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Abstract

One of the aims of the Dutch national government is to stimulate renewable energy in mwrder
create a green and diversified energy system. Solar energy is a vital part of this transition and
necessary to be able to achieve the targdisthis context, he municipality of Amsterdam aims to
reduce its dependency on fossil fuels and large international energy comp&uwésr panels are
often proposed as financially attractive using questionable assumptions, such as netting being
possible the entire lifetime of solar panels or a 4% increase in energy price per yearthedisthe

solar potentialof roof top solar panels is assessed and validated in order to determine the economic
feasibility forthe city of Amsterdam

The Klein and Theilacker (1981) madble KT models set up to assess solar potential in ity of
Amsterdam, because of its compatibility with the available data and its claimed high acdaracy.
order to determine the economic feasibility of roof top solar panels a net present value analysis is
performed that allows to explore the relativienportance of different aspects that influence energy
production and its revenueg.urthermore, the reurn on investment, payback time and levelized cost

of electricity allow for assessing the risks related n@esting in solar panelbserved energy
production data from solar panel systems in Amsterdanused to validate the KT model, whish

then usedto assess the performance of the Zonatlas, because of its imposetto decision making.

The costbenefit analysis indicates thablar panel systempricesdecrease frome H ® n cfac 4 4.J
solar panelsystemto € m ® 0 diar & R4 solar panekystemunder the assumption that netting
remainspossible duing the economic lifetime of solar panelBhe optimal conditions for energy
production in the city of Amsterdam agesouthward orientation and a slope of 3dutif the slope
is adjusted every month, the annual energy outpuacfolar paneincreases by .23%

The net present valutor the roof tops in AmsterdamangesT NB Y € n- @3 where he
maximum is reachedn optimal conditions The orientation is more dominant than the slope in
influencing the economic feasibiligndif the sola panel is not facing south, it is better to install the
solar panel relatively flaRoof parts with a relatively low net present valugich as roof parts with a
northward orientation or a steep slope (>358)e very sensitive to a change in cost®nergy price
Northward oriented roof parts aréeast sensitive ® a change irsolar radiation, since more oiptal
oriented solar panels are more efficieint convertingsolar radiation. Roof parts wittelativelysteep
slopes (>35°) are more sensitive to a change in any of the faétetading solar radiation than
more gente slopes

Thevalidationshows that the KT modeleviatesstronglyfrom the observed energy productiodata
from one year to the next year and between montlsirther research is required to gain more
insight in the causes of thisediation. The Zonatlas predicts less output tharetKT model, which is
partly explained by the fact that the Zonatlas detects steepereddhan the roof top data seEor
further researchit is recommended to extahthe validation analgis by including me observed
energy productiordata and to increase the number of ropértsin the roof top data setin orderto
generate more robust results.
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1. Introduction

In this chaper an introduction into thisthesis is given followed bythe research questions
Furthermore, a shortlescription of the method and a reading guide are preseniéds chapter ends
with an introduction into solapotential modelling.

1.1 Introduction

Ore of the aims of the Dutch national government is to stimulate renewable energy in order to
create a green and diversified energy system, which is agreed upétetirEnergieakkoord voor
DuurzameGroei(SER, 20)3Solar energy is a vital part of this tréim) and necessary to be able to

achieve the targetdn this context, he municipality of Amsterdam aims to reduce its dependency on

fossil fuels and large international energy companigsi(t YZ 5ASLISYRIFf )3s Iy
According 0 the municipatiy 11 km2 of suitable roof space is available for solar panels in thefcity
Amsterdam.This is sufficient to supply power to 330.000 hcuslds({ G4 YX 5ASLISYRI | ¢
Hull, 2013. The goal is to increase the installed capacity of 9 MW in 2013 td¥&0n 2020 and up

to 1000 MW in 2040. The municipality of Amsterdam acknowledges that meeting this eueidb

on the willingness ofitizens and businesses to invest in solar panels. An important factor for citizens

and businesses whether to invest inlaopanels is the financial attractiveness. Although other
motives also play a role, such as saving the environment or being less dependent on big energy
companies, the finacial motives often are leading (Van Der Lelij & Visscher, 20h&)municipality

of Amsterdam stimulates solar energy by informing citizens and businesses about solar energy,
providing financing methods, searching for public roofs for solar projects and integrating solar energy
carefully in the city to maintain public suppoBtam, D& LISY R € g £l y Wi | dzZ € = H

In order to increase the integration of solar power in the city of Amstert@solar potentiahas to

be fully utilized.The solar potential is defined as the expected generated energy by solar panels in
kWh/year,in the cty of Amsterdamlin order tomaximize the use ahis potential, i is essential to
exploit the optimal conditions for roof top solar panels, specifically for AmatardHowever, the
literature is inconsistent abouthe optimal roof slope (Siderea, 2014 Sichting Monitoring
Zonnestroom, 2015, Van Sark, 20Mww.zonatlas.nl 2015d & www.essent.nl,n.d.(b)) Many
institutes and ompanies that sell solar pangsopose solar energy as financially attractive, based
on questionable assumptions, such as a 4%\iacrease in energy price and netting being possible
during the whole lifetime ofsolar panels (Bontenbal, 2014ww.eneco.n] 20153. A 4%l/year
increase in energy price makes sense based angterm historic observationsCBS, PBL &
Wageningen UR, 201% CB$ 2015, but recentdevelopments cause energy prices to drop, such as
lower solar energy costarr, 2012, a surplus of green energy in Germany and interlinkinghef
European energy marketvjvw.pricewise.nl2015),a decreasing energy demag@odjers, Schepers,
Van Gerwen & Van Der Veen, 2014hd decentralized energy production (Randall, 201%5he
regulation of netting will be evaluated in 2017 and possibly reduced in 2020 (TK 2013/2014, 29 023,
no. 175). A reduction in netting negatively ughces the financial attractiveness of solar panels. It is
therefore important to identify which factors have the highest impact on the economic feasibility of
solar panels in Amsterdam in order to assess potential risks involved in the investment.€Bigs th
therefore, aims to establish a method that allows to explore the relative importance of the different
aspects that influence energy productiondaits revenues. Therewith, ltelps to increase the share

of solar power in the city of Amsterdam.
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1.2 Research Questions

The motivation for this research originates from a small research perfofoye@eodan, aep-ICT
company in Amsterdam. A new roof detection method was tested by comparioghie Zonatlas.

The Zonatlas is amnline application that detenines the economic feasibility of roof top solar panels

in 230 municipalities in the Netherlands, which is also referred to by the municipality of Amsterdam
to be used by citens and businessds/ww.amsterdam.nl 2015).The comparison revealed large
differences between the dection method and the ZonatlasSince this application is already widely
used by policy makers, households and housing corpmrstit is of great importance tdecision
making (www.zonatlas.nl, 2015a)Therefore, one of the objectds of this thesis is to validathe
Zonatlas usin@ selfconstructedsolar potential model, based on scientific literature, and observed
energy production data. In order to do this, it is necessary to determine the optimal conditions for
roof top solar @nels, specifically for the city of Amsterdam, to achieve the highest energy
production.Based on the established solar potential model, it is also possible to assess the relative
importance of the different conditions that influentlee economic feasibtly of roof-top solar panels

in Amsterdam.

The following research question is leading in this thesis:

How to assess the economic feasibility of roof top solar panels in a spatially explicit modelling
approach for the city of Amsterdam?

This main questiois answered through the following swjuestions:
How to assess solar potential for roof top solar panels in Amsterdam?
What are thecurrentcosts and benefits abof top solar paneld

Using the method developed to answer the above questions liteéa possible to answer the
following questions related to finding the optimal location of solar panels:

What are the optimal conditions for roof top solar panels to achieve the highest energy
production?

Which factors have the highest impact on thefjiability of roof topsolar panels?

In order to validate the assessment of the economic feasibilityfdHewing question is also
answered:

Howdoesthe performance of th solar potential modeklateto observed energy production
dataand the Zonatla?

Solar potential is dependent on the position on the Earth with respect to the Sun. Therefore, solar
potential has spatial variation. The research questions above are applied specifically to the city of
Amsterdam.




1.3 Reading Guide

In this section thetsucture of this research is highlighted. For every chapter a short description of
the applied method is given. Section 1.4 containsimtnoduction in the development of dar
potential modellingandreviews several solar potential models.

Chapter 2 desibes the method used to execute this research. The solar potential model is divided
into its components in order to explain the workflow of the model. Furthermore, the economic
assessment is explained. The net present value analysis, paybackdionmg, on investmentand
levelized cost of electricity concepts are exemplifiecthese economic methods give a full
understanding of the economic feasibility of solar panels on different locations. This chapter ends
with a description of thevalidation methods that are used to assess the performance of the solar
potential model.

In Ghapter 3 the results are presented and illustrated. First, the implementation of the solar potential
model for the study case, theity of Amsterdam, is discussed. Secondly, thetsand benefits of

roof top solar panels are given, based on the Dutch markéereafter, the optimal roof op
conditions are determined to fully utilize the solar potential of the roofs. Furthermore, the roof top
data set is describedpllowed by the aitcomes of the solar potential modef Klein and Theilacker
(1981) Based on these results the economic feasibility is determined usingav@omic methods
described in @Gapter 2. The net present value expressed per Watt peak is the main component of the
economic assessment, since most other sources express the economic value of solar panels this way
(Milieu Centraal, 2015a & Van Sark et al., 20T4e net present value per Watt peak is also used in
the sensitivity analysis, which examines the effeca @hangen the energy price, costs or incoming
solar radiation on the economic feasibility of solar panels. In the factor analysis the relative impact of
these factors are given. This chapter concludes witkalaation of the solar potential model using
observed energy production data from a small sample of solar panel systems in Amsterdam. The
solar potential model is then used to validdbe Zonatlas.

Throughout @apter 3 the results are briefigiscussedChapter 4 contains a extensivediscussion of
the methods andmain findings othis researchThe limitations and assumpins of the methods are
addressed.The mainfindings are compared wittscientific literature and recommendations for
further researchare given Chapter 5 presents the main conduss of thisresearch




1.4 Solar Potential M odelling

In order to assess the solar potential on roofs in Amsterdam necessary to have a solar potential

model that is able to take the effect of ttopeof the roof and the orientation, or surfaczimuth

slope of the roof into accountDuffie and Beckman (201Bave collected multiple models and have

flIAR R2gy (GUKS TFdzyRIYSyidlta 2F a2t N LRGSYGALf Y
t NPOSaasSaéd ¢KS I dzi KiaNEculRStHeNInm@soldr Kadiatidh lpatananth 2 y &
on every possible roa$lope and orientation. Also other authors have reviewed the accuracy and
usefulness of these models, such@symard (2008)Jahkrani, Samo, Rigit & Kamboh (20 L&rvisi

& Mahdav (2012)and Freitas, CatitaRedweik& Brito (2014).In this section an introduction into

solar potential models is given. Also the development of these models through time is highlighted.

