as	   easy	   access	   to	  
potable	  water.	  
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Figure	  1.	  PV	  potential	  of	  Angola	  [11].	  

Figure	   1	   shows	   the	   PV	   potential	   of	   Angola	   and	   in	   it,	   there	   is	   a	  
relationship	   between	   the	   expected	   yearly	   energy	   (electricity)	   [kWh]	  
production	   with	   the	   installed	   power	   output	   [kWp].	   Due	   to	   its	   high	  
potential,	   the	   Benguela	   province	   is	   well	   placed	   in	   terms	   of	   the	  
capabilities	  for	  the	  implementation	  of	  PV	  systems.	  

The	  Benguela	  region	  has	  all	  the	  requirements	  for	  the	  installation	  of	  a	  PV	  
central.	   There	   are	  many	   available	   locations,	   with	   flat	   unoccupied	   land	  
and	   consequently	   the	   shading	   effects	   are	   inexistent	   or	   negligible.	   The	  
choice	   was	   for	   a	   10,000	   m2	   overall	   plant	   area	   to	   be	   coherent	   with	   a	  
previous	  study	  concerning	  a	  solar	  pound	  also	  in	  the	  same	  region	  [13],	  and	  
the	   possible	   localization	   was	   in	   Baía	   Azul	   south	   of	   Benguela	   city.	   It	   is	  
close	  to	  the	  Atlantic	  Ocean,	  with	  plain	   flat	   terrain,	  has	  the	   influence	  of	  
sea	  breezes	  that	  might	  promote	  the	  self-‐cleaning	  action	  of	  the	  PV	  panels	  
and	   is	   easily	   accessed,	   Figure	   2.	   This	   region	   has	   a	   high	   touristic	   and	  
fishing	   activity	   and	   consequently	   has	   close	   by	   costumers	   for	   the	  
produced	  electricity.	  The	  present	  analysis,	  part	  of	  a	  more	  general	  study	  
[12],	  evaluates	  the	  performance	  of	  a	  hypothetical	  PV	  system	  installed	  in	  a	  
10,000	  m2	  area	  for	  electricity	  production	  in	  the	  Benguela	  region.	  

	  
Figure	  2.	  Location	  of	  the	  studied	  PV	  system	  [14].	  

2. Methodology	  

2.1.	  Evaluation	  of	  the	  Solar	  Resource	  

The	   VelaSolaris	   Polysum	   software	   package	   [15]	   was	   used	   to	   obtain	   the	  
climatic	   data	   for	   this	   region,	   taking	   into	   account	   its	   geographic	  
coordinates:	  

i. Latitude	  φ,	  12.62º	  South;	  
ii. Longitude	  λ,	  13.25º	  East;	  
iii. High	  above	  sea	  level,	  10	  m.	  

The	   result	   of	   such	   analysis	   is	   in	   Figure	   3	   below,	   and	   an	   important	  
conclusion	   is	   that	   Benguela	   has	   a	   reasonable	   ambient	   average	  
temperature.	  

In	  this	  Figure	  3,	  in	  red,	  there	  is	  the	  monthly	  temperature	  variation,	  and	  
the	   thicker	   bars	   refer	   to	   the	   standard	   deviation,	   thus	   extreme	  
temperatures	   are	   rare,	   which	   is	   a	   good	   operating	   argument	   for	   the	  
performance	  of	  the	  PV	  system.	  In	  green	  and	  in	  blue,	  and	  referred	  to	  the	  
secondary	   ordinate	   axis,	   are	   plotted	   the	   relative	   humidity	   and	   the	  
rainfall.	  These	  climatic	  data	  are	  from	  the	  average	  hourly	  values	  obtained	  
in	  the	  2000	  to	  2009	  period	  [15].	  

The	  electrical	  current	  produced	  by	  the	  PV	  panels	  is	  of	  the	  direct	  current	  
(DC)	   type,	   and	   before	   sending	   to	   the	   electricity	   network	   it	   must	   be	  
converted	   into	  alternate	  current	   (AC)	   in	  the	   inverters.	  The	  PV	  cells	  and	  
the	  electrical	   current	   inverters,	   composing	  a	   solar	  PV	  plant,	   undergo	  a	  
performance	   decrease	   with	   the	   operating	   temperature	   increase	   and	  
warmer	   months	   are	   highly	   armful	   for	   the	   electricity	   production.	   The	  
relative	   humidity	   values,	   rarely	   above	   80	   %,	   Figure	   3,	   are	   another	  
advantage	  minimizing	  thermal	  discomfort.	  As	  far	  as	  rainfall	  is	  concerned,	  
the	   period	   of	   stronger	   precipitation	   is	   about	   three	   months,	   between	  
January	   and	   April.	   According	   to	   V´asquez	   et	   al.	   [16]	   the	   climatic	  
classification	  of	  the	  region	  is	  Bsh,	  which	  means	  a	  semiarid	  warm	  climate,	  
with	  high	  summer	  temperatures,	  slightly	  lower	  ones	  in	  winter	  and	  short	  
well	  defined	  rainy	  seasons.	  

