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Cloud -service analyz ing the efficiency of solar panel
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2. Short description of project objective and results

English:
The objective of the  Solar -PV project wa s to develop :

1 A weather and solar radiation forecast service s - Danish Meteorological Institute (DMI)
1 Anonline Web -services ( fi Bi g )Daaalysing the efficiency of solar PV plants, based on

AC-production and weather data, including the effect of local shadings from buildings,
trees etc. T EXERGI/Solar -PV-Meter *

1 A forecast service estimating the solar AC -production 48 hours ahead based on efficiency
analysis and weather forecast services - EXERGI/Solar -PV-Meter

1 A forecast for all plants in a geographi cal area, a grid or a portfolio of P V 6bmsed on
data for a sample of plants in combination with statistics i EXERGI/Solar -PV-Meter

These services are deve loped, butthe lastone i algorithms forr egion /grid forecast i has not

been implemented and tested

Dansk sammenfatning:
Projektets formal har veeret at udvikle falgende services

1  Geografisk specifikke vejrprognoser som indbefatter prognoser for den direkte og diffuse
solstraling - DMI

1 Enonline Web-services (Big Data) som  analysere r den faktiske effe  kt af solcelleanlaeg,
herunder effekter af lokale sky gger fra bygninger treeer osv. - EXERGI/Solar -PV-Meter

1  En prognosetjeneste der leverer timeprognoser for solcelleanlaegs AC -produkt ion 48t i-
mer fremitid 1 EXERGI/Solar -PV-Meter

1 En algoritme som leverer en samlet timeprognose for elproduktion for et geografisk o m-
rade, el -distributionsnet eller portefglje af solcelleanleeg, baseret pa DC -prognoser og

nggletal for en gruppe af solce lleanleeg 1 EXERGI/Solar -PV-Meter

Disse services er udviklede i projektet. Imple mentering og forsgg med prognose for samlet
AC-produktion for  netomrade el.lign.  afventer dog adgang til data for flere anleeg.

1 The ¢ 0 mp a Bglar -®°V-Me t ehasdall rights to sof tw are and developed methods



3. Executive summary

Solar Photo Voltaic ( PV) panels delivera small er - but fast growing - contribution to the total
Danish and European electricity production. There are 100.000 solar plants  in Denmark with a
total capac ity of 800 MW . Energinet.dk 2 expects that the capacity would grow to 2.115 MW
ultimo 2025.

Private homes, local authorities, companies and utilities all invest in solar PV panels . The actual
framework makes it beneficial to invest in solar PV panels if the primary part of the prod uced
ele ctricity replaces power bought from the grid.

The production co st per produced kWh, is below the consumer price for electricity . By pr oduc-
ing electricity for your own use, you can save tariffs and taxes for electricity. Selling solar PV -
power to the grid T with the actual framework - gives anincome pe r kWh that could be as low

as 20 pct. of the consumer prices (Denmark ).

For a solar PV investor , itis important that the Solar PV plant use high efficiency panels and
inverter , that the panels have a proper azimuth and tilt towards the sun , and a minimum of

shad ings from neighbour buildings, t rees etc. Finally yet importantly, the solar plants power
production should match the consumer  profile, eventually supported by storage in batteries .
Solar PV production can give problems for local grids i asseen in Germany i when peaks of

solar generated power  reaches low voltage grids. A forec ast service on grid -level would help
the grid/DSO -responsible to be proactive in these situations.

The project consists of two part s:

First s olar energy and weather forecast delivered for any location in Northern Europe 48 hours
ahead , based on the newes t DMI forecasts of direct and diffuse solar radiation.

Secondly , Solar - PV-Meter provides an analytic services including forecast. The electricity pro-
duction is analysed and monitored on the Solar -PV-Meter Cloud services . Based on the mete-
orological foreca sts, solar position, panel6 s d i r elatiteitothe direct solar beam and cal-
culated efficiency and  a new shading and reflection index , the Cloud -services presents energy
efficiency analysis and a  forecast for expected hour -production 48 hours ahead.

Solar - PV-Meter would launch a special offer to grid companies where a forecast is calculated
for total solar PV -production in a specific geographical area, grid or for a portfolio of plants .
The Aupscale o function uses data for a smaller number of solar pla nts in combination with
statistics for installed plant, total production, or net deliverers to grid etc.
Example: Monthly Solar Statistics
STATISTICS April 2016 Last 12 months
Solar Hours 457 h 4,856 h
Total Solar Energy * 5,378 kWh 60,858 kWh
Projected Solar Energy ** 2,846 kWh 29,067 kWh
AC Production kW/h 346 kWh 3,287 kWh

*) Total energy in solar radiation, if solar panels where perpendicular towards the sun in every hour

