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Abstract

There are several freeware programs for energy production
estimation of PV systems. Some are quite simple, while others
take a lot of input parameters to give the best estimation. Our
program has been written in MATLAB environment, and has a
great advantage over other commercial software as it calculates
more output variables, furthermore with hourly resolution. The
results are not fully satisfying yet, so we'll make further
developments on it.
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1. Introduction

Solar Decathlon is an international competition between
universities, which has been arranged since 2002 in the
USA. The first competition in Europe called Solar
Decathlon Europe (SDE) was held in 2010 in Madrid, the
further editions are planned also with a two-year period.

[1]

Its main goal is promoting solar architecture, and
supporting green technologies on social and market side.
Participating teams have to design and construct a small,
energy-efficient, light structure house for two-person,
which utilises solar energy.

The team of the Budapest University of Technology and
Economics (BME) has been qualified successfully to the
best 20, and now we have half a year left to construct the
house in September 2012 in Madrid.

As the members of the electrical team we have to design
the PV system and the electrical system of the house. We
also have to make an energy balance estimation and for
this we have to calculate the expected energy production
of the PV system.
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There are several freeware programs for modelling the
energy production of the PV systems. These are
calculating only the best case daily production values and
they don’t give many output data which would be
important for us. So we decided to develop our own
program, which can estimate energy production on
hourly or 6-minutes base. Its output parameters are not
only produced energy, but also several other important
parameters. The development was made in MATLAB
environment, as big data sets had to be processed, and the
MATLAB is designed especially for matrix calculations.

2. The modelled PV system

The floor space of our house is 140 m? including the
terrace, and the area of the house roof is 60 m?. On the
southern side of the terrace there is a quite thick wall
outside, mainly for the summer kitchen and the building
engineering. The PV modules are located on the house
roof, the wall roof and the wall facade — with 1-1 solar
inverter for each PV field. The tilt angle of both roofs is
6.5°.

Fig. 1: The Odoo house

All PV modules are from the Hungarian module-
manufacturer Korax, type KS-245B. It consists of
monocrystalline cells, and has a nominal peak power of
245 W. The module efficiency is 15.1%, the temperature-
dependency of its power is -0.47%/°C.

The PV field on the house roof has 3 strings, each with

11 modules in series, 8.085 kW, altogether. On the wall
roof there are 1.715 KW, on the wall facade 3.675 kW,
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PV modules, so the full size of the grid-connected system
is 13.475 kW,

As the three PV fields are different both in size and tilt
angle, we’ve chosen separate inverters for each [5]:
e house roof: SMA Sunny Mini Central 6000A
wall roof: SMA Sunny Boy 1200
wall facade: SMA Sunny Boy 2500HF

3. Program functioning
A. Calculation method

The calculation is based on a simple physical law,
according to which the power of a solar cell depends on
two factors: the radiation intensity on the PV cell surface
and the temperature of the cell. The actual power varies
directly with the former factor, and inversely with the
latter, compared to the nominal power.
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Fig. 2. Current vs. voltage characteristics of a PV cell

Module manufacturers specify the nominal power under
Standard Test Conditions (STC) which includes AM 1.5
air mass, 1000 W/m? perpendicularly incident radiation
and 25 °C cell temperature.

. dp
Py = (Pnominal ’ (1 + (Teen — 25[°C]) E) ’
S
l:)cable) *MNinv (1)

1000[W/m?] -

The formula for the AC side output power of the inverter
is shown above [6]. Phomina [W] is the nominal power of
the PV module, S [W/m?] is the irradiation on the cell
surface, and dP [%/°C] is the temperature coefficient of the
cell. This latter is a negative number which denotes the
change of the output power if the cell temperature changes
by 1 °C (at constant irradiation). Its value is in case of a
monocrystalline cell usually about -0,5 %/°C. The cell
temperature (T¢) isn’t with the ambient temperature, but
it can be calculated from it and from the irradiation

NOCT-20°C

Teen = Tamp + 800[W,/m2]

.5 (2)
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The NOCT (Nominal Operating Cell Temperature) is a
constant parameter which is the cell temperature at 800
W/m? irradiation, 20 °C ambient (air) temperature, and 1
m/s wind speed. Its value is usually between 42-46 °C.