	  
Figure	  3.	  Variation	  of	  ambient	  temperature,	  rainfall	  and	  relative	  

humidity,	  for	  the	  Benguela	  region	  [15].	  
	  
Concerning	  the	  solar	   radiation	   levels,	   the	  region	  has	  high	  solar	   indexes	  
showing	  a	  small	  reduction	  between	  June	  and	  September.	  To	  find	  out	  the	  
electrical	   energy	   produced,	   the	   Polysum	   software	   gives	   the	   direct	  
radiation	  in	  a	  horizontal	  plane,	  the	  diffuse	  and	  the	  global	  radiation	  in	  the	  
inclined	   module	   surface,	   Figure	   4,	   and	   the	   obtained	   annual	   incident	  
radiation	   in	   the	   module	   plane	   is	   2.038	   kWh/m2.	   Those	   two	   indexes	  
demand	  the	  knowledge	  of	  the	  inclination	  angle	  of	  the	  module	  with	  the	  
horizontal	   [15].	  The	  definition	  of	   the	  Sun/Earth	   interaction	   is	  dependent	  
upon	  a	  set	  of	  parameters	  defining	  the	  relative	  position	  between	  the	  Sun	  
and	   the	   Earth.	   The	   solar	   declination	   δs	   is	   the	   angle	   between	   the	  
Sun/Earth	   imaginary	   connecting	   line	   and	   the	   equator	   plan.	   The	   solar	  
hour	  angle	  ω	  is	  the	  angle	  between	  the	  meridional	  location	  plane	  and	  the	  
hour	   cycle.	   The	   solar	  height	  αs	   is	   the	  angle	  between	   the	  Sun	  direction	  
and	   the	   local	   horizontal	   plane.	   Finally,	   the	   azimuth	   γs	   is	   the	   angle	  
between	   the	   South	   direction	   and	   the	   horizontal	   projection	   of	   the	  
Sun/Earth	  line	  [17].	  

The	  daily	  period	  duration	   in	  hours,	   i.e.,	   the	  number	  of	  daily	   sun	  hours	  
between	  sun	  rise	  and	  sun	  set,	  D,	   the	  two	  time	   instants	  when	  the	  solar	  
high	  αs	   is	  zero	   [17],	   is	  determined	  by	  means	  of	  Eq.	  1	  and	  in	  Figure	  4	  the	  
red	   line	   represents	   the	   variation	   of	   this	   day	   time	   duration	   along	   one	  
year.	  



Pinho et. al.                                                                                                                                                                Angolan Mineral, Oil and Gas Journal vol. 2 (2021) 32–39 

34 
 

	  

( )12 cos tan tan
15

sD φ δ−= −
	  

	  	  	  	  	  	  	  	  (1)	  

	   	   	   	   	   	   	  

	  
Figure	  4.	  Yearly	  evolution	  of	  the	  different	  radiation	  levels	  and	  daytime	  

duration	  [15].	  
	  
2.2.	  Configuration	  of	  the	  PV	  System	  
Because	   the	   PV	   system	   is	   by	   the	   sea,	   the	   panels	   or	  modules	  must	   be	  
rough	  enough	  to	  withstand	  either	  marine	  corrosion	  or	  occasional	  strong	  
winds.	  The	  Trina	  Solar	  modules	  were	  chosen	  as	  these	  are	  built	  with	  anti-‐
corrosion	  materials	   and	   double	   glazing	   [18].	   To	  maximize	   the	   electricity	  
production,	   the	   choice	   was	   for	   the	   DuoMax	   365	   PV	   module	   with	   the	  
highest	   peak	   power.	   It	   is	   composed	   by	   72	  monocrystalline	   cells	   allow	  
high	  efficiency	  and	  its	  main	  characteristics	  are	  presented	  in	  Table	  1.	  

The	  inverters	  disposition	  will	  be	  in	  rows	  as	  with	  this	  configuration	  there	  
are	   no	   shading	   effects.	   A	   different	   layout	   would	   create	   shaded	   areas	  
reducing	   the	  produced	  electricity	   current.	   The	   individual	   adaptation	  of	  
the	   maximum	   power	   operating	   point	   for	   each	   array	   increases	   the	  
system	  efficiency.	  As	  all	  modules	  operate	  with	  same	  current,	   in	  case	  of	  
shaded	  cells	   the	  maximum	  total	  array	  power	  operating	  point	  would	  be	  
reduced,	   instead	   of	   going	   to	   the	   value	   obtained	   for	   non-‐shaded	  
conditions.	  Besides	  these	  shaded	  power	  losses,	  because	  of	  less	  incident	  
energy	   targeting	   the	   shaded	   modules,	   there	   are	   still	   incompatibility	  
losses	   and	   in	   the	   case	   of	   a	   malfunctioning	   array,	   the	   other	   rows	   will	  
operate	  properly,	  delivering	  the	  produced	  electricity.	  	  