**) Total energy in solar radiation that hits the panel with its fixed installation angles (azimuth and panel tilt)

2Energinet.dk http://www.energinet.dk/DA/KLIMA -OG-MILJOE/Miljoerapportering/VE - produktion/Sider/Sol.aspx



http://www.energinet.dk/DA/KLIMA-OG-MILJOE/Miljoerapportering/VE-produktion/Sider/Sol.aspx

Example: Monthly Efficiency  analytics

April 2016 Last 12 months
Potential DC-production based on actual calculated efficiency 715 kWh 8,356 kWh
Losses due to projection — since panels not 90° against the sun -337 kWh -4.374 kWh
Losses due to shadows and reflections -22 kWh -607 kWh
Losses due to inverter conversion -11 kWh -89 kWh
Actual AC production kW/h 346 kWh 3,287 kWh

Example: Forec  ast and actual AC - production
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Solar -PV-Meters data export -function makes it easy to use forecast for power production in
control systems for flexible electricity use and battery storage.
Producers and deliver ers of high quality PV plants could use the concept to docum ent - oreven
guarantee - the efficiency of a plant installation (but notthe solarradi ation) .
*
Where traditional solarweb  -monitor systems typically only show the actual AC - production, the
ambition wi th Solar -PV-Meter is to provide the owner with information regarding the actual
efficiency and losses, and evaluate losses due to nearby shading trees or flagpole s. The new
forecast for power production next day should help the solar panel owners to opt imi ze the use
of electric ity and battery storage control.
The two new separate services from the Danish Met eorologic al Institute (DMI) and Solar -PV-
Meter should make it easier to
1 Analyse the actual efficiency of their installation based on local and valid d ata for weat her
and solar radiation in combination with advanced algorith ms,
1 Optimize the use of electricity and battery systems, based on forecast for AC - production
1 Control low voltage grids and portfolios of solar PV plants, based on statistics and for e-

cast for asmaller group of solar PV panels .

The n ext step : Big scale test and m arket introduction

Based on the positive outcome  of this project, the marke t potentials and lack of competi tors,
Solar -PV-Meter plansto open www.Solar -PV-Meter.com for panel owners and grid companies
in North Europe  in summer 2017 .

Solar - PV-Meter are looking for ~ partners and finan ce toimplement a big scale test including the
6upgraded forecast for al markeb inteoductibnV ®@fthe i Gloudaseryiceisd ,

and


http://www.solar-pv-meter.com/

3.  Project objectives

3.1 Team EXERGI, DMI and Unicar Solar
The project and the agreement between the project participants defines the tasks as well as
the ownership of the developed services.

Danish Meteorological |  nstitute (DMI) is responsible for the weather and solar forecast se r-
vices that includes  several internal analytic tools, satellite monitoring 6 ®tc. This is a separate
services form DMI.

EXERGI/Solar -PV-Meter isresponsible 1 and owner i ofthe algorithms and Web services an-
alysing the efficiency of solar plants , Clearness/shadow index and produces forecasts for
hour -production 48 hours ahead.

EXERGI has bought consultant assistance from DMI, and the IT -consultin g companies 1508
and Re hfeld to develop an d test algorithms and W eb-services .

Unicar e Solar has been responsible for ~ the demonstration plants.

EXERGI has been project leader.

The work is carried out in three phases:
1) Services that delivers weather and solar radiation forecasts for a loca tion
2) Algorithms  tested on detailed data - HIRLAM ensemble model and satellite observations

3) Cloud services with algorithms that automates the calculation of efficiency and  forecast

Phase 1: Services that delivers weather - and solar radiation forec  asts for a location
Danish Meteorological Institute (DMI) establish a forecast concept based on the DMI HIRLAM
ensemble model. The prognoses describe the expected direct and diffuse solar radiation for
the next 48 hour, with update every 6 hours.

To spe cial analysis in phase 2, DMI included satellite data and shorter time steps.

Phase 2: Algorithms tested on detailed data - HIRLAM ensemble model and satellite obs

DMI and EXERGI establish a model setup to see if it was possible to develop a stable mo del
that handles to total chain from solar ration to DC and AC power production, including solar

positions, temperature, panel positions and the effect of local shadings from building, trees

etc. In these analysis data for satellites and shorter time steps (15 min.) where used.

The result is amodel thatg ives a clear relation between input and output data.

Phase 3) Cloud -based services with algorithms that automates the calculation of efficiency

key figures and forecast s

The last step was to transform the test model to a Cloud -service, with full -automatic calcul a-
tions of efficiency and local shadings. The Cloud services did not have access to satellite i n-
formation, and forecast estimates based on hour prognoses for weather and solar radiations.