This is the DC power on the module output, so we have
to subtract the ohmic loss of the cables between the
modules and the inverter (Peapie), and multiply this by the
actual efficiency of the inverter (njp,). This efficiency
depends on the input voltage and power of the inverter.
Its characteristics are normally similar to the following
curves:

Efficency [%]
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Output power / Rated power

Fig. 3. SMA Sunny Mini Central 6000A inverter output
power / rated power

We compared the annual energy production results
calculated using this efficiency curve with the results
calculated using the so called EU-efficiency. This latter is
a weighted efficiency number which tries to take the
inverter’s loading into account during the year — see
Equation (3). Of course its value depends on
geographically location, meteorological conditions and
the technical parameters of the system. [7]-[9]

77EU = 0,03 * ns% + 0,06 * 7710% + 0,13 : 7720% + 0,10 -
309 * 0,48 * M50, + 0,20 1005 (3)

Our results verify this, as our annual efficiency averages
(mp.u) fairly differ from the EU-efficiency:

House roof Wall roof Wall facade
Neu 95.3 % 90.9 % 95.3 %
e (Yearly | g5 g, 875 % 913 %
avarage)

Table 1. Weighted and calculated inverter efficiencies

The following figure shows the annual distribution of the
actual inverter efficiency (hourly resolution).
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Fig. 4. Inverter efficiency distribution (%)
B. Input data

Input data of the MATLAB script are hourly based
meteorological time series, namely ambient temperature
and irradiation data. The geographical location of the
system (Budapest or Madrid), the PV fields (house roof,
wall roof, wall facade) and the type of the modules can be
chosen from the built in menu. It’s also possible to set up a
cooling target temperature value (in case of module-
cooling).

The input irradiation data of the script are the values on
6.5° and 90° (vertical) tilted surfaces. These are not
measured ones, but calculated from the measured
horizontal irradiation. This was necessary, because global
radiation on surface at an arbitrary angle cannot be
calculated so easily from the global radiation on horizontal
plane. If a tilted module would only get direct radiation —
as this is the case in the space — it wouldn’t be a hard job
to calculate the harnessable radiation based on the
horizontal radiation. But on the earth even at clear sky the
proportion of diffuse radiation is ~10%, and the
continental climate is fairly cloudy and also the hills and
mountains modify the amount of diffuse light.

A correction factor was calculated for each hour of the
year in the following way: from the online database called
SoDa (Solar Radiation Data) [10], queries were prepared
for horizontal, vertical and 6.5° tilted plane radiation time
series. The data were measured in Madrid, 2005 (TMY
data). The SoDa series could not be used directly for our
simulation, as it doesn’t contain temperature values
measured parallel with the irradiation. So we composed
the quotient of these time series (Sgs/Sq and Sge/Sp) and
with these hourly based correction factors we multiplied
the horizontal TMY data of Madrid.

The SoDa engine is able to map the measured horizontal
irradiation on arbitrary tilted surface, so we hoped that our
method gives a relative good approximation. This wasn’t
fully supported by our results, as the annual energy
production based on the original SoDa data and our

corrected TMY data showed remarkable (~10%)
difference.
https://doi.org/10.24084/repqj10.701
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6.5° tilted 90° tilted

SoDa database | 1929 kWh/m?/year | 1412 kWh/m?/year
corrected TMY | 4 7g kWh/m?/year | 1266 kWh/m?/year
database

Table 2. Comparison of annual global radiation on tilted
surfaces

Detailed input data:
e Meteorological data
o global radiation on a surface with a
given tilt angle (W/m?)
o ambient (air) temperature (°C)
o  Electrical parameters of the PV module
o Nominal power of the module (W)
o Temperature coeff. of voltage, current
and power (%/°C)
module MPP-voltage (V)
module MPP-current (A)
nominal cell temperature (NOCT, °C)
o number of modules (pcs)
e Number of PV-strings (pcs)
o  Electrical parameters of the inverter
o nominal output power (Pac, W)
o nominal input power (Ppc, W)
o efficiency curve of the inverter (in table
format, %)
o MPP-voltage range (Unep,mins Umpp,max)
e Resistance of the DC-cable between the
modules and the inverter ()
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Fig. 5: Block diagram of the PV system
C. Output data

Output of the script can be either hourly or 6-mins based:

AC-side energy, without module-cooling (Wh)

string voltage (V)

string current (A)

amount of cooling (°C) required to reach the

maximum inverter output power (if actual power

is below it)

e AC-side energy, in case of module cooling to a
constant temperature, eg. 30 °C (Wh)

e power loss on the DC-cable between the
modules and the inverter (Wh)

e actual efficiency of the inverter (%)

e actual inverter loss (Wh)
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4. Simulation results

The yearly energy production of the 13.475 kW, system
estimated by the script is 14384 kWh in Budapest, and
19284 kWh in Madrid. These results have been checked
with several other programs (Sunny Design 1.57, EU-JRC
PVGIS, PVsystb [12]-[14]), which supplied not so
satisfactory results, there was a 10-15% difference
compared to our results.

Annual energy production (kWh)
M'gi'afB g‘é‘;g‘r’] EU-JRC | PVsyst5
House roof 12504 10986 11200 11317
Wall roof 2511 2213 2375 2403
Wall facade 4269 3167 3717 3069
TOTAL 19284 16366 17292 16789

Table 3. Comparison of simulation results

The reason for it can be mainly that those programs
calculate with different meteorological data sets (we’re
using one from year 2010), and that they estimate power
losses not so exactly.