Table	  1.	  Characteristics	  of	  the	  DuoMax	  365	  PV	  module	  [18].	  
Characteristic	   Value	  

Peak	  power	   365	  W	  

Open	  circuit	  tension,	  VOC	   47.3	  V	  

Short	  circuit	  current,	  ISC	   9.88	  A	  

Tension	  at	  maximum	  power,	  VMP	  P	   39.1	  V	  

Current	  at	  maximum	  power,	  IMP	  P	   9.35	  V	  

Module	  surface	  area	   1.96	  m2	  

Maximum	  acceptable	  temperature	   70	  ºC	  

Minimum	  acceptable	  temperature	   -‐10	  ºC	  

Annual	  module	  degradation	   0.5	  %	  

Maximum	  efficiency	   18.6	  %	  

	  
The	  number	  of	  modules	  per	  array	  is	  limited	  by	  the	  maximum	  DC	  current	  
for	   the	   serial	   connection	   of	  modules	   and	   by	   the	  maximum	   authorized	  
inverter	   input	   tension.	   For	   low	   temperatures,	   the	   module	   operating	  
pressure	  increases	  until	  reaching	  the	  maximum	  open	  circuit	  tension.	  To	  
avoid	   inverter	  damage	   in	  winter	  days,	   it	   is	  necessary	  to	  guarantee	  that	  

the	   open	   circuit	   tension	   never	   overtakes	   the	   inverter	   maximum	  
allowable	  DC	  tension.	  The	  maximum	  of	  modules	  connected	   in	  an	  array	  
nmax	  is	  defined	  by	  the	  rate	  between	  the	  maximum	  inverter	  inlet	  tension	  
and	  open	   circuit	   tension	   at	   -‐10	   ºC	   [19],	   as	   defined	  by	   the	   Equations	   (2)	  
and	  (3).	  
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( 10º )
35º1
100

OC C OC
VV V−

⎛ ⎞Δ= −⎜ ⎟
⎝ ⎠ 	  

(3)	  

	  

The	   minimum	   number	   of	   modules	   per	   array	   is	   determined	   by	   the	  
minimum	   operation	   tension	   of	   the	   inverter	   and	   the	   least	   favorable	  
tension	  conditions	  that	  happen	  at	  an	  operating	  temperature	  of	  70	  ºC	  [19],	  
again	  according	  to	  the	  two	  following	  equations,	  

min,
min
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=
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The	   number	   of	   parallel	   rows	   is	   limited	   by	   the	   number	   of	   the	   inverter	  
inputs.	   For	   the	   chosen	   inverter,	   the	   PIKO	  15	   from	  Kostal	   Solar	   Electric	  
[20],	  this	  value	  is	  3.	  It	  is	  also	  necessary	  to	  find	  out	  if	  the	  PV	  output	  current	  
is	  anytime	  superior	  to	  the	  maximum	  limit	  input	  current	  of	  the	  inverter,	  i.	  
e.,	   it	   is	  necessary	   to	  guarantee	   the	   limitation	   imposed	  by	  Eqs.	   6	  and	  7	  
[19].	  
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The	   maximum	   electricity	   current	   that	   crosses	   each	   row	   of	   modules	  
In,row	   is	   the	   maximum	   current	   of	   the	   selected	   module	   Isc=9.88	   A	   at	  
standard	   temperature	   conditions	   (STC).	   Because	   this	   current	   increases	  
with	   the	  module	   operating	   temperature,	   its	  maximum	  happens	   at	   the	  
maximum	   authorized	   temperature	   value,	   70	   º	   C	   [21].	   The	   inverters	   are	  
designed	   to	   compensate	   for	   the	   inductive	   charges	   and	   to	   keep	   the	  
power	   factor	   close	   to	  one,	   and	   this	  maximizes	   the	  power	   transfer.	   For	  
design	  purposes,	   the	  associated	  power	   factor	  was	  assumed	  as	  one	   [22].	  
Table	   2	   presents	   the	   results	   of	   the	   previous	   analysis	   based	   on	   the	  
inverter	  characteristics,	  also	  shown	  in	  the	  same	  table	  [20].	  