1.4.1 Introduction

Solar potential models are designed to cadtelthe incoming solar radiation on solar panels. These
models make use of the incoming solar radiation that is measured by weather stations on a
horizontal surface. Solar panels are typically installed at an angle. Solar potential models convert the
incoming solar radiation on a horizontal surface into incoming solar radiation on a sloped surface.
Solar radiation consists of three main parts: Beam, diffuse and reflected radiBgam radiation is

the radiation from the sun that idirectly collected by he surface of the solar pandiffuse radiation

is scattered through the atmosphere by particles and clouds. The direction from which the diffuse
radiation is received, from a solar panel point of view, is dependent on the atmospheric clarity and
cloudiness. These are both highly variable during the day, but can be estimated by using the
clearnessindex Eee Section 21.2.4). Reflected radiation has to do with the albedo of the
surrounding surfaces that reflect some of the solar radiation back into treetitin ofa solar panel
(seeSction3.1.2). Every solar potential model haiits own way of taking into account tistopeand
orientation of solar panels andf modelling how incoming solar beams are scattered by the
atmosphere and reflected by the grouiduffie & Beckman, 2013).

In general, solar potential models can be divided into two types based on the input data. Hourly
models use meteorological data of average mangy solar radiation per day.h& distribution per

hour is estimated accordingly. Mdmy models use the monthly average incoming solar radiation and
assume that each day has the same incoming solar radiation. Since, monthly average data is recorded
by the Royal Dutch Meteorological Institute (KNMI, n.d.(a)) for a long pddodhe city d
Amsterdam this type of model is used in this research. However, hourly models in general have a
higher accuracy, but also require more specific less widely available data (Duffie & Beckman, 2013).
Over the years multiple variations of solar potentiabaels have been developed. There is no
agreement among the scientific community that one model performs best (Jahkrani 8048 &
Freitaset al.,2014). It is often pointed out that the accuracy of the model is largely determined by
the study area the slope and orientation ofolar panelsand the months or seasons that are
examined.




1.4.2 Development

Both hourly and monthly models are discussed in this section, since the development of these
models contains many similarities and overl&fottel & Woertz (1942)were one of the first to
include beam and diffuse radiation into one model. Isotropic models assume that all diffuse radiation
is isotropic, meaning that the diffuse radiation receivedaosolar panel is equal from all directions.
This is als one of the assumptions of thelottel & Woertz (1942)nodel. In 1963Liu & Jordan
extended this model by includingeflected radiation from the ground, whidk caused by the albedo
effect. Those two models require hourly data, but Liu & Jordan (1962 o computed a monthly
isotropicmodel, which is improved by Klein (197&)big disadvantage of this model hewver, is that

it is unable to dal with different orientations (Duffy & Beckma2(13).

Circumsolar
I Diffuse

Diffuse g:’ Beam
Sky "Area", A, /\ .
SN x
[cz27=7 23
b )

“— Horizon "Area", Ay,

Figurel Three parts of diffuse radiatin. Source:Perez et al. (1988)

Anisotropic models are more accurate and more complex than isotropic models, because the diffuse
radiation is no longr assumedo be only isotropic. Besides,isotropic diffuse radiationwhich is
received uniformly from the entire skdome &ee FHgure 1), also circumsolar and horizontal
brightening diffuse radiationare taken into accountPerez, Stewart, Seals & Guertin988).
Circumsolar diffuse radiation encloses the beam radiation and is the result of fosgattkring of

solar mdiation.Horizon brightening is mainly concentrated around the horizon.

Hay & Davies (1980) have developedartly anisotropic model without horizontal brightening.
Klucher (1979) had alreagyroposed that this factor has to be part of any anisotropicdel and
developed a term to correct for horizontal brightening.1990 Reindl, Beckman & Duffiere able

to include the horizontal brightening factor into the model. From that point on, it became known as
the HDKR (Hay, Davies, Klucher, Reindl) model.

Perez, Ineichen, Seals, Michalsky & Stewart (1985 include circumsolar diffuse radiation and
horizontal brighteningnto a single modelNoorian, Moradil & Kamali (2008) compare 12 models for
a case study in Karaj, Iran, includiamgong othersthe HDIR and the Perezet al. (1990) model,
showing that the Perezt al. (1990model performs best, but also the HDKR model was among the
best models. Also Guyma(d008 showsthat by examining 10 models with and without ideal input
data and conditions, th®erez model has the highest accuracy with ideal conditions and input data.
With suboptimal input data the HDKR model is one of the best performing models.
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However,lvanova (2013 & 2014yates, after a detailed analysis of obstructed environmentst tha

is questionable to introduce horizontal brightening in urban environments as often this type of
diffuse radiation is blockedly buildings and other urban structurd3uffie & Beckman (2013Iso
highlight that it is very impraatal to calculataliffuse reflections in urban environments, because of
changing reflegbnsof solar radiation on buildings, trees and other objects.

Besides Liu & Jordan (1962) alstein & Theilacker (1981plso known as the KT model, have
developed a monthly isotropic motleThe KT model is valid for every surface orientatidopeand
latitude. Duffie & Beckman (2013kcommend the KT odel, especially for sloped surfacesth a

more than 15° soutivard orientation because of its accuracy. In general, sloped susfacthe east

and west inhibit larger uncertainties in estimated radiation than southward sloped surfaces, due to
the fact that early and late in the day instrumental errors may be more present when incoming solar
radiation is measured by weatherastons. Thisis caused by relatively larger air mass and less
certain atmospheric transmission (Duffie & Becknm20i3) Because if its claimed high accuracy and
the availability of monthly data for the city of Amsterdam (KNMI, n.d.(a)), the KT model is used in this
research.

11



2. Method

In this section the methods used ihi$ research are describeBirst the method to set up the solar
potential model is explained, including all thoasic concepts. This is followed by the methods
belonging to the economic assesameThis section concludes with a description of hth& solar
potential modeland the Zonatlaare validated.

2.1 Solar Potential M odelling

In this section thesolar potential model, the Klein and Theilackeodel (1981) also known as KT
model, is futher explained Frst the workflow of the KT model is described using flowchart.
Secondly, some&oncepts are discussed, such thg extraterrestrial radiation mean day of the
month, declination,solar hour angleand clearness indexll of which are aressential part of solar
potential modelling In the lasttwo sectiors the solar potentiaimodel is further elaboratedh order
to calculate theexpectedgenerated output of a solar panel.

2.1.1 Flowchart

In order to give an overview of how tH€T modelworks, a flow diagram is given iRgure 2. Four
blocks ofvariables are inputo calculate the generated output per configuration of solar daren a

roof part in kWh/month. Altwelve months are summed uand in the end the generated output is
calculatedfor 25 consecutive years, which is the economic lifetime of a solar palnetoof top data

set contains information about the roaflope orientation and surface area dfie roof parts. The

basic concepts of solar potential modelling are givenSagtion 2.1.2. Somefactors are either
location specific or solar panel specific. The efficiency, performance ratio, surface area and
degradationrate of solar panelsare specific lsaracteristicsand differ between solar panels. These
components are describeid Sections 21.4 and 3.13. Thelocation specific variables are unique for
Amsterdam, such as the latitude, incoming solar radiation on a horizontal surface, albedo effect and
the optimal roofslope These factors are desbed inSections 3.1.1, 3.1.2 and.3 The equations
belonging to the KT model are given in Section 2.1.3 anfinhkresultsin Section 34.2.

| Data set | | Basic concepts |

Extra-terrestrial radiation (2.1.2.1)

Polygons of roof parts Mean day of the month (z2.1.2.1)
containing slope, size and Declination (2.1.2.2)
orientation (3.4.1) Solar hour angle (2.1.2.3)

Clearness Index (2.1.2.4)

KT model (2.1.3)
Results (3.4.2)

Amsterdam specific Solar panel specific

Incoming solar radiation on
horizontal surface (3.1.1)
Latitude (3.1.1)
Albedo (3.1.2)
Optimal roof slope (3.3)

Surface area (2.1.4)
Efficiency (2.1.4)
Performance ratio (2.1.4)
Degradation (3.1.3)

Figue 2 Flowchart of the KT modelin brackets the corresponding section
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2.1.2 Concepts of Solar Potential M odelling
In this section the corapts of extraterrestrial radiation,mean day of the monthdeclination, solar
hour angle and clearness index are discussed. These concepssangtial for understanding solar

potential modelling.

2.1.2.1 Extra-Terrestrial R adiation and Mean Day of the Month

The solar constantl367 Wi , is the energy from the sun received arsurface perpendicular to
the direction of propagation of theadiation at mean Ear#®un distance outside the atmosphere
(Duffie & Beckman, 2013Due to the eccentricity ofi KS 9 NI KQ& 2 NIridistandek S
which is 1.495 » 1 meters, varies by 1.7% during a ydsee Fgure 3). This variation in disince
leads to a variation imnflux of 3.3% ofthe extraterrestrial radiation Figure4 showsthe monthly
variation in extraterrestrial radiation, which is lowepn the northern hemispherdn summer
because the SuBarth distance is greater.

7 1420 I T
Sun 127 10" m ~d | L~

7800 mi 1400 \\

Diam. =1.39 x 10° m
=8.64 x 10° mi

Gon  Wim2
8
TR

1360

Solar constant
2 1340/ e e e
! = 1367 W/m
Gsc{ = 433 Buu/it” hr 1320 L N
|-492Mdfrn2hr J FM AMUJ J A S ONTD
) - Month
= 1.495 = 10" m Figure4 Extraterrestrial radiation variation
Distance is{= 93 107mi 7P per month. Source: Duffy & Beckman (201

Figure3 The relationshi between the Sun and thedgth.
Source: Duffy & Beckman (2013)

The extraterrestrial radiationon a horizontal surfacean be calculated usingjuation (1). It is the
solar radiaton that would strike the Earth if there was no atmosphere scaitgthe solar radiation.

z z Z

0O ——2z2p WoAI-S-2 AT«RATNOET —OBIOET To nmnmmil)

Where:

'O is the etra-terrestrial radiation irMJ/i
"O is the solar constant367 Wi

¢ isday of the year

* is the latitude

1 is the declination

1 isthe sunset hour angle

YSI
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Due to the monthly variation of the extit@rrestrial radiation, the meamay of the month is not
always the 18 or 16" day of the month §eeTable 1). Klein(1977) has determined the mean day of

the month by selecting for each month the day which is closest to the monthly mean value of
incoming extraterrestrial radiation. ding always the 5or 16" day of the month leads to errors in

the calculation ofnhcomingsolarradiation, especially in June and DecemBeablel givesthe mean

day of the monthfor each monthby adding all days of the previous months to the mean afathe
particularmonth. The declination and sunset hour angle arplained inSections2.1.2.2and 21.2.3.