The transformations f r om fil a b ealcaldtianr tgsbs to full y autom ated calculations on
less detailed data have been a big challenge in the project . In top of this, the Cloud services
should produce qualified forecast for AC -production 48 hours ahead for each plant

There has been used a lot of resources and test to develop different methods that givesre  a-
sonable accurate estimate of efficiencies and a 48 hour forecast services during to project
Methodical and technical challenges in phase 3 has caused a severe delay b efore qualified re-

sults was obtained.



3.2 Results

DMI has launched a  solar forecast service that includes forecasts of both the direct and scat-
tered solar irradiances, and the position of the sun . The forecast includes ensemble irradi-
ances averages and uncertainties.

DMI and EXERGI 6 sooperation delivered a setof algorithms, which gave an optimal descri p-
tion of measured AC -production as a function of weather  and solar data, in formation about to
solar plant etc. A calculated shading and reflection index  shows it value by giving response to
actual shadings from trees and buildings.

As the last step, EXERGI has standardized and simplified the analytic process ina full -auto-
mated Cloud services, including forecast calculation of expected AC -production. In top of this
single panel forecast, there is a tool f or tod iotpl foreeast réat grid, ge ographical

area or portfolio of solar plants.

The Solar -PV-Meter setup should make it possible to use the Cloud services at any position,
where proper wea ther forecasts are available.

The cloud service utilize s datafor upto 6 months to establish a stable model for efficiency
calculations and forecasts.

The idea of establish ing a service that could handle any solar PV p anels , was ambitious and
could today be classified as high -risk initiative , especially under the low budget fram ework.
The actual resources  needed to bring the concept to the current state ha ve been much
higher than expected and involved works without payment.

Conclusion:

Theprojectd el i ver ed an anal yt iaCéold -setvice@dncept that 0 cannddliver
relevant servicesto S olar PV owners and grid companies World Wide . Similar services do not
appear to exist in the market today .



4.  Project results and dissemination of resul ts

41 Results from DMI&és and EXERGIs research

This chapter describes ther  esult of the collaboration betwe en DMI and EXERGI to develop an

analyticapproach f or sol ar PVéasdefé&stiehcynder O6experi mental d cond
5 describes the  dem onstrations set up and chapter 6 the transformation into a Web services.

The experiment handles two step s. Firstly, solar energy prognoses for any location in Nort h-
ern Europe for the coming 48 hours, based on the newest DMI forecasts of direct and diffuse

solar radiation. Secondly, the PV electricity production is analyzed and monitored. The effects

of meteorological variables, solar panel geometry relative to the direct solar beam and sha d-
owing conditions are all analyzed.

4.2 PV production forecasts ba sed on NWP model output

Given the uncertainty of cloud forecasts i and thereby solar irradiance forecasts i the DMI
HIRLAM ensemble model was chosen. The ensemble model with average forecasts of solar
irradiance have been shown to have up to 20% less root mean square error (RMSE) than
output from a standard deterministic numerical weather prediction (NWP) model (Lundhol m
2013).

The ensemble model includes 25 members (Feddersen 2009). The prognoses are delivered
for the electrical power production during t he next 48 hours. The prognoses are updated
every 6 hours and include the following ensemble average parameters:

Global horizontal solar irradiance (GHI);
Scattered horizontal irradiance (SHI);
2-meter temperature;

2-meter relative humidity;

10-meter wind speed;

Direction of the 10  -meter wind;
Integrated atmospheric water vapor.

E e EE EE ]

Here GHI is the sum of SHI and the direct beam irradiance on a horizontal surface (DHI). DHI
can thus be calculated by subtracting SHI from GHI.

Additionally, the standard deviat ion of the ensemble model output is given for GHI and SHI.

4.3 PV production performance monitoring
From the 2 -meter temperature, GHI and SHI output averages from the ensemble model the

final electrical power produced P: can be estimated with the followin g formula:
Pt = Pa Qnverter = Pr PRoc Qnverter (1)
Pr = (GTIP noma) / GHI et 2
Y
- 3
= . . &)
Here P, is the power of produced DC electricity, gnverter 1S the DC to AC conversion efficiency
of the inverter, P is the reference power oft  he PV production, Pnomc is the nominal power of
the array at a reference GHl et of 1000 W/m 2 and a reference temperature of Trer Of 25°C,
PRoc is the DC performance ratio, DTI is the direct solar irradiance on the tilted plane of the
PV array, STI isthe s cattered 71 orindirect 71 irradiance on the tilted plane of the PV array,

and T is the ambient2 -meter temperature.

In Eqg. 3 six coefficients ( Kshadow ; Kinc, Kother, Kwind, KrH & brer) are included that describe fa ctors

that can degrade the performance ratio from 100%. If the five k- coefficients are 1.0 and Dret
8



is0.0 (or T = Trr) the produced DC power of the array Pa will be equal to the reference
power P;. Details about the coe fficients:

1 bes is the temperature coefficient of the PV array. This has been studied in detail and is
mostly specified by the PV module manufacturer. In the review of Skoplapki & Palyvos
(2009) an average  br =0.0045 K -1 is found.