The	   adequate	   choice	   of	   the	   PV	  modules	   orientation	   and	   inclination	   is	  
important	  to	  maximize	  the	  electricity	  production.	  The	  modules	  faces	   in	  
the	   south	   hemisphere	   must	   be	   turned	   to	   the	   North,	   and	   the	  
corresponding	  solar	  azimuth	  angle	  γs	  must	  be	  180	  º	  [23],	  while	  the	  panel	  
inclination	  angle	  must	  be	  equal	  to	  the	  local	  latitude	  [24].	  However,	  based	  
on	  studies	  that	  were	  carried	  out	  in	  Angola	  and	  African	  coastal	  regions	  it	  
is	   recommended	   that	   such	   inclination	   must	   be	   10	   º	   more	   than	   the	  
latitude	   value	   in	   order	   to	   facilitate	   the	   self-‐cleaning	   process	   of	   the	  
modules	   by	   means	   of	   the	   rain.	   Thus,	   in	   the	   present	   study	   the	   value	  
adopted	   for	   the	  modules	   inclination	  angle	  β	  was	  22	   º	   relatively	   to	   the	  
ground	  surface	  [25].	  The	  variable	  coastal	  climate	  regime	  in	  this	  region	  of	  
Angola,	  presents	  a	  low	  to	  moderate	  rainfall,	  as	  well	  as	  moderate	  winds,	  
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mainly	   from	   September	   to	   April	   during	   the	   rainy	   season	   and	   this	  
facilitates	  the	  modules	  cleaning	  process	  [8].	  

	  

Table	  2.	  Obtained	  results	  from	  the	  inverters	  analysis.	  

Inverter	  
characteristics	  

Maximum	  
number	  of	  
modules	  
per	  row	  

Minimum	  
number	  of	  
modules	  
per	  row	  

Maximum	  
number	  of	  
parallel	  
rows	  

Vmax,INV	  	  	  1,000	  V	  

	  
	  

19	  (19.2)	  

	  
	  

5	  (4.7)	  

	  
	  

4	  (4.05)	  

Vmin,INV	  	  	  	  	  	  160	  V	  

Voc(−10	  oC)	  	  	  52.1	  V	  

VMP	  P	  (70	  oC)	  	  44	  V	  

Imax,INV	  	  	  	  	  	  	  40	  A	  

	  
Although	   there	   are	   sun	   tracking	   PV	  modules,	   the	   choice	  was	   for	   fixed	  
modules	   keeping	   low	   investment	   and	   operating	   costs.	   The	   mobile	  
tracking	  system	  includes	  a	  certain	  number	  of	  movable	  components	  that	  
might	   be	   jeopardized	   by	   the	   marine	   breezes	   increasing	   failure	   risk.	  
Besides,	   they	   ought	   to	   be	   connected	   to	   an	   energy	   source	   further	  
increasing	   the	   energy	   and	   financial	   costs	   of	   the	   whole	   setup	   [23].	   The	  
module	   support	   structure	   must	   also	   be	   carefully	   accounted	   for.	   The	  
structure	  must	   guarantee	   the	   adequate	   positioning	   of	   the	  modules	   as	  
well	   as	   their	   cooling	   to	   allow	   the	   thermal	   dissipation	   of	   the	   excess	  
incoming	   solar	   heat,	   to	   reduce	   the	   drop	   in	   the	  modules	   performance	  
with	   operating	   temperature	   increase.	   Although	   the	   modules	   will	   be	  
installed	  with	  the	  above-‐mentioned	  22	  º	  inclination,	  the	  structure	  must	  
allow	  modifications	  in	  this	  inclination	  angle	  if	  it	  is	  lately	  found	  that	  some	  
small	  changes	  could	  lead	  to	  system	  improvements	  during	  some	  months	  
of	   the	   year.	   Besides	   this,	   the	   structure	   must	   be	   built	   with	   corrosion	  
resistant	  material	  and	  be	  stiff	  enough	  to	  account	  for	   its	  own	  weight	  as	  
well	  as	  to	  withstand	  strong	  stormy	  winds	  [23].	  

In	  the	  Southern	  hemisphere	  the	  winter	  solstice	  is	  on	  the	  21st	  July	  and	  to	  
avoid	   self-‐shading	   phenomena	   the	   worst	   case	   must	   be	   considered,	  
precisely	   in	   this	   solstice	   day	   when	   the	   solar	   height	   is	   the	   lowest,	  
provoking	  a	  bigger	  shadow	  and	  leading	  to	  a	  strong	  reduction	  on	  the	  PV	  
generation	  potential.	  If	  on	  this	  21st	  July,	  between	  10	  and	  14	  h	  true	  solar	  
time	  (TST),	  there	  are	  now	  shading	  effects	  among	  the	  PV	  modules,	  then	  
this	   self-‐shading	   phenomenon	   does	   not	   take	   place	   for	   any	   other	   day	  
during	  the	  year	  [23].	  

To	  determine	  the	  minimum	  distance	  between	  two	  consecutive	  rows	  of	  
PV	  modules,	  Table	  3	  presents	  the	  results	  for	  the	  solar	  angles	  calculated	  
at	  10	  h	  TST	  at	  the	  winter	  solstice.	  	  