2.1.2.2 Declination
The declinatiori , is the angular position of theuf whensheis above the local meridian with

respect to the plane of th equator. In other words, it is the andbetween the 8n and the plane of
the equatorwhen the 8in reacles its highest point in the skit.isa result ofthe tilt of the Earth and
therefore varable between -23.45° and 23.45°The declination can be callated by Equation (2)
(Spencer, 19711 The average monthly declination for Schiphol is shimwiable 1.

) p“lJJnZ TBITT @ W PTE w w WAl 80 T8 X T cCQRRT 181 1T @ XAl ¢CB T8t 11 1T WY1 8

@It ¢ AUl B T8t Tt p © Hol8

@

Where:
w & pz — €)

2.1.2.3 Solar Hour Angle
The solar hour angle] , is the angular displacement of theu@ either east or west of the local

meridian due to the fact that the &th rotates on its axis at 15° per ho@n horizontal surfaces the
angle of incidence—which isthe angle of the beam iation from the @n, is etween-90°and 90°
when the $&in is above the horizoandexactly above the local meridian at @te kyure5). Equation
(4) can be solvethy setting—  w 1 (Duffie & Beckman, 2013):

AT-©6 AT«A11@TO OBIOEIT 4
Where:

—is the angle of incidence onharizontal surface

* is the latitude

1 is the declination
1 is the solar hour angle

Equation (4)with— 1T, can be rewritten into:
1 wéi OAFzO0AI (5)

Where:

1 isthe sunset hour angle
* is the latitude

1 is the declination
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With — w1 the solar hour angle has turned into the sunset hour angle, because if the angle of
incidence is 90R is possible to caldate the angle at which theuB setsfor a horizontal surfaceoy
usingEquation (5). The sunrise hour angle is thegative of the sunset hour anglas can be seen in
Equation (5), the sunsethour angle is dependent on the declination and the latituBecaise of the

tilt of the Earth, on the northern hemispherelays are longer in summer than in winter. As a result
the angles at which theud sets or rises are mudharger in summer, because theirsrises earlier

and sets laterTable 1 showsthe sunset hour angle for horizontal surfages month.

Zenith
A

/ "\I | Mormal to
'ﬁ‘JU” / horizontal surface

- =

Figure5 Relationshipsbetween a solar panel and theud. P, = the angle of incidence on laorizontal surface
bor atz2is 2% GKS azfl NJ LI ySourdeDuffie & BeBkMBnQOL& F G A2y 2F GKS

2.1.2.4 Clearness Index
In Section1.4.1 the threecomponents of solar radiation are explained. One of the components is the

diffuse radiation. It is necessary to know which fraction of the total solar radiagiaiffuse, since
beam and diffuse radiation have a different amourit energy. The amount of dfuse radiation
depends omatmospheric clarity and cloudiness, which can be estimated using trehly average
clearness indext is the ratio(see uation (6)) between the monthy average daily radiation on a
horizontal surfae and the monthly average daily exttr@restrial radiation (Liu & Jordan, 1960),
which is constant as is describedSection 21.2.1 (see [guation (1)). This ratio gives the fraction of
the extraterrestrial solar radiation thahas beerscattered beforlS A G NB I OKSa .G KS 91 NI

5 — ©)

Where:
"Ois themonthly average daily radiation onreorizontal surface
"O is themonthly average daily extrerrestrial radiation

Themonthly average clearness indeXx, his used to determine thdraction of the total radiation’Ch
that is diffuse. The ratie— is plotted as a function ab to come up with a correlationO is the

monthly average diffuse radiatioifhis correlation method is not fully satisfactorydatme resulting
correlaions vary by different authoréseeHgure 6). Thedifferencesmay becaused bynstrumental
errors, seasons, air mass and other weather variafidesfie & Beckman, 2013)
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Monthly average daily diffuse radiation
Monthly average daily total radiation
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Figure6 Correlations between the fractiomf the incoming solar radiatiorthat is diffuse and the clearness index.

Source: Klein & Duffie (1978)

The correlation found b¥rbs, Klein &uffie (1982)3 recommaded by Duffie & Beckman (2013)

andalso one of the most widely used, such as by NASHein $urface Meteorology and Solar Energy
program that uses satellite measurements to estimate total beam and diffuse solar radiation
(Stackhouse, 2006)t should be noted, however, thdrbs et al. (1982) have examined only four

study sites in the USA.ol¥ applicable these correlations are to the Netherlands is uncertain, but

studies for other locations have been performed. Dervisi & Mahdavi (2012) have computed a model
comparison with eight different correlation models for Vienna, Austria. The Erbs reboeled the
best results. Erbs et al. (1982) also compared theiretation with data from Highett i\ustralia and
the model of Orgill & Hollands (1977). The agreement of the results was vaitfém percent.A

study byAhwide, Spena & #afrawy (2013for Tiipoli, Libya reveals thdErts model has the best fit.

Ebs et al. (1982) haviwund a seasonal dependence in the correlation between the fraction that is

diffuse and the clearnesadex (see igure 6). Erbs et al. (1982¢laim that during winter dwst and
moisture are lower and thus less solar radiation is diffuslis is highly questionable for the
Netherlands since Dutch winters are usually wet, but Velds (1992) found satisfactory resuttefor

Netherlands when using Erbsrrelation. The corelation is validdr a longli S NJY
20KSNJ aSlaz2ya

X noy o

2 Ay GSNI YR

I 9SNIWIS
I NB BEua®i(R S R

represents winter, when the sun does not get higla¢rthe skythan ¢ @ JAccordingly, winter in
Amsterdam is fronOctober upto and including February (sealle 1).Equation(8) is for all other

months
1 @ J
T g J

pPY W p OB QUT

P& p p 0B G LG

P Yw P ol

08 ) P QW

(7)

(8)

27

oeée

16

n



2.1.3 Klein and Theilacker Model

Themodel developed b¥lein & Theilacker (1981the KT modelis elaborated in this sectiofrora

run of the KTmodel with example data, the reader is referred tpp&ndix [1.The modelcalculates
the longterm geometric conversion factor in order to convert the total solar radiation from a
horizontal surface to a sloped surfa@see Kuation (9)).

0 0zY 9

Where:

"O is the totd monthly daily average solar radiation on a sloped surface
"Ois the longterm monthly daly average solar radiation onrerizontal surface
‘Yis the longterm geometricconversiorfactor

The long term geometric conversion factof, in Equation (9), consists of different componentsde
Equation (10)). The Erbs coefficien{see Sction 2.1.2.4) and the albedo(see $ction 3.1.2) are

and —— . These terms are view factors akolar panel. A solar p&l can

corrected by
only collect incoming solar radiation that is in the cone of sight of the solar panel.

Y 0 —— " — (10)

Where:
" is the albedo

—is the difuse fraction basd on the Erbsorrelation

i A@fio] h Q7 1)
i A@ho1 hT ‘0 h Q7
1 is the sunset hour angle on a sloped surface
1 isthe sunrise hour angle on a sloped surface
“Ois the solar irradiance
‘o h — — %6 1 1 — 6 w6 OBl OBET w6ANO
A0 — OBETATO OBTANO —i 7t i Q¢ (12
0w O — 13)
O ™ nm neoEl e (14a)
O T™Moenad X OET o (14b)
Q OE1T —ANO 15

Equation(11) has a built in precaution, max tem, that ensures that nmegative solar irradiance is
used in the modelG, Eguation (12), is the solar irradiance, which is the rate at which radiant energy
is incident on a surface per unit aredsurface. It is possible thagkation (12) is negative in some
rare cases on high latitudes and/or noffificing slopes.The max term ensures that the solar
irradianceis nonnegative




Equations (14) are the CollaredPerera and Rabl (1979) coefficients. These coefficieats
conversion factors from monthly average radiation to ldgagm daily average radiatiorhis corrects

for the fect solar radiation varies greatly from day to day, due to constant changing of atmospheric
conditions. Theseconversion factors are used ingiations (12) and (13) to determine solar
irradiance.

1 and] are the sunrise and sunset hour ges ona sloped surfaceThese hour angles are
calculated using the hour angles on a horizostaface §éee ®ction 21.2.3). Whether] or] is

1 orl inEuation(12), depends on which of the twp, or] , is lager. This is expressed in the
two if-statements inEquation (11), which determines hows, and thusD, is calculated (see max term
in Equation(11)).] and]  are determinedby Equations(16).

o Vi

$ s | ET €l —— (16a)
3 SO nmweE® mMEIO O

1 s s Qai Q (16b)

g s | ET Mogi —2% (16¢)
3 SQO® mweE® MEIO O

1 s s Qai Q (16d)

6 AITO OAIATTOET (17a)

6 ANOATIO OAIOETAITO (17b)

6 — (17c)

Equations(16) have two if-statements, because on northwardsriented sloped surfaces, theu®

may rise and set twice a day. In the early morning solar radiation esaitte solar panel, but as the

un orbits from east to west via south, solar radiation is unable to reach the northwareisted

sloped solar panaihen the Sun is at south. Thus, thenShas set in the point of view of the solar
panel. As the sun follows its path east, it reaches the solar panel again. So the sun has risen again and
it sets again at the end of the day. lemgends on the slope and orientation of the solar panel,
whether this happens or not.

In Equations(17) the latitude, solar paneslope solar panel dentation, declination andolar hour
angle are taken into account. Equatiofls) affect Ejuations(9 ¢ 16) and show that a change in the
orientation, for example, effecttal solar radiatiorcollected by aolarpanel.
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2.1.4 Surface Area, Efficiency and Performance R atio

In this section the final steps of calculating the energy output of solar panelgyigen.O of
Equation (9), which is the total monthly daily average solar radiation on a sloped surfadd/in ,

is multipliedby the available space aroof for solar panels, the efficiency afsolar panely, anda
performance ratio,PR which is a correction factofor any kind of losses, such as converting to
electricity via inverters, temperature losses, snow, shadings, weak radiation and cable Tdsses.
efficiency of modern commercial solar PV panels range between 15 and 20% (S&ideill, 2006&
Milieu Centraal, n.d. The performance ratio isround 0.85 for current commercial solar panels
(Fraunhofer, 2014). Equatiqf8) showsthese last stepsiww.photovoltaicsoftware.com 2015).