We also tested that the string voltages remain in the MPP
voltage range of the inverters — this was fulfilled apart
from 7 hours in a year, so the system is well designed.

String voltage (V)

320

270

Days of the week (hourly resolution)

Fig. 6. String voltages in a week (Vpc)

The following graphs show the annual energy distribution
in monthly base.

Monthly energy yield of the PV modules
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Fig. 7. PV energy production in Budapest
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Monthly energy yield of the PV modules
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Fig. 8. PV energy production in Madrid

The figures clearly show that the vertical modules on the
southern facade perform better in winter than their almost
horizontal mates — thanks to the lower sun-path — and so
they even a bit the annual energy distribution.

It can be desirable to know the optimal number of PV
panels connected to an inverter. We use the expression
’optimal’ in the following sense: we are searching an
extreme point of the number of modules at that the PV
array gets oversized. Oversizing the PV array doesn’t
necessarily mean the overloading of the inverter, because
the inverter just moves out of the optimal operating point
(MPP), in order to limit the input current. The effect of
oversizing can be observed on the annual plus energy that
one more PV module produces.

Annual extra energy yield compared to the
array size smaller by one module (kWh)
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Fig. 9. Effect of oversizing the PV array compared to the
inverter

Especially in summer the modules can get very hot (60-
70 °C), so it’s worth looking at the option of cooling —
although because of the water pumps it has its own
electricity demand, too. In the calculation we assumed
constant 30 °C cooling target temperature. The table
below shows the extra energy production due to cooling
in a week and over the year. It can be concluded that the
cooling effect depends not only on the tilt angle of the
modules, but on the inverters, too (see house roof and
wall roof, which have the same 6.5° tilt angle, and still
have different annual energy production values).
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Yearly Weekly

energy plus energy plus
(no cooling) | energy | (nocooling) | energy
House 530 kwh 19 kWh
roof 12504 kWh (4.2 %) 276 kWh (7.0 %)
98 kWh 3,5 kWh
Wall roof | 2511 kWh (3.9 %) 56 kWh (6.4 %)
Wall 87 kwh 4,5 kWh
facade | 2O8KWh | 5005 | KWL | gos)
715 kWh 27 kWh
TOTAL | 19284 kWh (3.7 %) 427 kWh (6.3 %)

Table 4. Yearly and weekly energy produced with and
without cooling (Madrid)

5. Comparing yields of thin-film PVs

The energy production of three thin-film PV modules
(Kaneka, NexPower, Sharp) were also compared, which
can be suitable for the southern wall facade, as they utilize
diffuse light better than crystalline cells, and the vertical
PV field on the wall gets much more diffuse light than
those on the roofs.

The comparison was made among the following modules:
Kaneka U-EA 120 [15], Nexpower NT 150 [16], Sharp
NA 128 [17], the simulation location was Madrid. The
annual specific energy results (kWh/kW,) can be seen on
the figure below — they markedly don’t differ very much.

Specific comparison of PV production
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1169 1168 1178

Energy [Kwh/kwW]

400
200

Nexpower Kaneka Sharp

Fig. 10. Specific energy of various thin film PV modules

The simulation of thin film panels is not fully correct yet,
because the technological difference from the crystalline
modules wasn’t taken into account — only the electrical
parameters of the cell: voltages, currents and temperature
coefficient. But the fact that thin film modules harness
diffuse light better, cannot be observed on the results at
this stage of the project.

6. Conclusions

We found that the annual energy yield in Madrid is 34%
more than in Budapest, while the annual irradiation on the
modules is 37.3% more than in Budapest. The difference is
mainly due to the vertical PV field, which performs better
in Budapest because of the lower sun-path.

It’s also obvious that it’s worthy to oversize the inverter by
several ten percent, btw. that with a realistic cooling

https://doi.org/10.24084/repqj10.701

1351

(target temp. 30 °C) we get some extra annual yield: 1.6-
3.2% in Budapest, and 2.0-4.2% in Madrid.

We can conclude based on our inverter-efficiency results
that the European efficiency of the inverter overestimates
by 2.5-4% the efficiency in annual average — depending
of the type of the PV modules, the inverter and the
module tilt angle.

Our long-term goal is to develop an energy management
system that includes load estimation and takes also the
actual electricity prices into account. We’d also like to
perform a cooling optimisation, which means: what is the
temperature value to which if we cool down the modules,
the benefit of extra profit would be maximal in contrast
to the energy demand of cooling. Additionally we’ll
analyse the possibility of the estimation of energy
production based on the spectral response of the solar
cell.
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