	  

Table	  3.	  Solar	  angles	  on	  the	  21st	  July,	  at	  10	  h	  TST.	  
Solar	  declination	  

δs	  
Solar	  hour	  
angle	  ω	  

Solar	  height	  αs	   Azimuth	  γs	  

23.45	  º	   -‐30	  º	   43.53	  º	   -‐39.25	  º	  
	  

	  
	  	  	  	  	  	  	  	  	  	  	  	  	  a)	  Lateral	  projection	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  b)	  Horizontal	  projection	  
	  
Figure	  5.	  Scheme	  for	   the	  determination	  of	  minimum	  distance	  between	  
modules.	  
	  
Taking	   into	   account	   the	   geometry	   shown	   in	   Figure	   5,	   it	   is	   possible	   to	  
calculate	  the	  minimum	  distance	  between	  modules	  Ltot	  using	  Eqs.	  8	  to	  10,	  
	  

[ ]1.978 sin 22ºtan tan 43.53º 0.78 ms
AC CB
CB CB

α = ⇔ = ⇔ =
	  

(8)	  

	   	   	  

[ ]cos 0.60 msCBL γ= = 	   (9)	  

	  

[ ]1.978 cos 0.60 2.4322º mtotL = + = 	   (10)	  

	  

Thus,	   the	  minimum	  distance	  to	  avoid	  self-‐shading	  effects	   is	  2.43	  m.	  To	  
account	   for	   maintenance	   procedures,	   another	   1	   m	   was	   added	   to	   the	  
previous	   distance,	   so	   that	   a	   separation	   of	   3.43	   m	   between	   two	  
consecutive	   rows	   (arrays)	   of	   PV	  modules	  was	   adopted.	   Besides	   this,	   a	  
separation	  of	  0.04	  m	  was	  used	  between	  PV	  consecutive	  modules	  in	  the	  
same	   row	   (array)	   to	   avoid	   any	   mechanical	   damage	   promoted	   by	  
dilatation	  phenomena.	  

The	   PV	   plant	   will	   then	   have	   2,784	   PV	   modules,	   corresponding	   to	   an	  
installed	  power	  of	  de	  1,016.16	  kWp	  as	  each	  module	  has	  a	  peak	  power	  of	  
365	  W,	  as	  shown	  in	  Table	  1.	  As	  the	  base	  area	  available	  of	  this	  study	  was	  
of	  10,000	  m2,	  the	  total	  surface	  area	  of	  the	  PV	  modules	  is	  of	  5,456.64	  m2.	  

The	   layout	  of	   the	  PV	   system	  was	   carried	  out	   in	   the	  SketchUp	  with	   the	  
Plug-‐	  In	  Skelion	  extension	  and	  in	  Figure	  6	  it	  is	  shown	  the	  solstice	  instant	  
at	  10	  h	  TST	  [26],	  while	  Table	  4	  presents	  data	  that	  allow	  the	  calculation	  of	  
the	   legal	   time	   (LT)	   at	   solstice	   at	   10	   h	   TST.	   B	   is	   a	   factor	   on	   the	   time	  
equation.	  

( ) ( ) ( )9.87 sin 7.53 cos 1.5 sin2TE B B B= − − 	   (11)	  

	  

15TSTLT TEλ= − − 	   (12)	  
	  

Table	  4.	  Determination	  of	  LT	  at	  10	  h	  of	  TST	  
B	   Time	  equation	  TE	   Longitude	  λ	   TST	   LT	  
π/2	   8.37	  min	   13.25	  º	   10	  h	   8:58	  h	  
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Figure	  6.	  Layout	  of	  PV	  panels	  in	  the	  Sketch	  Up	  software	  at	  winter	  solstice	  at	  10	  h	  TST.	  
	  
2.3.	  Design	  of	  the	  Photovoltaic	  System	  in	  the	  Polysun	  Software	  

The	   Polysun	   software	   has	   several	   capabilities,	   namely	   the	   design,	   and	  
sizing	  of	  thermal	  or	  photovoltaic	  systems;	  it	  gives	  world	  meteorological	  
data	  and	  allows	   the	  economic	  evaluation	  of	   solar	   systems	   [15].	  Because	  
the	   location	   of	   the	   PV	   plant	   is	   by	   the	   sea,	   average	   values	   were	  
considered	  for	  the	  natural	  ventilation,	  as	  suggested	  by	  the	  software.	  The	  
tension	   in	   the	   Angola	   electricity	   network	   is	   220	   V/380	   V	   at	   50	   Hz	  
frequency,	   being	   the	   inverters	   responsible	   to	   supply	   the	   electricity	   to	  
the	   mains	   according	   to	   the	   mentioned	   values.	   The	   final	   configuration	  
has	  58	   inverters,	  with	  16	  PV	  modules	  per	   row.	  Each	   inverter	  has	   three	  
entrances	  leading	  to	  a	  total	  amount	  of	  2,784	  PV	  modules	  in	  the	  system	  
58	  ×	  (16	  +	  16	  +	  16).	  