T Kshadow (@0, fo) ist he shadow index as a function of the direction of the direct solar beam

as specified by the solar zenith angle g o and the solar azimuth angle fo. If the shadow
index is 0.0 all direct solar irradiance is shaded. The shadow index, as we use it, can also
be larger than 1.0 in order to include effects of reflecting objects around the PV a rray.

1 Kinc(Q) is the beam incidence index that accounts for the Fresnel reflection of the direct
beam away from the PV module glass surface (Born & Wolf 1999). Q isthe angl e of the
solar beam relative to the PV module normal. The glass surface is assumed to have ar e-
fractive index of 1.52 and the solar beam is assumed to be unpolarized.

1 kwina is the wind index that depends on the strength of the wind and the direction of th e
wind relative to the PV module surface.

1 Kkgu is the relative humidity index.

1 kower is the effect of all other factors that can degrade the PV module performance. This
includes technical problems and soiling of the surface of the module. When monitoring
PV module performance determining this coefficient is the main objective.

At the beginning of this project, the following questions relating to Eq. 3 were unanswered:

Are the temperature coefficients specified by the PV module manufacturers correct?
Does the relative humidity affect PV performance?
Does the synoptic wind strength and direction affect PV performance?

How significant is the effect of shadowing, and can this effect be quantified?

= =4 -4 -8 -

Can beam incidence reflection be accounted for with the Fresne | reflectance equations?

4.4 The PV array data
The PV array data was obtained from customers of Unicare Solar, the Danish importer of the

SolarLog data loggers (http://home.solarlog -web.eu/). The SolarLog data loggers provide

both DC and AC output power in five minute intervals.
PV ID Spring 2012 Autumn Spring 2013 Autumn Spring 2014

2012 2013

BHO1 May -June X X
EMO1 Nov. -Dec. X
FSo1 X X
JHO1 X X X X X
LLO1 X X X X X
LKO1 X X
PHO1 April -June X X X X
PJO1 April -June X X X X
S701 April -June X X X X

Table 1: The seasons from which PV output data was monitored. The first column gives the

PV array |1 D6és. Seasons from which a full datXa set has been

Spring is here defined as the first six months of the year, and aut umn as the last six months

of the year. When data has been obtained only from some months in a season these are

specified.

Intable 1 the half  -year seasons from which data were obtained are specified. All in all data
were obtained from 29 half -year seaso ns. Besides the power output data, meta -data were



obtained for each of the PV arrays. These include the coordinate, the tilt, the direction, the
nominal output power (P nomc ), the number of inverters, and the number of monitored
strings. Note that the numbe r of monitored strings is not necessarily equal to the number of
inverters on a given PV array. The strings may cover parts of a PV array pointing in different
directions, and which are shaded differently by surrounding objects. Therefore, the analysis

is made on a string by string basis.

All of the analyzed PV arrays are mounted on the roofs of private homes. Thus, it is expected

that the sensitivity to meteorological conditions (temperature, relative humidity and wind)

are different from standard testing conditions of free  -standing PV arrays. Also, with limited
possibilities of optimally placing the PV arrays, shading is expected to play a significant role.

4.5 Satellite data for estimating the solar irradiances

The best way of monitoring the performance ratio of a PV array is with the aid of in situ
measurements of the solar horizontal irradiances (GHI, DHI and SHI) or the solar irradiances

in the tilted plane of the PV array (GTI, DTI, STI). Additionally, the PV cell temperature can

be monitored directl y. Such measurements are, however, costly and in particular, the solar
irradiance measurements require frequent calibrations and maintenance making them ill -
suited for a regular home owner.

One alternative to  in situ  monitoring of the solar irradiances i s to interpolate these from
global radiation measurements performed in the national weather station grid of DMI. These
global radiation stations, however, may be as much as 50 km away from a given location.

We have chosen a second alternative.

It has bee n shown that the potentially available solar irradiances can be reasonably well a s-
sessed from satellite data (Nielsen 2011). Such data have the advantage that they can be

derived for any location seen by a geo - stationary satellite, i.e. the whole world exc ept the
polar regions. DMI routinely maps the satellite derived solar irradiances with 15 minute time

resolution, corresponding to the time resolution of the Meteosat SEVERI images (Nielsen

2011).

