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Summary
Photovoltaic (PV) systems installed on buildings will be playing a major role in

providing renewable energy and support the transition to a sustainable energy

system. Rooftop PV systems will be mainly connected to the low voltage grid.

Typically, these grids are not designed to accommodate large scale decentralized

PV electricity production. This calls for research to effectively and efficiently in-

tegrate electricity generated by rooftop PV systems in our energy system. One

of the possibilities for more integration of PV in the energy system is increasing

the amount of directly consumed energy and consequently reducing feed-in PV

power peaks to the electricity grid. Chapter 1 describes the PV power integration

issues and possible solutions in more detail and presents the research aims of

this thesis.

The main objective of this thesis is the assessment of technical, economic

and environmental benefits that can be obtained from the local use of energy

generated by rooftop PV systems. The technical benefits include enhancing PV

self-consumption and reducing PV feed-in peak power to the grid. This PV self-

consumption is affected by the PV system design, electricity consumption pat-

terns and energy technology used in the building, for example by using heat

pumps. This thesis focussed on PV systems installed on residential and com-

mercial buildings located in the Netherlands.

Chapter 2 assessed the impact of the orientation of PV modules on the self-

consumption and self-sufficiency, taking into account electricity consumption and

PV generation. Residential systems showed the highest self-consumption when

oriented to 212° module azimuth (about wind direction southwest) and 26° tilt.

Commercial systems should be positioned to 188° azimuth with 17° tilt to en-

hance self-consumption. However, the added self-consumption is limited to a

few percent compared to a south oriented system with a module tilt of 37°. Also,

optimal orientations for economic revenues are presented for 9 scenarios using

historical Dutch and German power market prices.

Energy from PV systems can be temporary stored using battery energy stor-

age systems. These systems can reduce the feed-in PV peak power while enhan-

cing self-consumption. Forecasting methods of energy production and energy

consumption of buildings are required to store PV power optimally. Several fore-

casting methods combined with a battery control algorithm were developed, as-

sessed and presented in chapter 3. Predictive control strategies are capable to

improve self-consumption, as well as reduce potential curtailment losses. It was
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found that residential electricity consumption should be forecasted using aver-

age electricity consumption of the previous seven days. Commercial electricity

consumption can be forecasted by using the historical demand of the previous

weekday. PV production forecasts with modelled clear-sky radiation data can be

best used as input for battery control strategies to reduce the PV peak power to

the grid.

Using battery energy storage systems for self-consumption enhancement is

currently not economically feasible. To improve the economics, battery systems

should be used for multiple applications. Chapter 4 assessed the combination

of using battery storage for self-consumption enhancement and provision of fre-

quency restoration reserves. These reserves are required to maintain the im-

balance between electricity production and consumption. As a result of comb-

ing these applications, revenues of storage systems would increase while self-

consumption increased with 26%. Prioritizing provision of frequency restoration

reserves over self-consumption enhancement resulted in even higher revenues,

but resulted in a minor increase of 3% in self-consumption.

Ground source heat pumps (GSHP) are one of the options to replace

gas-based heating systems and potentially reduce greenhouse gas emissions.

Chapter 5 assessed the combination of PV, battery storage and GSHP systems.

The technological, economic and environmental performance of this combina-

tion was evaluated for 16 dwellings. PV produced energy could provide around

19% of the GSHP demand. Battery energy storage systems increased this to 29%.

Moreover, battery systems could reduce the peak demand of dwellings by 45%,

which reduces the impact of GSHP on the low voltage grid. Avoided life cycle GHG

emissions for dwellings with a ground source heat pump were calculated to be 42

tCO2-eq on average and combined with a PV system 73 tCO2-eq on average. Des-

pite this large emission reduction, investment in GSHP systems is not attractive

for many dwellings. Higher natural gas tariffs, carbon taxing or larger investment

subsidies are required to increase the economic feasibility.

Self-consumption and GHG emission reduction potential on a neighbourhood

scale were assessed in chapter 6. A model framework was developed to eval-

uate these using four PV rooftop utilization scenarios, battery storage systems

and with future energy demand of light-duty electric vehicle demand. Spatial

mapping was used to visualize the difference between 88 neighbourhoods in the

city of Utrecht, the Netherlands. Self-consumption was between 34% and 100%

for the neighbourhoods and is mainly influenced by the rooftop space availabil-

ity. Electric vehicles could increase this with 12% and battery storage with 25%.

Avoided life cycle GHG emissions were on average 17 tCO2-eq per dwelling. The

large variation in results between neighbourhoods indicates that area dependent
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investments and supporting policies could improve PV power integration in cities.

Results from chapter 2 to chapter 6 were combined and compared using sim-

ilar metrics in chapter 7. Furthermore, the impact of PV orientation on the self-

consumption, feed-in power and economic payback times was assessed in more

detail. The overarching evaluation of results provided new insights regarding PV

power integration. This has resulted in the key conclusions and recommenda-

tions of this thesis, mentioned in chapter 8.