Considering	   the	   energy	   losses	   typical	   values	   of	   the	   region	   under	  
consideration,	  as	  given	  by	  PolySun,	  were	  adopted,	  namely:	  

i. Dirtiness	   losses,	   8.5	   %.	   According	   to	   some	   studies	  
carried	   out	   in	   Angola,	   this	   value	   can	   reach	   10	   %.	  
However,	  taking	  into	  account	  the	  modules	  inclination	  of	  
more	  10	  º	  beyond	  local	  latitude	  it	  can	  be	  assumed	  that	  
one	  can	  propose	  a	  1.5	  percentage	  points	  of	  reduction	  in	  
this	  loss	  [25,	  27];	  

ii. Incompatibility	   losses,	  4	  %.	  This	   is	  a	  conservative	  value	  
considering	  typical	  values	  for	  this	  kind	  of	  energy	  loss	  [28];	  

iii. Cable	  losses,	  2	  %.	  The	  normal	  situation	  is	  in	  the	  1	  to	  2	  %	  
range,	  and	  again	  a	  conservative	  value	  was	  taken	  [29].	  

	  
3. Results	  

3.1.	  Electricity	  production	  and	  CO2	  emissions	  
The	   CO2	   avoided	   emissions	   were	   calculated	   by	   assuming	   the	   same	  
amount	   of	   electricity	   produced	   in	   a	   fossil	   fuel	   power	   plant	   at	   peak	  
conditions.	   As	   there	   are	   no	   known	   CO2	   emission	   factors	   for	   electricity	  
production	   in	   Angola,	   the	   corresponding	   value	   for	   Portugal,	   0.47	  
kgCO2/kWh,	  was	  chosen	  [30].	  

Figure	  7	  presents	  the	  monthly	  DC	  and	  the	  AC	  production	  for	  the	  months	  
of	   the	   year,	   as	   well	   as	   the	   CO2	   emissions	   reduction	   for	   the	   PV	   under	  
study.	   The	   difference	   between	   the	   DC	   (yellow)	   and	   the	   AC	   (blue)	  
production	  depends	  on	   the	   inverters	  efficiency.	  This	  efficiency	  has	   low	  
fluctuations	  in	  the	  different	  months	  as	  the	  average	  temperature	  has	  also	  
small	  annual	  variations.	  Maximum	  avoided	  CO2	  emissions	  are	  higher	  for	  
months	  with	  higher	  production,	  reaching	  a	  peak	  in	  May.	  

	  
Figure	  7.	  Monthly	  DC	  and	  CC	  electricity	  production	  and	  CO2	  emissions	  

economy.	  
	  
To	   evaluate	   the	   productivity	   of	   the	   PV	   system	   two	   parameters	   are	  

defined.	  The	   first	   is	   the	  specific	  energy	  efficiency	   fY 	   given	  by	   the	   rate	  
between	   the	   annual	   DC	   energy	   production	   [kWh]	   and	   the	   installed	  
power	  [kWp]	  [31],	  
	  

fY = DCE
inst!W

	  
(13)	  

	  
The	  performance	  ratio	  PR	  is	  an	  important	  parameter	  to	  measure	  the	  PV	  
system	   quality.	   It	   evaluates	   the	   deviation	   of	   the	   system	   operating	  
conditions	   and	   from	   the	   STC	   conditions	   as	   well	   as	   external	   factors	  
interactions,	   like	   equipment	   losses	   or	   the	   temperature	   influence.	   It	   is	  
the	  ratio	  between	  the	  real	  

AC!W 	  and	  the	  theoretical	  energy	  production	  

inst!W T!G
T ,STC!G

!

"
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&&
	  [31].	  

	  

PR = AC!W

inst!W T!G
T ,STC!G

!

"
##

$

%
&&

	  

(14)	  

	  
This	   PR	   value	   is	   independent	   from	   the	   PV	   system	   location.	   Besides	  
evaluating	  the	  energy	  efficiency	  and	  reliability,	  it	  also	  may	  compare	  the	  
efficiency	   of	   a	   given	   system	   with	   the	   efficiency	   of	   other	   systems	   in	  
different	  locations.	  The	  closer	  to	  100	  %	  is	  this	  ratio	  the	  better,	  although	  



Pinho et. al.                                                                                                                                                                Angolan Mineral, Oil and Gas Journal vol. 2 (2021) 32–39 

37 
 

in	  the	  region	  under	  consideration	  the	  dirtiness	  losses	  have	  a	  significant	  
importance	  thus	  penalizing	  it.	  	  