4.6 PV performance compared the meteorological data
As me ntioned , we work from the hypothesis that the temperature, relative humidity and

wind affect the performance of the PV arrays. The dependency on temperature is well esta b-
lished (e.g. Skoplapki & Palyvos 2009). In agreement with was has previously been foun d,
we also find that there is a negative linear relationship of the PV performance with temper a-

ture, however, we find the magnitude of the temperature coefficient not to be representative
of the typical value of  brr =0.0045 K -1,

From optimization analy = ses we find ber values in the range of 0.0072 K 110 0.0090 K -1 with
an average of b = 0.0080 K-! for the PV arrays analyzed. There may be two reasons for
this discrepancy: Firstly, PV arrays mounted on roofs can only cool through emission of

longwave radiation in the hemisphere away from the roof, while free -standing PV arrays can
cool also by emitting longwave radiation in the opposite hemisphere; secondly, the relative
humidity is covariant with the temperature. Thus, colder air has a higher relative humidity,

which again means that the air has a higher heat capacity to transport heat away from the
PV array.

In our investigation of the PV performance compared to relative humidity, we did not see any

clear correlation between these two variables. Agai n, this could be due to the covariance of
temperature and relative humidity. In the early morning, the relative humidity will often

reach 100% and dew will form on the PV array. The latent cooling due to evaporation of this

dew is also implicitly included in the observed temperature changes. Thus, we conclude that
relative humidity either does not significantly affect the PV performance or, that if it does, its

effect is implicitly included in the temperature coefficient brei. Therefore, kgru in Eg. 3 can be
assumed to be 1.0.

10



Similarly, we found no correlation between either the wind speed or the wind direction and
the PV performance. An extra study was made, where the data was split into three groups
with no to little wi  nd (< 2 m/s), moderate winds (>= 2 m/s and < 10 m/s) and strong winds
(>= 10 m/s). When comparing these three groups of data, no differences were found for ei-
ther of the analyzed PV arrays.

The fact that the PV performance is not affected by the general winds in case of no to little
wind, can be explained by the PV array creating its own winds through convection when it is
relatively warmer than its surroundings. Therefore, kwina in EqQ. 3 can be assumed to be 1.0.

4.7 PV performance compared with the inc idence angle
The solar beam incidence angle relative the PV array plane is found to have a significant im-
pact on the PV performance ratio. In Fig. 1 data from the entire year of 2012 are plotted as a

function of the incidence angle. In particular, in the d ata categorized as 08BI

pendence of the performance ratio on the incidence angle is clear to see. We find that using
the Fresnel expressions of reflectance of direct solar irradiance to estimate Kinc in Eq. 3 ade-
quately can account for this d ependence for the PV arrays included in this study.
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Figure 1: The DC performance ratio as a function of the solar incidence angle relative to the
PV array plane for the four data categories: 0AI

4.8 PV performance compar ed with the shad ing index
From Eq. 3 the shadow index Kshadow Can be solved, when the other coefficients are known,
Kother @and PRpc are assumed to be 1.0, and measurements of reasonable estimates of DTI

and STI are available. We used satellite data to asse ss DTl and STI. The results were at first
unclear.

It was realized that the satellite in some cases give assessments of the clouds T and thereby
the irradiances 1 that are not representative of the actual conditions. The problem arises

since the SEVIRI s atellite pixels have spatial resolutions of 6 -7 km on each side. Typicalc  u-

mulus clouds have spatial scales of 0.1 to 1 km and cannot be resolved in the satellite im-
ages.

In the satellite images these are seen as a thin cloud cover evenly spread out over the pi x-
els. In reality, the cumulus clouds cause strong intermittent shading interceded by clear sky

conditions. This challenge can, however, be solved by using only data from days with either

clear sky conditions or with a homogeneous cloud cover.
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Thesat el lite data were sorted into 4 cat egsomdctshd.6BThe 6, 6 Wh

first three of these categories are al/l c atleeoami aof Osmoot h de
bility index (Skartveit et al. 1998) being less than 0.025. The sub -divi si on of the &édsmooth
dat ad i s theckea dskpoindex ( Skartveit et al. 1998) being > 0.85 for

0.7 and <= 0.85 for 6Whiteb6 data and <= 0.7 for O6Greyd dat

In Fig. 2 the four data categories ar engtheomonthefd f or the PV ¢

July 2012. Strong shading is clearly seen in the O6Blued6 dat
dians (109°) and > 4.5 radians (258°). In the other data categories, the shading is less pro-
nounced. Therefore, the O6BI uceitethe shadawindexr e used to determ
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Figure 2: The DC performance ratio as a function of solar azimuth angle in radians for the
four data categories: O6Al 16, O6Greyd, O6Whited and 6Bl ueb.

The shad ing index is derived independently for pixels of with sizes of 5° x 5° on a half -yearly
basis. The r eason for calculating the shading index on a half -yearly basis is illustrated in Fig.

3, where the s hading index is shown for each month in 2012; over the course of a half year

from winter solstice to summer solstice T orrough ly from January to June i all possible pos i-
tions of the Sun in the sky are scanned.