O 62iz0"¢0 (19)

Where:

E is the energy output (ikJ/day)

A is the total surface area of the solar paneh a roofini )
r is the efficiency of the solar panel

PR is the performance ratio

'O isthe annual radiation (imMJ/i )

Multiplying E by the amount of days per month gives the monthly average solar radiation on the
available surface area @f solar panel on a roof. Summing athonths gives the total solar panel
energyoutput per yearin MJ. The results arghownin Sction 3.4.2.
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2.2 Economic Methods

In this section the economic methods are elucidated. Fitls¢ net present value method is
discussed. Secondly, threturn on investment payback time andevelized cost of electricity are
explained.These economic methods are used to deterntime economic feasibikt of solar panels.

2.2.1 Net Present Value

The economic feasibility of solar panels is often expressed in net present (MR} per Watt peak
(Milieu Centraal, 2015a & VanrBaet al., 2014). This arises the possibility to compare the outcomes
with the literature.A net present value analysis takes current and future cash flows into account. This
is essential for solar panels, since a large investment upfront is required thibilbenefits and
maintenance costs are generated every yealaSpanels save mondyy producing electricityThe
maintenance costs are mainihe replacement of the inverter after 16 15 years. Van Sark et al.
(2014) argue that this cost corresponidsabout 1% of the investment casper year. So, every year
1% from the total solar panel system co$$ taken to resemblmaintenance costs. Afte25 years,

the lifetime of solar panels, athaintenance costs are covered, which include replacanodrthe
inverter, replacing faulty wiring andther small partsand possible cleaning costs to keep the solar
panels operating at its maximurA net present value analysis discounts all future costs and benefits
into current prices based on a discount rate. Tlgdunt rate determines the value of money in the
future. A high discount rate gives a low value to future money and vice egagtion(19) shows

the net present value formula in its general form.

0 0 ol Y B — (19)

Where:

'Y is the initial investment

'Y is the annual net cash flow (i.e. annual gross benefits minus annual total costs) at time t
i is the discount rate

Nis the lifetime ofthe project

'Y is defined as th difference between the benefits and costs per yeaking into account
maintenance costs of 1% of the investment costs per year ar@hanal increase of the electricity
price by 2%see 8ction 3.22.1). Thediscouwnt rate is set at 3%, which is, among other discount rates,
also usedy Van Sark et al. (20L4or government investments the discount rags to be 5.5% and
consists ofa risk premium andh return on the capital market of 2.5%, whighgovernment usudy
acquires if it would invest in the capital market (www.mkdiaformatie.nl, n.d.). In this case
however, solar panels are bought bitizensand nota governnment. The interest rate citizenget
from a savingaccount by @ank is currenthat highestl.5%per yearand 10 year deposits yield an
interest rate of 2.35%www.spaarrente.nl 2015). fie guarantees given by manufacturers that the
peak capacity of solar panels is still 80% after 25 years lowers the risks associated with this
investment (www.essemnl(a), n.d. &www.powergroup.nl, n.g. Therefore a low risk premium is
chosenof around 1%. Together with the interest rat#izens acquirethe discount rate i8%.
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2.2.2 Return on Investment , Payback Time and Levelized Cost of Electricity

In this section other methods that help determine the economic feasibility of solar panels are
described. The return on investment, also known as rate of return, is the intextesthat isearned
when the investment in solar panels is made. Househatds alsgut money in a savings account or
deposit to earn an interest rate and this allows for a comparison with the return on investment. This
gives anndicationwhether solar panels are profitable investment. The return on investment can

be calculated usinghe net present valueThe return on investmenexpresses the profit on the
investment over timeas a proportion of the imr¥stment. Dividing thereturn on investmentby the
lifetime of solar panels gives theturn on investmentper year.The return on ingstment (RQlis
defined byEquation (20).

YO 'O (20)

One of the factors that determine whether investments are made in solar panels by households is
the payback time. It is important to know how long it takes to earn thestment back. The payback

time is calculated by dividing the total costs after 25 years by the total savings after 25 years and
multiplying this difference by 25. The outcome is rounded up in ordebgoas conservative as
possible.Unlike a net present vaé analysis, the intertemporal flow of money is not taken into
account and thereforéhe payack time method lacks accuradhe error usually remains within £ 1
year, becausein this case atableincrease of the energy price is assum@dnniscentrum IrfMil,

n.d.).

The levelized cost of electricity is an economic assessment of the total build costs of a power source
and its operating costs divided by the output during its lifetime. The levelized cost of electricity
(LCOE) is expressedbguation (21)EPIA, 2011).

B -
060 'O—B (21)

Where:

‘Oare the investment costis yeart

0 are the maintenance costs yeart

'O is the annual produced electricity yeart
ris the discount rate.

nis the lifetime of the solar panels

7
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of generating solar electricityThis gives an indication whether electricity from solar panels is
cheaper than energy from the grid. All these economic methods combined provide a good overview
of the economic feasibility of solar panels.

SR
f S

21



2.3 Validat ion Methods

In this section the validation methods are illustrat€dbserved energy production data from solar
panels in Amsterdam is used to validate tkkein & Theilacker model (1981), ti& model.The
Zonatlas is already briefly describied3ction 12, butis further elaborated in this section.

Observed energy production dats extracted fromwww.zonnestroomopbrengst.eu (2019 total

23 different solar panel systems located in Amsterdam are registered and maintained on the
website. Detailed dagiptions per solar panel system are available and contain information about
the type of solar panel, roolope orientation and the amount of installed Watt peakhese
characteristics are ing for the KT modeln order to control for differences betwee solar panel
installations, such as efficiency of solar pandlse generated output per month per solar panel
system, which is available on the websitegnfr 2010¢ 2014 is used to validate the KT mod&he
validation data izorrected for deviations isolar radiation with respect to the lorigrm average.

The Zonatlashas been launched to support the sustainable energy transition and to assist
households, policymakers and housing corporadionin investing in solar panels
(www.klimaatverbond.nln.d.). The Zonatlas allows for manually adjusting the settings, such as type
of solar panel, energy consumption, etc.. The Zonatlas considers a roof to be flat if the slope is below
10°. Automatically, the Zonatlas changes the slope of the flat roof§talegees which is assumed

to be the optimalslope Manually, this is changed into the optimal slope determined in Sectian 3.3
The efficiency and degradation ratd a solar panelare 15% and 0.1% respectivétythe Zonatlas
Theseratesset at16% and 0.5%wyhich are used in this analygsee Sections 2.4 and 3.13). Figure

7 showsthe optimizationwindow of the Zonatlas. It gives information about the solar panels, such as
orientation, slope, total amount, surface aré&att peak and generated outputh@ amount of solar
panels is adjusted until the available roof space is optimally utilized, with enough space between the
solar panels, which is only necessary on flat roofs.

efarantisnanes

nellingsnoek marges panelen referentiepaneae

— . - , 990x1650 mm
O 20 33 0,00 {1 200 @1 1800 Eura/kWp
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Figure7 The optimization panel of the Zonatlas to optize the amount of solar gnels Sourcevww.zonatlas.n| 2015
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The orientation ofoof partsin the Zonatlas is adjusted to mattfe orientation compass card of the

KT modelbecause north is80° in the KT modeind 0° in the Zonatlas. The deviation of the Zonatlas
compaed to the KT modeis determined by subtracting the smallest, in absolute value, orientation
of the two from the other orientation. This results in a deviation that is always positive, but lacks
meaning whether the difference is clockwise or countkrckwise on te compass card. The slopes

of the roof parts are compared by subtracting the values found in the Zonatlas from the values in the
roof top data set. Thus, a negative value means that the value in the Zonatlas is larger.

Theroof top data setdescribed insection 3.41 containsBAG identifiation numbers. For in total 300

roof parts these numbers are inserted bagviewer.kadaster.nf2015)to find the corresponding
addresses, since the Zonatlasly works with addresses. Many times the amount of roof paés
building and the size of the roof parts diffdretweenthe Zonatlas and theoof top data set. Tie
Zonatlas often only takes the most suitable roof part per building and classifies the other parts as
unsuitable. Therefore, the amount of solar panelsrpof parts differs. To avoid comparing two
solar panel systems of different sizes, the amount of solar panels calculated in these rebasech

on theroof top data set is used and the Zonatlas is adjusted accordingly. This makes it possible to
compae the expected generateghergyoutput per roof part.

Addresses of the solar panel systeaighe observed energy production dasse unknown, because

of privacy issues, and since the Zonatlas only works with addresses, it is impossible toectirapa
observed energy data tethe Zonatlas. Therefore, the KT model is used in combination with the roof
top data set, of which the locations are known, to validate the Zonatlas. The observed energy
production data is only used to validate the KT model.
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3 Results

In this section the results are presented. The results anf@ievedusing the methods described in
Chapter 2.First, the solar potential mode$ implemented in the city of Amsterdansecondly, the
costs and benefits of solar panels are determined basethe Dutch market. In the next section the
optimal roof top conditions are giverrurthermore, the outcomes of the solar potential model are
highlighted and the economic feasibility of roof top solar panels in Amsterdam is determined using a
net presentvalue analysis and other economic methot@leereafter.the sensitivity analysisxamines

the effect of a change in one of the variables on the economic feasibility of solar panelshaptesr
concludes witha validation analysis of the Klein & Theilackevdel (1981) also known as the KT
model, and the Zonatlas.

3.1 Solar Potential in Amsterdam

In this sectiorthe solar potential modek implemented for the city of Amsterdam and the outcomes
are given.The KT modeldescribed inSection 21 is implemenéd in Excel to be able to perform
calculations. In this sectiotie albedo effect and degradation of solar panels over timbich are
specific for the city of Amsterdam and determitie performance of the modeare described

3.1.1 Monthly Average Dail y Radiation and Latitude

As stated before, a solar potential model converts the incoming solar radiation on a horizontal
surface into incoming solar radiation on a sloped swefathe Royal Netherlands Mebeological
Institute (KNM) measures the incomirgplar radiation on a horizontal surface and presents this data
per month The closest weather station of the KNMI near Amsterdam is located at Schiphol
international airport, which is approximately 10 kilometres away from the city centre of Amsterdam.
Thelatitude of Schiphol is 52.3 degrees North, which is the same as Amsterdam (52.4 in northern
Amsterdam). The available period for this weather station is 1©2D10. The monthly average
radiation data from the KNMis givenin the second column ofable 1 The KT model works with
monthly average daily radiation, which@and & given in the third column ofable 1. It isalculated

by dividing the monthlyaverageradiation by the number of days in a mo&h

TaHe 1 Monthly averageradiation on a horizantal surface between9902010 in MJI  at Schiphol airport
(KNMI, n.d.(a))€ = monthly average daily radiationSource mean day of the month: Klein, 19%v= day of the year.
1 = declination.o y= sunset hou angle.