Table	  5	  shows	  the	  results	  from	  the	  Polysun	  simulation	  for	  the	  first	  year	  
of	   operation	   of	   the	   PV	   plant.	   Looking	   at	   the	   results	   the	   PV	   system	  
produces	   annually	   about	   1,585	   MWh	   DC,	   and	   with	   the	   conversion	  
losses,	  the	  AC	  yearly	  production	   is	  around	  1,512	  MWh.	  These	   inverters	  
have	  an	  average	  high	  efficiency;	  their	  maximum	  theoretical	  value	  is	  97.9	  
%	   [20].	   They	  operate	  close	   to	   their	  optimum	  working	  condition	  because	  
the	  ambient	  temperatures	  in	  the	  Benguela	  region	  rarely	  reach	  very	  high	  
values.	   The	   subsequent	   avoidance	  of	   annual	   CO2	   emissions,	   above	   the	  
700	   t	   in	   this	   first	   operational	   year,	   and	   the	   obtained	   high	   specific	  
efficiency	   are	   both	   in	   accordance	   with	   the	   high	   PV	   potential	   of	   the	  
region,	   as	   shown	   in	   Figure	   1.	   The	   average	   performance	   ratio	   takes	   a	  
moderate	   value	   due	   to	   the	   system	   location,	   by	   the	   sea.	   This	   index	   is	  
dependent	  upon	  the	  quality	  of	  maintenance	  and	  cleaning	  plans	  as	  well	  
as	  components	  damage	  forecast	  [31]	  and	  the	  Polysun	  takes	  these	  factors	  
into	  account	  according	  to	  the	  globe	  region	  were	  the	  plant	  is	  installed	  or	  
to	  be	  installed.	  

Table	  5.	  Performance	  results	  of	  the	  PV	  plant	  for	  the	  first	  year	  of	  
operation.	  

Parameter	   Value	  
Incident	  solar	  energy	   11,120.55	  MWh	  

DC	  energy	  production	  	   1,584.95	  MWh	  

AC	  energy	  production	   1,511.70	  MWh	  

CO2	  emissions	  reduction	   710.47	  tCO2	  

Average	  inverter	  efficiency	   95.3	  %	  

Specific	  efficiency	  Yf	   1,487.6	  kWh/kWp	  

Average	  performance	  ratio	  PR	   72.8	  %	  

	  
3.2.	  Energy	  and	  Exergy	  Losses	  
The	   energy	   losses	   of	   a	   PV	   system	   can	   be	   quantified	   and	   qualified	  
through	   the	   energy	   and	   the	   exergy	   analysis.	   The	   energy	   and	   exergy	  
efficiencies	   are	   thus	   considered	   performance	   indicators	   and	   allow	   the	  
characterization	   of	   the	   losses	   during	   the	   solar	   radiation	   process	   and	  
subsequent	  conversion	  into	  electricity	  [32].	  In	  these	  analyses,	  only	  the	  DC	  
electricity	  production	  is	  taken	  into	  account.	  The	  following	  conversion	  of	  
DC	   into	   AC	   is	   only	   a	   matter	   of	   the	   inverter	   performance	   taking	   place	  
outsider	  the	  PV	  modules.	  

The	  electrical	  energy	  produced	  in	  the	  PV	  system	  is	  equal	  to	  its	  exergy,	  as	  
electricity	  is	  only	  a	  type	  of	  work	  energy	  transfer.	  On	  the	  other	  end,	  the	  
thermal	   energy	   captured	   by	   a	   thermal	   solar	   panel	   depends	   upon	   its	  
temperature,	   and	   its	   heat	   exergy	   equals	   the	   heat	   energy	   times	   the	  
Carnot	  factor	   [33,	   34].	   In	  the	  case	  of	  a	  PV	  solar	  panel,	  the	  thermal	  energy	  
available	  at	  the	  panel’s	  surface	  will	  not	  be	  converted	  into	  work	  and	  is	  a	  
thermal	   energy	   and	   exergy	   loss	   towards	   the	   environment.	   The	   energy	  

efficiency	   of	   a	   PV	   panel	   enη 	   is	   the	   ratio	   between	   the	   electricity	  
generated	  

DC!W 	  and	  the	  total	  incident	  solar	  energy	  at	  the	  panel	  surface	  

T!G A ,	  

enη = DC!W
T!G A

	  
(18)	  

	  
The	  exergy	  efficiency	  is	  the	  ratio	  between	  the	  outlet	  exergy	  and	  the	  inlet	  
exergy.	   As	   already	   referred,	   the	   outlet	   exergy	   is	   equal	   to	   the	   outlet	  
energy	  

ele!Ex = DC!W ,	  whereas	  the	  inlet	  exergy	  is	  the	  inlet	  energy	  
T!G A ,	  

times	  an	  exergy	  factor	  as	  shown	  in	  Eq.	  16	  [35].	  
	  

solar!Ex = 1 + 1
3

ambT
sunT

!

"
#

$

%
&

4

− 4
3

ambT
sunT

!

"
#

$

%
&

(

)

*
*

+

,

-
- T!G A

	  
(16)	  

where	   sunT 	   is	   the	   apparent	   sun	   temperature,	   5777	   K	   and	   ambT 	   is	   the	  
ambient	  temperature.	  	  
	  