In cases where the shading is due to buildings or other firm structures the shading will be

symmetrical between the first and second half of the year. In cases where the shading is due
to trees, which is Denmark mostly are deciduous, the shading can vary strongly from the

first to the second half of the year.

In Fig. 4 an example of this is shown. In the azimuth direction 0° - to the South i a clear dif-
ference is seenin  the pattern of the shadow index.
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Figure 3: The derived shadow index for the 12 individual months of 2012 for the PV array

LLO1_1. The blue, magenta and black colors indicate various levels of shading. The green

color indicates that there is no shading. The yellowish to reddish colors indicate enhancement
of the solar irradiance due to reflections.
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Figure 4: The derived shadow index for the spring and the autumn halves of 2013 for the PV
array PHO1_2. The colors are explained in the caption of Fig. 3
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4.9 . Conclusions

1  The temperature coefficient of the PV array performance is found to be 0.0080 K “Lin av-
erage for the roof mounted PV arrays analyzed, which is almost twice the typical value of
0.0045 K -1.

1 The relative humidity is not found to have a significant effect on the PV array perfo r-
mance. At least not an effect that is independent from the temperature.

1 The wind strength and direction is not found to have a significant effect on the PV pe rfor-
mance.
I  The direct solar beam reflectance as a func tion of the incidence angle has been found to

be adequately described by the Fresnel reflectance equations.

1 A new method for determining the effect of PV performance on shading has been deve I-
oped. This is based on satellite data and can thus be used witho ut in situ measurements
of solar irradiance.

1 Satellite derived irradiances are not representative for the actual irradiances in case of
inhomogeneous cloud cover at a scale smaller than the satellite pixels. This means that
PV array production data can pr ovide information on the clouds that is not available ot h-
erwise. Such data can be used for verification of weather and climate models and for a s-
similation into weather models.
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5. Production data froms ol ar PVés and demonstrat

5.1 Production data from s ol ar PVods

The idea of analyzing t he actebsitoacD @ mrcAC -pmductiShadatawith PV 6 s

a short time step 1 preferable every 5. Minute but up to 1 hour is acceptable.

Automatic upload from solar PVo6s ihl®yearbaneistogayact i ce

standard feat ure. When this project started i n 2012, the plant owners have to buy extra
equipment to extract data from inverter and upload the information to Web -services .

The following is a general description of the development over time .

Phase 1

Originally, inverters were not equipped with other surve illance options than an indication of
whether the inverter was active and connected to the grid. Measurement s of produc tion, per-
sonal consumption and the supply of power to the grid were associated with consi  derable un-
certainty.

Phase 2

Later, many inve rters became equipped with a small data display, which  could show the st a-

tus of the inverter and current and historical power production in different ways.

Inverters were prepared for data collection and provided either with a data interface, which
could be build -in or by acquisition of a circuit board for retrofitting. In most cases, more a d-
vanced data collection was an extra option .

Phase 3

The next step was to provide the inverters with a network connection. Solar PV could either
be monitored onthe  owner's own PC/home network or connected to a portal on the Internet,

to which the inverter delivered data with different time intervals.

Data connection between the inverter and network/ data logger could be established by
means of cables, Bluetooth or WiFi.

For the solar PV plant owners it is more appropriate to monitor and store solar PV production
data on a po rtal on the internet, rather than on a home PC. It is a complex IT task to de-
velop and mai ntain a portal solution.

Today, the monitoring function is largel y fully integrated in the inverter, and most major
suppliers of inverters also can store and present data from the single solar PV installation at
portals on the Internet, which is made available to the plant owner.

5.2 Demonstration plants
It was origi nally planned to get data from 50 installations where the owners had invest in
data logger to upload production data continually.

An information letter was drafted and sent to a number of stakeholders with an invitation to

participate in the project or p ass the invitation to customers. This included installers, organ i-
zations, utilities and other stakeholders. The invitation was also posted on the project parti Ci-
pants' websites.

It proved harder than expected to get a commitment for making data available from owners
of solar plants . Only 9 plant owners responded positively . Out of the 9 plants 2 smaller i n-
stallations soon dropped out, due to various reasons (one due to change in local network an

no further interest in the project, and one due to conversio n of the building).
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7 installations delivered data to DMI from 2013 and until today. One of the installations
dropped out due to atec  hnical reason (hitby lightning ).

Data from the plants  to an FTP file server or the Solar -Logs own internet portal, wh ere tho u-
sands of PV systems all over the world are publicly available.

Data have been collected from a variety of different types of PV systems, but all using a data
monitor from the German company Solar -Log. The company was early to market with a

monito ring solution, but has later received strong competition from other companies with

similar solutions . Today p roducers of inverters,  integrates web -based monitoring of solar PV
inverters.