Monthly radiationin MJA "0 |Mean day of the month |n 1 1
Jan 72.67 2.34 17 Jan 17 -20.90 |60.39
Feb 128.67 4.60 16 Feb 47 -12.61 |73.18
Mar 267.00 8.61 16 Mar 75 -2.04 |87.36
Apr 428.89 14.30 |15 Apr 105 9.48 102.48
May 569.68 18.38 |15 May 135 18.67 [115.93
Jure 572.83 19.09 (11 June 162 23.04 |123.38
July 570.49 18.40 |17 July 198 21.35 |120.37
Aug 476.99 15.39 |16 Aug 228 13.99 [108.80
Sep 306.86 10.23 |15 Sep 258 3.34 94.33
Oct 185.26 5.98 15 Oct 288 -8.22 |79.23
Nov 81.47 2.72 14 Nov 318 -18.04 |65.08
Dec 53.01 1.71 10 Dec 344 -22.84 |56.98
Year 3717.68 -- -- -- -- --
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3.1.2 Albedo

The albedo is the fraction of the incoming solar radiation that is reflected. The albedo factor is used
to calculate the reflection of the surface amuisolar panels. The albeddfects the amount of
radiation on the solar panel. A higher albedo means more incoming radiation is reflected by the
surface and may be collected byolar panel Figure8 showsthe albedo in cities (Rainez & Muioz,

2012). Itis obvious that the albedo of a cityaries by the materials used indaty. Typically, the
albedo of materials increases with age because the colours fade ewamtime (Ranirez & Moz,

2012). The predominant building materials in Amsterdam are $e0k stones, often also fapads,

but also numerous trees are present in Amsterdam. Spangmyr (2010) has determined the albedo for
mid-latitude snowfree cities between 0.10 and 0.27. Therefore, the albedo for Amsterdam is set at
0.20.

Red/Brown Tile
Highly Reflective Roof 0.10-0.35

0.60-0.70

Corrugated Roof
0.10-0.15

White Paint
0.50-0.90

Colored Paint
0.15-0.35

Asphalt concrete
0.05-0.20 0.25-0.7T0

Figue 8 The dbedofactor in cities.Source: Rarinez & Muioz, 2012

3.1.3 Degradation of Solar P anels

Manufacturers of solar panels often give guarantees that solar panels still have ageatityof

80% after 225 years(www.essent.nl(a)n.d. & www.powergroupnl, n.d). Jordan& Kurtz (2012

have computed an extensive review almost 2000 degradation rates over the last 40 years
publishedin the literature The median valuén their analysis is 0.5%/year. This seems to be
consistent vith the guarantees given byanufacturers, as after 25 yeawith a rate of 0.5%/year

solar paels have a peak capacity of 88%. With a decrease of 0.85%l/year the peak capacity is 80%
after 25 years. In this analysis a degradation rate of 0.5% year is taken.
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3.2 Costs and Benefits of Solar Panels

In this sectionthe costs and benefits of solgranels aregiven in order to assess the economic
feasibility of solar panelsThese costs and benefits are input for the eemic assessments
performed in 8ction 3.4.Throughout thisesearcha reference panel of 250 Watt peak (\Wipith a
size of 990mm x 1650 mmis used. For every roof surface the maximum antaofsolar panels is
calculated.www.zonatlas.nl(2015d), Milieu Centraal (201%), which is an independent knowledge
institute, and www.comparemysolar.(®015) use the samaype of reference panel.

3.2.1 Costs

In this section the costs of solar panel modules, inverters, installation and complete solar panel
systems are specified. The cost are expressedNmt Peak \Vp) in order to be able to compare the
costs of solar panel systems with a different rated power.

3.2.1.1 Solar Panels

Van Sark, Rutten & Cace (2014) perfornbetiveen 2011 and 2014 every three to four months a
complete analysis of thButchsolar panel markie specifying the costs faolarpanels, invertes and
installation separately. Unfortunately, the most recent market analysis dade&from April 2014.
Van Sark et a(2014) have determined the price of solar panealfser examining 87%olar panelsto

be € m DWppRr average50% ofthe solar paneldhas a pricelower thane1.10/MWp. This is without
inverter and installation costs.

10— 77T T T T T

all modules
1.09 Euro/Wp

number of modules
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module price (Euro/Wp)

Figure9t NA OS 2 F a2f I NJ O KIS Y28l S8 Mya eexvzdld thk 2 LI® { 2 dzNOSY

According toVan Sark et al. (2014) therens relaionship betweencosts of asolar panel and its

rated power. The costs depend for large part on the origin of aolar panel, as Chinese
manufacturers are able to set prices that are 19% lower than similar solar panels from othe
countries. As can be se@nFigure 9the range in prices is very largerom a consumer perspective it

Ad y2id GGNX OGA@S G2 o0dz azf | NJ, hdtayss there aieklimast O2 a4 (i
200 other solar panels that are cheaper. There are many solar panels available in the pridg8ange

€ K 2-0L.J00 Wp (seeigure9).
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3.2.1.2 Inverters
Van Sark et al2014) havealso examined more than 700 inverters that are available on the Dutch

market. This device inverts the direct current (DC) of a solar panel into an alternating current (AC) in
order to be able to us¢he generatedenergyor to deliverit backto the grid. Large inverters have a
lower price per Wp than small inverters, but the purchase price of small inverters is [Diaeprice
ranges betweere0.10/Wp and e0.90/Wp (see Figure 30The lifetimeof an inverter is around 12
years, but solar panels can last up to 25 ygarew.essent.nl(a), n.d. &ww.powergroup.nl, n.d)

An inverter has to be replaced once during the lifetime of solar panels.
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3.2.1.3 Installation

Installation costsrary betweene0.20Wp and e0.80Wp (Van Sark et gl2014. This is a very wide
rangel YR G KS | @S NI 3 Sp. InstallatiomNd@stzydFop with l@rgen solpanel systems
Stichting Sun4Ever (2018ympares installation costs of solar panel systems. However, they do not
take other costs into account such as small materials, wires and other installation materias, wh
are often included in the installation cos&uch as in the analysis @Whn Sark et a(2014). Installers

of solar panels are very unclear about what is included in the installation costs and therefore it is not
possible to compare installation costAccording toMilieu Gentraal (201%) the installation costs
resemble about 2@ 25% of the investment costs.

3.2.1.4 Solar Panel Systems

In this ®ction the costs of solar panelsverters and installatiomre combined, as often solar panel
systems areffered as a package for a single price. The costs for complete solar panel systems are
used for further analysis in this research, as more data is available for complete solar panel systems.
The maintenanceosts are not dealt witlin this section but ae included in the net present value
analysis(see 8ction 34.3). Figure 11 shows the development of solar panel system prices since
2006.The costs have decreased by 60% in 9 years. The costs of solar panel systems are estimated at
e Mm®d®nok?2 L) TRalatidnd dbin@ B0 WP Sy ECN, which is the National Energy Research
Centre Lensink & Van Zuijlen, 2014However, in this analysis the focus is on solar panels on roofs of
individual houses.
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Other sources that provide informian about costs of solarpanel systems are includedn a
regression analysis (see Figurg.12round90 different solar panel systems of different sizes have
been found. Those solar panel systems are either offered by energy companies or other installers of
solar panel systems, or are given on comparison websites. Also the results foanh I8ark et al.
(2014) and Milieu Centraal (2046 are included in the regressio® complete list is givelin
Appendix IIl.The Zonatlas is left out of the regression, becauseits simple calculation method
(www.zonatlas.nl2015c¢). In the Zonatlaké maintenance and y & dzNJ y OS O 2/#j petr NB
year with a 2% inflation rate. There is no discount factor and the annual energy price increase is 4%
per year. It does not take into account that the total size of the solar panel system matters and

asi

assumes a standatldNA OS 2 F € m oy wwh.dohated2815@). 6t S HO 0O
Table2 Comparisonofi 2 f | NJ LI ySt &a2aidSy LINAOSaAa Ay ek2LJd ¢KS NBXINBLES
Number of | Van Sark et a Milieucentraall Zoratlas Rearesion
solar panels | (2014) (2015a) (2015) 9
3 2.85 2.87 1.80 -
10 1.83 1.89 1.80 1.68
20 1.58 1.65 1.80 1.4
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Figue 12 Regression analysisith prices of solar panel systems
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Only solar panel systems with a size between 4 and 24 solar panels are taken into acdent
regression On the smallest roof in the roof top data sdtsolar panels can be placed (see Section
3.4.1). There is no sufficient data available for solar panel systems larger than 24 solar panels.
Therefore on roofs that are able to store morihan 24 solar panels, some parts of the roof are
empty as the maximum amount per roof is set at 24 solar panels. The solar panels differ per provider,
becausecompanies delivesolar panels from different manufacturers. The solar panels are mono
crystallire and the amount of Wp is always around 250. The most providers offer solar panel systems
in standard configurations of 3, 6, 8, 12, 16, €ftie regression is performed to calculate the costs of
solar panels with different configurations.

Figure 2 shows that the regression is best fitted with a power functi@ther types of fit lines have
quite similary , but the power function fit line resembles the relationship between the costs and the
size of a solar system the best. It is supported by tleeditire and Figure 13nhat the costs decrease
with an increasinghumber of solar panels (seefile 2, Van Sark et al., 2014 & Milieu Centraal,
2015a) In Fgure 12 error bars of 10% are displayed, because solar panel installations often require
custom workand therefore the costs may varyn Figure 13 the costs inigare 12 are expressed per

Wp. Figurel3 shows that the costs of a solar panel system decrease with every additional solar
panel. One should also notice that the decrease slows down if the nuoftsolar panels increases.
The marginal costs of solar panel systems are decreasing with a decreasing rate.
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Milieu Centraal (201%) has expressed the costs per Wp foralrsolar panel system sizes, which has

also been done byan Sark et al. (2014)able2 showsthat the costs decrease witkize. Theesults

of the regressiorare 0.15¢n ®Hn e k2 L) £ 2SN GKFy =Ly {FN] SiG Ifo
This has twaeasons. The first reasontisat Van Sark et al. (2014) hadlene ther analysis in April

2014 and Milieu Centraal (2015a) claims that their prices are valid for 2014. The regression is
computed a year later and, as is also shdwnMilieu Centraal (205 in kgure 11, the prices of

solar panel systems decrease every y&ae second reason is that in the regression only solar panels

of 250 Wp are taken into account, whidtan Sark et al. (2014) and Milieu Centraal (2)Hso

consider other solar pangl which hae a different price per Wp.
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3.2.2 Benefits
In this section the benefits of solar panels are expressed in savings per year. Also the regulations
netting and VAT return are discussed.