Then,	  the	  exergy	  efficiency	   exη 	  is	  given	  by,	  	  
	  

exη = ele!Ex
solar!Ex

	   (17)	  

	  
In	   fact,	   the	  output	  exergy	   is	   the	  summation	  of	   the	  electric	  exergy	  with	  
the	   exergy	   of	   the	   thermal	   losses.	   However,	   as	   these	   thermal	   energy	  
losses	  escape	  to	  the	  environment	  its	  exergy,	  when	  reaching	  the	  ambient	  
temperature,	   is	   zero	   [33,	   34].	   Figure	  8	   shows	   the	  annual	  evolution	  of	   the	  
monthly	  energy	  and	  exergy	  efficiencies	  for	  the	  year	  under	  study.	  
	  

	  
Figure	  8.	  Annual	  evolution	  of	  the	  energy	  and	  exergy	  efficiency	  of	  the	  PV	  

system.	  

As	   expected,	   for	  warmer	  months	   the	   energy	   efficiency	   is	   lower	   as	   the	  
performance	   of	   the	   solar	   panels	   reduces	   with	   temperature	   increase.	  
However,	  in	  spite	  of	  higher	  conversion	  efficiency	  of	  the	  solar	  cells	  during	  
the	  cooler	  season,	  the	  months	  with	  higher	  electricity	  production	  are	  at	  
the	   end	   of	   the	  warm	   season,	   Figure	   7,	   i.	   e.,	   the	   higher	   solar	   radiation	  
overruns	  the	  higher	  efficiency	  in	  the	  cooler	  season.	  The	  annual	  average	  
energy	  efficiency	  of	  the	  PV	  system	  is	  of	  14.3	  %.	  Although	  January	  has	  the	  
highest	   global	   radiation,	   Figure	   7,	   the	   combination	   of	   several	   factors	  
impacting	  on	  the	  electricity	  production,	  the	  energy	  conversion	  efficiency	  
is	  lower	  in	  this	  month,	  being	  April	  and	  May	  the	  leading	  months	  in	  terms	  
of	  produced	  electricity.	  
	  
The	   exergy	   efficiency	   takes	   values	   above	   its	   energy	   counterpart.	   The	  

exergy	   factor	  

amb amb

sun sun

T T
T T

⎡ ⎤⎛ ⎞ ⎛ ⎞
+ −⎢ ⎥⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦

4
1 41
3 3 ,	  appearing	   in	   the	  calculation	  

of	   solar!Ex ,	   in	  the	  denominator	  of	  Eq.	  17,	  having	  a	  value	  below	  one,	  is	  

the	  responsible	  for	  such	  result.	  This	  means	  that,	  this	  solar	  to	  electricity	  
conversion	   technique	   is	   exemplary	   in	   thermodynamic	   terms,	   and	   the	  
annual	  average	  exergy	  efficiency	  is	  of	  14.7	  %.	  
	  
4. Conclusions	  

The	  incident	  solar	  radiation	  in	  Angolan	  is	  high	  and	  almost	  constant	  along	  
the	  year,	  and	  there	  is	  a	  positive	  convergence	  of	  several	  factors,	  the	  high	  
incident	  solar	  radiation,	  the	  low	  ambient	  temperature	  variation,	  the	  low	  
wind	  velocity	   in	   coastal	   regions	  and	  a	   large	  availability	  of	   free	   land	   for	  
the	   installation	   of	   large-‐scale	   PV	   systems.	   In	   particular,	   the	   Benguela	  
region	  has	  all	  the	  requirements	  for	  the	  installation	  of	  a	  PV	  central.	  

This	   study	   on	   the	   first	   year	   performance	   of	   a	   hypothetical	   1-‐hectare	  
solar	  PV	  plant	   located	   in	  the	  Baía	  Azul	  Beach,	   in	  Benguela,	  Angola	   lead	  
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to	  the	  design	  of	  plant	  composed	  by	  2,784	  DuoMax	  365	  PV	  modules	  from	  
Trina	  Solar	  Company.	  The	  plant	  performance	  was	  evaluated	  by	  means	  of	  
the	  VelaSolaris	  Polysum	  software	  package.	  The	  total	  surface	  area	  of	  the	  
PV	   modules	   was	   of	   5,456.64	   m2.	   The	   annual	   DC	   and	   AC	   electricity	  
production	   was	   respectively	   of	   1,584.95	   MWh	   and	   1,511.70	   MWh,	  
allowing	   a	   total	   of	   710.47	   tCO2	   of	   CO2	   emissions	   reduction	   and	   a	  
performance	  ratio	  of	  72.8	  %.	  The	  chosen	  inverters,	  PIKO	  15	  from	  Kostal	  
Solar	  Electric,	  had	  an	  average	  efficiency	  of	  95.3	  %.	  The	  annual	  evolution	  
of	  the	  energy	  and	  exergy	  efficiency	  of	  the	  PV	  system	  calculated	  and	  the	  
average	   energy	   and	   exergy	   efficiencies	   of	   the	   PV	   system	   were	  
respectively	  of	  14.3	  %	  and	  14.7	  %.	  
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