Solar -Log is universally applicable, as the solution has been expan ded to read data  prot ocols
from all common inverters and can be connected to both the plant owner's own homene t-
work and to portals on the Internet. In the project, data from the solar PV plant was send to

an FTP server, placed at DMI

Several reasons fo rthe low response ha ve been discussed:

1 The markedforPV i nst all ati onswhere on itds way down
1 Dataloggerwas 12013 anextra and expensive device ,

1 The owners of existing data logger  findithard to change the settings  for data upload
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6. Web service Solar -PV-Meter.com

6.1 Set up for Solar -PV -Meter

Solar -PV-Meter is the new online service. The Web -service imports data from the single
power plant and from weather services provider s (DMI). Production data should describe the
DC- or AC -producti on for minimum every hour and preferable for every 5 ™ Minute. Weather
and solar radiation forecast describes the values for every single hour 48 hours ahead.

Production data should be u pload ed from the plants inverter or meter tothe Web -services . If
production data are collected by  a data provider or grid company , the production information
can be transferred  to Solar -PV-Meters cloud services by 06 p u sghréa bodr iggdesc h n

Inthe setup , the plant owner  should give some basic information regar ding the solar plant,
geographical position, panel type, area and capacity, azimuth and panel tilt and i nverter type
and capacity.

6.2 Model for the single plant

The Cloud -services automatically establisha model for every si  ngle panel/inverter combin a-
tion. For a building with panels in direct direction works Solar - PV-Meter with separate models
for each section.

The input -output model uses  several matrices that describe the conditions in different seg-
ments (sOpi med under di ff er en tioneonditons.dhe weather pand d uc

production data i s Ot r a n dofslortemtend 6 steps that reflects the a ctual solar pos ition.

In figure X the basic ang les are defined i azimuth and tilt of the panel, solar altitude etc.

Figure 1: Solar paneland solar position. Definition of basic angles.

During 3 to 6 months the model calculates several matrices that describe the single step in
the chain from  solar radiation that hits the plants (if no local shadings), to the measured
DC/AC (with the actual tem  perature). Based on this information the web -services provides

efficiency analytics and forecasts.

6.3 Shading - and Reflection Index
Local shadings from buildings  , trees and even flagpoles reduce the power posi tions, and for
some panels the reduction coul d be considerable.

The index should give  a value of the reduction of the DC/AC -production compared to solar
positions without shadings. The  index handles also s ituation s where local reflections enforce
the s olar radiation and power production. Different m ethods for automatic calculation of a
shading - and reflection index are tested.
17



In an early version, the panel owners should take a picture or the view seen from the panels ,
to fasten the calculation of the shading - and reflection index.  The final solutio nwas an alg o-
rithm that divides the pixels in different groups after their local performance , With periodic
regrouping and recalculations . One of the challenges was short data intervals, where noise

can be considerable.

6.4 Forecast for AC - production
The forecast services with estimates for actual hour AC-production 48 hour ahead, uses the
efficiency results , the shadings - and reflection index and weather - and solar radiation for e-

cast from DMI.

The forecast is recalculated automatically when the weather s ervices pushes new data, typ i-
cally every 6. hour.

65Policy for data prsgptagamdt iomn-BaoiMeier 6
Basic principles for the web  -services

Solar PV data belongs to the panel owner, secured with login function s and password

1 The company Solar -PV-Meter has only access to use your data to produce statistics - not
to view or share  single plant data  with other s

1 Panelownersc an chooseto 6 publ i shd dViebasiteos detmiwe Ga lsb thay ged
visible for other users - Please do so!

1 ®&ospam 61 Solar-PV-Met er do not distribute commerci al

6.6 Feedback to users
User of Solar -PV-Meter can access their data in three ways ,

1 Automatic broadcast of a monthly report(.pdf) that describes production and efficiency
Online monitoro n APP/Web

1  Export -function for forecast for automatic control of electric devices and batteries.

6.7 Monthly report .pdf

The monthly report  that is the primary services to solar, consist s of four sections
1 System identification and Sola r Statistics

9 Daily pr oduction and forecast T including statistics for ~ forecast accuracy

1 Efficiency key figures, and

1 Shading - and Reflection Index

6.7.1 System identification and Solar Statistics
See complete monthly  pdf-report mailed to the plat owner every month in Appendix.

Example of system data and solar statistics.

Panel Module #1

Solar Panel Inverter

Max.Capacity 6,400 W *) Max.Capacity 6,000 W *)
Area 42.0 m2

Panel direction: Azimuth: 20° Panel tilt: 35°

*) Max. panel capacity is higher than inverter max. capacity — results in ‘Peak cutting’.
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Stat istic for solar radiations in last months and for last 12 months.