3.2.2.1 Savings

The benefits of solar panel systems arpressed in savings per year, because the energy bill is lower

every year if solar panels are installed. The reasoning behind this is that if buying &oengihe

gridis very cheap, it is not profitable to invest in sgfdduced energy and vice versdelsavings are
RSGSNXYAYSR 0@ YdAf GALX 8Ay3 GKS 3ISYSNI G§SR 2dzi Lzt ¢
(Milieu Centraal, 2015b). Theconomiclifetime of solar panels is 25 years and therefatres

necessary to takdahe expected development ohe energy pricénto account. A lot of disagreement

exists aboutthe development of the energy price the future. Many companies that sell solar

panels assume a pridacrease of 3% or even 4.5% pgrar (Bontenbal, 2014 &ww.eneco.n|
20159.Eventua® | FGSNJ wp &@SINEX GKS SySNHE& LINROS KI a NJ
this is realistic Recent developmentsgiven in Section 1.Inight cause the energy price to drop

(Carr, 2012www.pricewise.nl2015,Rooijers, et al.2014 &Randall, 2@5). Figurel4 shows that the

consumer price index of energy in the Netherlands isghmein 2015 asn 2009, and is decreasing

(CBS, PBL & Wageningen UR, 2035% (2015) and ECN (2014) point out that the transaction price

of energy in 204, taxes andVAT included, is the same as it was in 2(X&e kyure 15). Projections

of the wholesale price® Sy SNHe& aK2g G(GKFd GKS LINAROS YAIK(G RSC
0.0379/kWh in 2019Bontenbal, 2014 & www.powerhouse.nl, 2015).
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Figure b Decrease in energy transaction price betweer
2009 and 2015 in the Netherlands from 1 ® 1 o K |
endnnock | 2wi.priteideh261%

Figue 14 Camsumer price index energin the
Netherlands Source:CBS, PBL & Wageningen UR, 2

Energy taxes have increased in recent years due to the VAT increase from 19% to 2tt#% and
introduction of additonal taxes to finance sustainable energy projects (Bontenbal, 20&H)mané&

Gerdes HAMMUO KIFIR LINP2SOGSR Ay wHamm |y SySNH@& LINRKOS
OFaSed ¢KSe faz2 F2NBaAaSS Iy SySNHe& LWROSwt2T € n
respect to 2015 and an increase of around 1%l/year. They have based their analysis on policies
existing in 2011 and energy taxes have increased more Wethman & Gerdes(2011) had

projected. Therefore, in this analysis an annual increasé@feinergy price of 2% is taken, which

NEBadzZ G§a Ay +y SySNHe& LINAOS 2F € nodoyk{2K Fid GKS
increase of 61% with respect to 2015. The 2% increase per year is also in line with the long term
inflation (CBS2014).

30


http://www.pricewise.nl,/

Figure B shows the saving®f not having to buy energy from the grid, of the roof tops in the roof
topdataset FGSNI vp &@SFNBR SELINBa&aSR Ay ek2l)d LG A& @S]
of savings per Wp in this model, whichis @day 3 2 F eT®d®mMnk2 LJP ¢KA& A& F2N
since it is expressed per Wp, the maximum saving per Wp is the same for every configuration of solar
panels. Graphs showing the relationship between savingssardtation and slope are not included,

since the graphs have the same shape as thelts in 8ction 34.2.
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3.2.2.2 Netting

Electricity produced by solar panels can be either consumed directly by a household or delivered

back to the energy rid. Unlimited amounts of electricity can be delivered back to the grid by the
household. However, only for the amount of electria@yousehold buys from an energy compaay
O2YLISyal a2y 2F € niIHok] 2K Kmgany ido2theohBuseald A R 0 @&
(www.consuwijzeml, 2015). Any electricity delivered backabove that maximum has to be
O2YLISyal itSR F2NJ oeé (GKS SySNHe O2YLIlyeée o6& Fid Sl :
higher compensationwww.consuwijzeml, 2015 &www.eneconl, 2015b). This legislation is called

netting and makes solar paneéonomically more attractiveln this research it is however not

possible to take this regulation into account, since it requires knowledge of the consumpti

electricity perhousehold,the amount of energy a household has delivered back to theayitithe

amount of electricity an energy company has delivered to the househidiés is privacy sensitive
information and not accessible. The energy consumption cannot be accuestityated by taking

the surface area of a building, because multiple householdsbeapresentin one building. This is

especially the case in the city of Amsterdam.

3.2.2.3 VAT Return

It is possible for households to get a Vi&Turn on the investmenhin solar panelgBelastingdienst,

n.d.). Becausef a verdict by the Court of Justice of the European Union at JUR@QTB, residents

that have solar panels installed are seen by the law as entrepreneurs. Therefore, these residents
have the right to eclaim the VAT on their bought solar panel system. This is a considerable saving on
0§KS LIzZNOKF &S LINAOS® ¢KS !¢ NBUGdz2NY &l 8S& € opn
solar panel system. It is unknown how long this regulation will lastesthe ministers of the
countries of the European Union are considering adjustments (Milieu Centraal, n.d.).
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3.3 Optimal Roof Top Conditions

In this section the optimal roof slope is determined. This is important, becandtat roofs solar
panels are istalled on a frame, which can be set into the optimal sldpm. flat roofs the orientation

is not important, because thigame can be mounted in any direction and therefore the orientation is
always optimal, which is soutbased orFigure 18. Inorder to determine the optimal rootlopg the
expected energy outpudf a solar panel systeis calculated considering a flat roof and multiple solar
panelslopes in a southward orientatianThe results arehown in &ble 3.

Talde 3 Energy outputper monthin kWhfor a flat roof with 24 solar panels. The degrees represent differeshbpes of a
solar panel. The last columns give the optimal degree per month and the corresponding output

Optimal degree
Month | Output

0° 10° 20° 30° 32° 33° 34° 35° 38° 40°

Jan || 107.8 | 134.0 | 157.6 | 177.7 | 181.2 | 1829 | 184.6 | 186.3 | 190.9 | 193.8 68° 213.7
Feb | 189.3 | 220.7 | 247.6 | 269.2 | 272.8 | 274.6 | 276.2 | 277.8 | 282.3 | 284.9 59° 296.9
Mar || 392.0 | 433.1 | 465.5 | 488.1 | 491.4 | 4929 | 494.3 | 495.6 | 498.8 | 500.4 46° 502.5
Apr || 632.9 | 672.6 | 698.6 | 701.0 | 710.5 | 710.5 | 710.4 | 710.1 | 708.3 | 706.4 33 710.5
May || 847.7 | 871.7 | 879.7 | 870.7 | 866.8 | 864.6 | 862.3 | 859.8 | 851.2 | 844.7 20° 879.7
June|| 856.2 | 867.0 | 863.2 | 843.9 | 838.3 | 835.1 | 831.9 | 828.,5 | 817.4 | 809.3 1z 867.5
July | 851.2 | 866.8 | 867.1 | 851.6 | 846.6 | 843.8 | 840.9 | 837.8 | 827.7 | 820.2 15° 868.9
Aug || 706.5 | 737.3 | 753.8 | 755.2 | 753.7 | 752.7 | 751.6 | 750.3 | 745.5 | 7415 26° 756.5
Sep || 451.2 | 486.7 | 512.5 | 527.8 | 529.5 | 530.2 | 530.8 | 531.3 | 532.1 | 532.1 39° 532.1
Oct || 272.0 | 309.9 | 3414 | 365.7 | 369.7 | 371.5 | 373.3 | 3749 | 379.5 | 382.1 54° 390.6
Nov || 120.4 | 141.7 | 160.3 | 175.7 | 1783 | 1795 | 180.8 | 181.9 | 185.2 | 187.2 62° 198.0
Dec || 78.9 96.7 | 112.8 | 126.5 | 128.9 | 130.0 | 131.2 | 132.3 | 1354 | 137.4 68° 150.8
Year | 5506.1| 5838.1| 6059.9 | 6161.9| 6167.5| 6168.4| 6168.1| 6166.5| 6154.2 | 6139.8 -- 6367.7

Table3 showsthat the optimalslopeis 33° for the city of Amsterdam, because it has the highest
output for the whole year. The differences with simitdopesare very small. A roof with slopeof

40° results in a decrease in energy output of onl\6@e4with respect to the optimal slopk the solar
panels are installed with the optimalopeinstead of laying down flat, the increase in energy output
is 126. Siderea (2014which is an energy consultancy compahgs determined an increase in
energy output by 11%, only in their model thaptimal slope is 30°. Stichting Monitoring
Zonnestroom (2015) haset the optimalslopeat 38°.Van Sark (2014) assumes an optisiape of

40° Also the Zonatlas assumes an optinsédpe of 40° (vww.zonatlas.nl 2015d). An energy
company talks about an ¢imal roof slopeof 36°(www.essent.nin.d.(b)). The optimaslope of 33°

is different than other source$®ut there is inconsistencgbout the optimalslopein the literature

The energy output pemonth in Table 3ndicates that the optimaklope differs per month. This
makes sensesince the position of the Sun with respect to tharth differs every month. A higher
solar paneklopegives a higher energy output in winter, while a lovgérpegives ahigher output in
summer. 1 also explains why solarracking systems exist, whichise the energy output of solar
panels (Mousazadeh, et al.,, 2009 & Poulek & Libra, 2007). Therefore, the optimalopefis
determined for every month and also the correspondargergyoutput is calculated. The results are
shown in the last two columns of Table Bhe optimal rootlopeis very steep in winter and almost
flat in summer. In December and January the optimal glopeis the same at 68°. An optimal roof
slopeper month results in an increaseémergyoutput of 3.23% with respect to a slojut 33°.
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3.4 Economic Feasibility of Roof Tops in Amsterdam

In this sectionthe solar potential of roof tops in Amsterdam is given. Furthermdine, economic
feasibility ofthese roof tops is assessed by executing multg@enomic methods on a roof top data

set. This section starts with a description of the roof top data set. Secondly, the solar potential of the
roof tops according to the KT model is given. Thereafter, a net present value analysis is performed to
assess theeconomic feasibility of the roof tops. The economic assessment is further extended by
determining hereturn on investmentpayback timeandlevelized cost of electricity

3.4.1 Roof Top Data Set

In this section a description of theof top data set cotaining the roof parts is given, including an
explanation of the manipulationsTheroof top data set igprovided byGeodan BV, Amsterdaand
contains500 random buildings in Amsterdam from the BAG (BasisratisstAdressen en Gebouwen)

in Shapefileformat. Every building has @anique building identification numbeteodan has applied a
specialalgorithm in order to determine the angle of the roof, based on the AHN2 (Algemeen
Hoogtebestand Nederland), anthe orientation of theroof. Height measuremerih the point cloud

of the AHN2 are clustered based on the mathematic convex hull principle. Points between certain
height values form a convex set the minimun size requirements are met. A convex hull is an
imaginary polygon carecting the outer points ira convex set. Thalgorithm defines when certain
combinations of points have to be seen as flat or sloped roofs. Each convex set becomes a roof part.

Using ArcGIS softwarthe surface area of the roof paris calculated A correction factor of 0.8 is
used to account for possible errors and to account for the fact that solar panels require some
distance from the edge of the rodfloreover, a certain distance is required betwesslar panels in
order to prevent shades on other solar paneéi®veralspatial operations are executed to improve
the accuracy of the roof todata set All roofs with a slope below 5° are treated as flat roofs and are
given the optimal rooBlopeand optimal orientation, since on flat roofs solar panels are installed on
a frame withthe optimal slope, facing the optimal orientation. Every roof part is also classified in one
of the 28 clases ofAppendixl, based on the slope and orientation, in order to be able to visualize
the data.Figurel7 shows an example ahultiple roof partson a single buildingn Amsterdam. It
shows that roof parts can have various shapes and sizes.

Legend

B Roof Part
_ Roof Part

‘ ‘ Roof Part
‘ ‘ Roof Part
{ J Roof Part

_ Roof Part

[ | BAG Buildings

w E
o 10 20 Meters

I + ] s

Figurel7 Example of a roof with all its roof parts in colour$he light blue buildings arérom the BAG,
but arenot present in the roof top data set
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3.4.2 Results per Orientation and Slope

In this section the outcome of the KT model is presented and given for every orientation and slope,
specifically for the roof parts in the city of AmsterdaRigure 8 showsthe output per roof part,

each with onesolar paneinstalled,after 25 years in kWh in relation to the orientation. The highest
outputs are between0-60°and 306360°. One shoultbke into account that Ofepresents south in

this analysis. I& solar paneis facing north, the generated output is aroun®0% lower thana
southward oriented solar paneThe orientation to the east or west lowers the output by 10%.
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Figurel8 Output per roof partin kWh after 25 yeargor every orientation.
Per roof part just one solar panel is taken for an equal comparison.
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Figure 19 Output per roof partin kWh after 25 years for every slope
Per roof part just one solar panel is taken for an equal comparison.
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The relationship between the slope of a solar panel andgéeerated output is given inigure 19.
There is a clear cudff point at 55 because roofs with a slope lower than 5° are treated as flat. Roof
frames can be mounted on ofs with a small slope. All flat roofs haweaximumenergy output,
because of a southward orientation and optimal slope of. 3he dots in igures B and 19 give a
somewhat distorted picture in terms of number of roofs with the same slope. For exathpte are

alot of flat roofs, which have slope of 33and an orientation of § but this is not clearly visible in
Fgures 18 andl9. The maximum energy outpproduced bya solar panel on a flat roi§ 6054 kWh
after 25 years. The maximum energy output on other slopes is only slightly (seeFigure 19)

The main reason why in Figure $6me solar panels have a much lower outpist because the
orientation of those solar panels is hoptimal. As is determined in Section 3&8slope of 0° results

in a 12% lower output compared to a slope of 33°. Tifubhe solar panels are all facing south the
range in energy output would be between 5300 kWh and 6054 kVBincesome solar panels
produce much less than 5300 kWh, the orientation must play a major role. It is likely that the slope
and orientation enforce each other. A relatively steep slope, >20°, combined with an orientation far
from south results in outpw way below 5000 kWh, because tharSreaches the solar panels less
frequent and at a nofptimal angle The solar panels used in this analysis have a peak capacity of
250 Watt peak (Wp). On the best locations, optimal slope and facing south, a singlepaodh
produces 242 kWhlyear.
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3.4.3 Net Present Value

In this section the net present value (NPV) is determined, based on the costs and benefits given in
Sections 32, to assess the economic feasibility of the roof tops in Amsterddma.method of howo
determine the economic feasibility of solar panels using a net present value analysis is described in
Section 22.1. The netpresent value and the relation to the slope, orientatiordeamount of Wp are
highlighted. This section ends with categorizingetroof top data set into classes based on their
orientation and slope to be able to determine the net present value for certain combinations of
orientations and slopes.

3.4.3.1 NPV per Wp, Slope and Orientation

For every roof top in the roof top datet the net present value is determineigure20 showsthe
NPVexpressed per Wp. In general a larger solar panel systentseswd higher NPWer solar panel.

Larger solar panel systems are thus a more secure investment and give higher benefitgulmethie
configuration all roofs yield a positive net present value, which means that it is a profitable
investment. However, some rogdarts show a very low net present value, for example of only
endndcdk?2 LI ¢ K Apart, with illbrietatibnloNLBSR&n@ aF slope of 40°, has space for five

a2t FNJ LI ySfa yR GKdza | G2d4Ff ySG LINBaSyhat g f dzS
after 25 years, with a discount rate of 3%, the investment and maintenance costs are covered, and an
FRRAGAZ2YIE emMmuHndpn A& S| NY SR odleinh aupat Anid Sriddgywpice, 0 KS  dz
this is not asecure investmentThe roof withtheK A A KSad y S LINBaSyid @It dzS 2°
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Figures21 and 2 show the relabnship between theNPVand the slope and the orientation
respectively. fie outcome is quite similar toigures18 and 19 in ®ction 3.4.2. Figure 4 shows that

the orientation is one of the main factors determinitize NPV. A sharp decreases in NPV occurs
when the orientaton is more than 60° away fronosgth. Ths is strongly correlated toigure 18.
However, the effect is much larger since the best location hddP®that is almost 3800% higher
than the NPV at the worst location. Roof parts facing soutvéna NP\that is aound 25% higher
than eastwardand westward facing roof partavhich § again higher a higher difference than in
Figure 18Especially a northward orientatiois not favourabldor solar panels. Note that irigure 2L

flat roofs are vigile by the large number of dots at OA.Figure22 NBf | G A @St @&

aiss

orientation lead to a very lIoMPV Also the amount of solar parseplays a role, as is shown iguFe
13, because larger systems have lower costs per Méie that h Hgure 22 the flat roofs are visible

by the largenumber of dots at 33°.
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3.4.3.2 NPV perSlope-Orientation Class

The aim in this section is to visualize the combined effect of the orientation and slope dPNie
This way the effectof these factors combinedn the profitability of solar panels becomes clear.
Because the roafin theroof top data set have all possible combinations of orientation and slope,
classes are computed based on the orientateomd slope. Figure$8 and 19 in ®ction 3.4.2 link the
orientation and slope to the output. Based dfigures 18 and 19 a divisn in socalled slope
orientation classes is madet is for example very clear irigare 18 that the output between an
orientation of 0° and 6° remains relatively constanfAfter 60° it starts declining. Therefore the
orientation is divided intsevensope-orientation classes shown in green rectanglesiguie 3. Per
orientation class four slope classes are defined. These slope classes are betdBgn1525°, 25

35° and 3%45°. This makes a total of 2B peorientation classes andfull list is gven inAppendix |

Figure 3 showsthe NPVper slopeorientation class and there are a few patterns that stand.dr he
most striking one is ow NPVwhen the orientation is betwen 150° and 210° (class-18), which
are the slopeorientation classes ith a northward orientation, since 180° is northis not surprising
that the NPVof class 13 is relatively high compared to classes 14, 15 arikch&Glope of class 13 is
between 5° and 158nd because the orientation is nortihhasa higher accessdility for the Sin than

a relatively steep slope, especially in summer when the sun is high in the sky. A slope between 15°

and 25° (class 14) results in a reduction of 53RV with respect to class 13. This is quite
significant. Clags 15 and 16 are een lower, because the combination of a northward orientation
and a relatively steep slope (>35allows for very little sunlight to be collected by the solar panels,

resulting in a very lowPV

3.00

2.50 -
o 2.00 -
% 1.50 -
1.00 -

0.50 -

0.00
Classes

123 456 7 8 91011121314151617 1819 20 21 22 23 24 25 26 27 28

Orientation ~ 0-60° 60-105° 105150 150210° 210255 255300° | 300360

Figue 23 NPVper slope-orientation class. Every orienation class, given in the green rectangle:
has four different slope classeSee fa a full list of the slopeorientation classes Appendix Ill.
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Besides theslopeorientation classes with an origation between 0-60° and 306860°, which are the
optimal orientation classesthe pattern is that the flattest slopeds the highest NP{see Figure 23)
Pernon-optimal orientation classthe first bar is the highest (classes 5, 9, 13, 17 and 21), falldwye
the second bar, third bar anfburth bar (except for classes 22 and 23, which are the other way
round). This suggests that isalar panel is not southward oritad, it is better to install @&olar panel
relatively flat, since the first baof everyorientation classwhich haslwaysa slope between85°, is
highest. The conclusion is that the optimal slafe33° (seesection3.3)isonly valid for a solar panel
with a southward orientationln the literature many studies have determined only thatimal roof
slopefor southward facing solar panedsd not for other orientationgSiraki & Pillay, 2012; Hussein,
Ahmad & EGhetany, 2004; Mehleri, Zervas, Sarimveis, Palyvos & Markatos, 2010). However,
Christensen & Barker (2001) have taken into actahat the optimal roofslope changes with
orientation and have determined the optimsllope and orientation for loations in the United States.

Class 3 contain@mong other roofsall flat roofs in theroof top data set, since these roofs have an
orientation of 0° and a slope of 33Class 3 shoulbdave the highest NP\since the flat roofs inhibit

the optimal conditions. Howevelit has thesecond highest NR\becauseclass 26 has a NRM
EHDPYTK2LIE gKAOK A& endnnk?2yd &K AcUKISNG k2K yT 208 S NJ al Kol «
classes i@ very similar. lass 26has the highest NPV, because the slopentation class sizes and
the sizes of the roof parts are unequ&ome roo$ can host large solar systems of 24 solar panels,
whichhave a higher NPper Wp than smadr solar systemg¢see Figure 13)Class 26nly contains 3
roof parts and these roof parts have space 1at, 18 and 21 solar panels respectively, which are
relatively large sd@r panels systems. Class @1y has 5 records, butontains solapanelsystems of

7 and 8 solar panels and 3 records of solar panel systems with 24 solar panels. Class 34&fhtains
roof shapes, because @t roofs are in this class. Thualso very small solar panel systems of 4 solar
panels are in this class, which lowehe average NPV of class 3.
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3.4.4 Other Economic Assessments

In this section the economic assessment is extendedcdigulatingthe return on investment,
payback tine and levelized cost of electricity. The return on investment is determindxk table to
compare the economic performance of the roof topdth interest rates on deposits and savings
accounts by banks. The payback time gives the amount of years itttakasn the investment back.

The levelized cost of electricity is used to determine grid parity, that is that the costs of solar energy
are lower than or equal to the price of electricity from the national grid.