STATISTICS September 2016 Last 12 months
Solar Hours 411 h 4,454 h
Total Solar Energy * 10,824 kWh 104,403 kWh
Projected Solar Energy ** 6,383 kWh 56,777 kWh
AC Production kW/h 507 kWh 4,294 kWh

*) Total energy in solar radiation, if solar panels where perpendicular towards the sun in every hour

**) Total energy in solar radiation that hits the panel with its fixed installation angles (azimuth and panel tilt)

6.7.2 Daily production and forecast
Example of production statistics and forecast

I Actual AC Production Forecast 24h

Itk Day
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w
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2 0z 04 0s 10 12 14 16 18 20 2 24 26 28 20
01 02 05 o7 o 1 12 is 7 19 21 3 25 27 29 01

Day of September 2016

5 — =
£ 3= f A [ N / \ 5
2 - / A %
< 0 2 2 f' L\I /: / 2 \ =
Mon 05/9 Tue 06/9 Wed07/9 Thu 08/9 Fri09/9 Sat10/9 Sun 11/9
6.7.3 Efficiency key figures
Example of step down calculations from potential to actual AC-production, step by step.
September 2016 Last 12 months
Potential DC-production based on actual calculated efficiency 1,450 kWh 13,844 kWh
Losses due to projection — since panels not 90° against the sun -595 kWh -0,326 kWh
Losses due to shadows and reflections -315 kWh -2,929 kWh
Losses due to inverter conversion -32 kWh -295 kWh
Actual AC production kW/h 507 kWh 4,294 kWh

The first lines indicate the potential D C-production, if the panels are directedt owards the sun
at alltime s, and if there were no losses from local shadings and in the inver ter.

The losses due to project ion reflects the fact that a fixed installed solar panel does not follow

the path of the sun, so that the solar radiation hits the panels with an angle that difference s
from 90°.
Shadings . In this example the reduction of the poten tial power pro duction coursed by shad-

ings from buildings and thr ees are small - 56 kWh /month and 620 kWh /12 months.

Losses in the inverter s are quite small 1 295 kWh ayearor 6%.
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6.7.4 Shading - and Reflection Index

I n this exampvViesw dookiblugimgicates dtréng shadings near the
have reflections effect, where the AC

blue weak shadings. Red pixels

September 2016

140° 170

Shadows
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6.8. Web services

A combined APP and Web -services give access to online data, as well as all the results shown
The Website exist

in the monthly report.
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-production is enforced.

onlyina testversion ,buthere som e examples . Ba-
sically it& the same kind of infor  matio n as in the monthly report.

E BO HAUERBERG SYSTEM

[SYSTEM 6.0 KW] / PANEL MODULE #1 (2.8 KW) / PANEL MODULE #2 (2.8 KW)
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STATISTICS EFFICIENCY
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BO HAUERBERG SYSTEM

[SYSTEM 6.0 KW] / PANEL MODULE #1 (2.8 KW) / PANEL MODULE #2 [2.8 KW)
October 2016
SOLAR HOURS 350 h 11.7 hipay
TOTAL SOLAR ENERGY * (38.8 M2) 5,646 kun kWh/Day
PROJECTED SOLAR ENERGY ** (38.8 M2) 3,728 kwh KWh/Day
AC PRODUCTION KW/H 177 xwh 5.9 kwh/Day

*) TOTAL ENERGY IN SOLAR RADIATION, IF SOLAR PANELS WHERE PERPENDICULAR TOWARDS THE SUN IN EVERY HOUR
**) TOTAL ENERGY IN SOLAR RADIATION THAT HITS THE PANEL WITH ITS FIXED INSTALLATION ANGLES (AZIMUTH AND PANEL TILT)

‘ 135° 165° 195° 225° 255° 285°

60°

I Actual AC Production Forecast 24h
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Day of October 2016

September 2016
SOLAR HOURS 407 n 14.0 h/Day
TOTAL SOLAR ENERGY * (38.8 M2) 10,019 wwn kwh/Day
PROJECTED SOLAR ENERGY ** (38.8 M2) 6,040 kwh kWh/Day
AC PRODUCTION KW/H 428 wwh 14.8 kwh/Day

*) TOTAL ENERGY IN SOLAR RADIATION, IF SOLAR PANELS WHERE PERPENDICULAR TOWARDS THE SUN IN EVERY HOUR
**) TOTAL ENERGY IN SOLAR RADIATION THAT HITS THE PANEL WITH ITS FIXED INSTALLATION ANGLES (AZIMUTH AND PANEL TILT)
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6.9 Export services

An export function, would give the user accessto export forecastdatato control functions
etc. The services would include an Open API for automatic export of forecast information to

control of systems for flexible electric use or loading of batteries.

22