3.4.4.1 Return on Investment

In this sectiorthe return on investmentis determined to identify whether solar panels are a good
investment compared to the interest ratemn saving accounts and depositOnly 2% of the rob
parts in the roof top data sedf Amsterdamhave an annual return on investmebelow 1.5% per
year. That is below the interest rate of a saviagsount (see &tion 2.2.1). Therefore these roof
parts canbe considered as a riskgvestment since the current interest rate on a savings account

generates more moey. Some depositsave higher interest rateésee Section 2.2.1han the net

2% percent (seeifure 21). So, 96% of the roqdarts has an attictive return on investmenper year.

38% of the rooparts havea very profitable return on investmeiaf more than9% per year.

2%, _2%

20%

3% H<1.5%
1.5-3%
3-4.5%

m4.5-6%

m6-7.5%
7.5-9%
m>9%

Figure24 Return on investmeniper yearof the investment in solar panelper roof part

3.4.4.2 Payback Time

The payback time gives the amount of years it takefore the investment costs areearned back.
The accuracy of this method is typically £ 1 yéapayback time of 7 years means that the payback
time is between 6 and years. The return on investment oé@&ion 34.4.1 has been linked to the
payback time in Table 4. Peategory of return on investment per year, the most common payback

time in that category is taken as the payback time for that category. The roof parts with a higher

return on investmentmore than 3%, than interest rates on savings accounts and depbaiis, a

payback time of 10 years or less, with an accuracy bfyeat

Table 4 Theeturn on investmentper year and the payback timper roof part

Return on investmenper year | Number of roofparts | Percentage of rogbarts per category Payback time
<1.%% 16 2% >14

1.5-3% 14 2% 11--13
3-4.5% 25 3% 9--10
4.5-6% 95 13% 8

6-7.5% 167 22% 7

7.5-9% 148 20% 6

>9% 279 38% 6
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Figure 25 shows the payback time in relation to the number of quaels. @the 744 roofparts,
388roof partshavea payback time of six years, which is the minimum inrthedf top data set. Only

64 roofparts have a payback time of 9 years or higher. There is 1 roof that has a payback 1i&gne of
years. This particular roof part, with an orientation of 185° and a stdp#°, is the roof parith

the lowestNPV in &ction 34.3.1, due to the combination of a northward orientation and a relatively
steep slopeAll roofs that have a payback time of 11 years or longer have an orientation between
157° and 221°. This igange between 23° west of north and 41° degrees east of north, which shows
that northward oriented roof parts have a lower financial attractiveness.

@ Payback time
20
18 —&
L K B
16 4 4
2 L K 2
14 . > ¢ ¢
o 12 4 4 4
s L & ¢ 2 ®
> 10 ¢
A EEIERI L K 2
< ¢ ¢ ]
L 2 B K 2K R R BN R R R SR SR X BN 4 ¢ f
4 8 12 16 20 24
Number of solar panels

Figure 25Payback time of the investment in solar panger roof part

3.4.4.3 Levelized Cost of Electricity and Grid Parity

An energy source ompetitive and finaneilly attractive when grid parity occurs. Grid parity implies

that the levelized cost of electricift COEjs equal to or lower than the current price of electricity,

when buying it from energy companie$hus, grid parity is a necessary conditiororderto be less

dependent on large international energy companies, which is a target of the municipality of

' YAGSNRFEY o{GFYZXZ 5AS LISof Ritch Households khg curént averdzfe €nErgyH 1 M 0 0
price charged by energy companigsd € ndHoKk {2 K oO0aAfASdz /SYyuanNt I f =
reached if the levelized cost eblar paneklectricity is equato 2 NJ 6 St 2 6 € n dreobtep] 2 Kd L
data set 32 rooparth Kl @S | f S@St AT SRWK hasé aretie rosfatsBith@ K| y € n
long payback time and a loWPV For 712 rooparts grid parity is reached, which means that it is

cheaper to produce electricity with solar panét&n buying electricitfrom energy companiesThe

best locations have a levelized costofeledtrii @ 2F e n®MHK ]| 2 K®

The main differencebetween the NPVand LCOE is that NPV analysisdoes not discount the

investment costs and takes an annual increaserwrgy price into account (seglations 19 and

21). Therefore, it is possible that even if gratipy does not occur, the net present value is positive.

In other words, it may be cheapés buy electricity from energy companiegcording to the LCOE,

while the NPV is positive, which indicates that it igrafitable investment.In the roof top data st

IANRAR LI NARGE R2Sa y2iG 200dzNJ A T paitsvih atNP\thighe&thaa M ®n MK
eMdn MKk 2 L) LINRRdzOS a2t NJ St SOGNR OAdndrgy Gokpadiessna OKS |
increase in energy price or a decrease in costs makas ganels more attractive and increases the

NPV of roof parts. In that case, grid parity occurs on more roof parts.
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3.5 Sensitivity A nalysis

In this section the energy price, costs and incoming solar radiation are adjusted to account for the
variability in these factorsThis helps assessing the risks relatethtesting in solar panel§&irst, the
energy price is increased or decreased per year basedxpecteddevelopmentsin the future
Secondly, the costs of solar panels are changed. Therealfierintoming solar radian is varied
based orongterm variations in the Netherlands. This section concluaEesessinghe relative effect

of the aforementioned factorgn a factor analysisThe figures in this section make usetloé slope
orientation dasses (seeeStion 34.3.2). Appendix | containalist of all slopeorientation classes

3.5.1 Energy Price

In determining the benefitof solar panelsn Sction 32.2.1, an annuaincrease of the energy price

of 2% is taken into account. Thisiisline with the long terminflation (CBS, 2014put a conservative
estimatecomparedto some companies (Bontenbal, 2014x8vw.eneco.n] 2015a) The development

of energy prices is very hard to predict for the next 25 years. The energy price consists for@out

of taxes and the tax on energy has almost doubled between 2004 and 2014 (Bontenbal, 2014). It is
therefore likely that energy taxes will rise in the futur®ther factors that might increase the energy
price are geopolitical unrest and depletion of $dguels.

The costsof energy itself decreasim the next few years (Bontenbal, 2014 & www.powerhouse.nl,
2015).The future developments described $action 1.1 alsocausethe energy pricdo drop. Better
insulated buildings and more energy efficientvies may reduce energy demand and thus the
energy price, as the energy use per household is already decre&sing, 2014)This makes the
prediction very uncertain. Thereforea wide range of developments of the energy price is
considered. In totatevenscenarios are shown indure 26, rangingfrom an annual decrease of 2%
peryear to an annual increase of 5% |year.

Figure & shows the effect of the energy price on th#V The bars represent the changeN®PVof

the corresponding energy price degpment, conpared to the situation used in Section R4which

is the reference situation and has an annual energy price increase of 2%. That is why the 2% increase
in erergy price is not displayed ingkre B. Forexample, the NPdf class 1 changes byp®%if the

energy prices rises annually by 5% instead of 2%. So, the green bar consists also of all the lower bars.
The colours represent the difference with the previous scenario.

(asses \th a very low NPMwhich either have a northward orientation orséeep slope (>35see
Hgure ZB), are more sensitive to a change in energy pritgan other classes(see kgure ).
Especially, classes 14, 15 and 16 are very sensitise classes have a northward orientatam
thus very little sinlight can be cidected bysolar panelon these roof partsClasses 15 and Hyen
have a negative NP¥the energy price decreases by 2% per y@at visible in jure 26) Class 16
also is negativby a 1% falper year. The NPdf class 16 falls by 156% if the eneqyice goes down
by 2% per year. On the other hand, a 5% increase instead of 2%, results in a 193% indt@ade in
class 16. The other classes are quite similar to each otherclabges with the highest NPV in Figure
23, classes 3, 26 and 27, aredesensitive toa change in energy price.
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Figue 26 Change ifNPVby different developments of theenergy price per yealEP = energy price increase per year -
25 years. The roofs are categorized in 28 classes based on their orientation and slope. Every orientation, given
green rectangles, has four different slope class8gefor a full list of the classes Appendix I.

The rate of change is not constant within a class. For example, in class 1 the efiecharige in
energy price inscenario EP+3% with respect to the reference scenario is 19 percent.pohes
change inEP#4% scenario with respect t&eP+%6 scenario is 22 percent pointS€omparing EP+5%
and EP+4% gives a 25 percent pointsgase. This can be seen igl¥e 26, asabove 0% every upper
bar is larger than every lower bar. The larger the increase in energy {hréckigger the effect on the
NPVcompared to the previous scenaribhe NP\increases with an increasing rate.

A lower energy price, iscenariosEP+1%EP+0%, EF% and ER%, results in lower sawjs and a
lower NPV Examining the NPW the aforementbned way reveals a decreasing rate of the effect,
namely -16, -14, -12 and-11 percent pints in class 1. The NPV falls with a decreasing rate.
decreasing energy price can also be regarded as an abotifidhe netting regulation.There is
determinedthat the netting regulation will bevaluated in 2017 and possibly reduced fr@d20(TK
2013/2014, 29 023, no. 173f.this regulation ends, the benefits of solar panels will be lower, since
0KS 02 Y LISy a8/kivh B yhuck ®Bwerctimd e currerened & LINA OS 2 F
Section 3.2.2.2).

€1 PHOK
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3.5.2 Costs

In this section the costs are adjusted in order to mimic an increase or decrease in costss As
shown in Fgure 11 the costs of solar panel systenimve decreasedn the last decadeln the
preceding decades costof solar panels were evdrigher. Carr (2012 useddata of historical solar
panel prices from Bloomberg, New Energy Finance to visualize this law in relation to the price
development of solar panels and called it the Swapnsfiect (see Rgure 27), after Richard Swanson
founder of a large solar power company in the.U8chard Swansoapplied the learning or
SELISNASYOS OdNBS 2yi2 G(KS RS@OSt2LISyid 2F G(KS &zt
states that the price of solar paits drops by 20% for every doubling of the cumulative shipping
volume. So, if the production grows, the price dropgure27 shawsthe socalled Swansoeffect.

In 2013 tke price of solar panel modules wanore than 100 times lower than in 1977.

Figure 27 The Swanson EffecThe decrease in the costs of solar panels between 1977 and 28@Grce:Carr, 2012

Schaeffer et al.2004) have made projections for future solar panel prideghe Netherlandgsee
Fgure 28). Because the analysieas beerdonein 2004, one can see that scenario A, blue line, is the
best prediction for the period between 2004 and 2014, since the pdtsolar panel systems is

e MZy bk 2 LI A yguredld).M hus duriné tBis period thdearning ratewas 30%, which means
that the costs decreaskby 30%for every doubling of the cumulative shipping volunaadthat the
annual increase of shipping volum@&s20%, which ithe same as the previowdecadegSchaeffer et
al.,2004).
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