The following key conclusions were drawn. About 33% of the PV generated

energy of residential systems can be directly consumed by dwellings. This is 44%

for commercial buildings. Stationary battery energy storage can charge surplus

PV electricity and therefore increase self-consumption. A 1 kWh storage capacity

per MWh of annual electricity consumption increases self-consumption by 23%

for residential buildings and by 22% for commercial buildings. Only 4% of PV

electricity during the systems lifetime is lost when a feed-in limit of 0.5 kW per

kWp is imposed. This can be reduced to 0.2% using a 1 kWh storage capacity

for each MWh of annual demand. Discounted payback times for PV systems are

around 10 years for residential systems and 12 years for commercial systems.

Dwellings with a PV capacity of 1 kWp for eachMWh of annual demand contribute

with about 17 tCO2-eq to avoided life cycle greenhouse gas emissions.

Recommendations for policy makers to support the growth of PV systems on

buildings were given for both short and medium term perspectives. Policies for

the next five years should financially support PV systems larger than a 1 kWp

per MWh annual electricity demand. When additional PV capacity is limited by

the grid capacity, a feed-in limitation of 0.5 kW per kWp of PV is advisable to im-

plement. Beyond 5 years, policies should provide rules and guidelines to enable

new value streams from grid services provided by third parties. Also, a dynamic

tax tariff based on marginal emissions factors could enable emission reduction

by battery energy storage systems. Future research should focus on how stor-

age and electrification can enable more variable renewable energy in our energy

system. Therefore, methods to define dynamic electricity tariff structures and to

assess the environmental impact of energy storage must be further developed.
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Samenvatting
Fotovoltaïsche (PV) systemen op gebouwen zullen een steeds groter deel van

de duurzame energie gaan opwekken in de toekomst. Deze dakgebonden PV-

systemen zijn nodig om het huidige energiesysteem te transformeren naar een

duurzaam systeem. De PV-systemen worden voornamelijk aangesloten op de

laagspanningsnetten. De meeste van deze netten zijn niet ontworpen om groot-

schalige decentrale elektriciteit van PV-systemen te verwerken. Daarom is on-

derzoek om elektriciteit van dakgebonden PV-systemen effectief en efficiënt te

integreren in ons energiesysteem noodzakelijk. Eén van de mogelijkheden om de

integratie van PV-energie te bevorderen is om het lokale gebruik van deze ener-

gie te verhogen. Hiermee kan ook het piekvermogen dat wordt ingevoed in het

elektriciteitsnet worden verlaagd. Hoofdstuk 1 beschrijft de integratieproblemen

en mogelijke oplossingen voor elektriciteit uit dakgebonden PV-systemen. Ook

worden de onderzoekdoelstellingen van dit proefschrift hier gepresenteerd.

Het hoofddoel van dit proefschrift betreft onderzoek naar de technische, eco-

nomische en milieu voordelen die behaald kunnen worden door het lokale ge-

bruik van energie uit dakgebonden PV-systemen. Onder technische mogelijkhe-

den vallen het verhogen van het eigen verbruik van energie uit PV-systemen en

het verlagen van het PV-piekvermogen dat wordt ingevoed op het elektriciteits-

net. Het aandeel eigenverbruik wordt beïnvloed door het ontwerp van het PV-

systeem en het energieverbruikspatroon van het gebouw. Ook kan een andere

energietechnologie gebruikt worden omhet eigen gebruik te veranderen, bijvoor-

beeld het gebruik van een warmtepomp. Dit proefschrift focust op PV-systemen

geïnstalleerd op residentiële en commerciële gebouwen in Nederland.

In hoofdstuk 2 is de invloed van de oriëntatie van PV-modules op het eigen-

verbruik en de zelfvoorzieningsgraad onderzocht. PV-modules op residentiële

gebouwen halen het hoogste eigenverbruik wanneer ze geplaatst worden onder

een oriëntatie van 212° azimut (windrichting zuidwesten) en een hellingshoek

van 26°. PV-modules op commerciële gebouwen realiseren het hoogste eigen-

verbruik met een azimut van 188° en een hellingshoek van 17°. Het toegevoegde

eigenverbruik door het gebruik van deze oriëntaties is echter beperkt tot een

paar procent vergeleken met een zuidelijk georiënteerd systeem met een hel-

lingshoek van 37°. Ook zijn er optimale oriëntaties vanuit economisch oogpunt

bepaald voor 9 scenario’s. Deze scenario’s gebruiken historische groothandels-

prijzen van de Nederlandse en de Duitse elektriciteitsmarkt.

xi



Samenvatting

Elektriciteit uit PV-systemen kan tijdelijk worden opgeslagen in batterijsyste-

men, en daardoor kan het PV-piekvermogen dat wordt ingevoed op het elek-

triciteitsnet verlagen. Tevens zorgen batterijen er voor dat de bijdrage van ei-

genverbruik wordt verhoogd. Voorspellingsmethodes die PV-energie productie

en energieconsumptie van gebouwen voorspellen zijn nodig om zodoende een

overschot van elektriciteit optimaal te kunnen opslaan in batterijen. In hoofd-

stuk 3 zijn voorspellingsmethodes met batterijcontrolestrategieën ontwikkeld en

geanalyseerd. Deze methodes zijn in staat om de PV-piekproductie op te slaan

en daardoor eventuele afregelverliezen te reduceren. Afregelverliezen ontstaan

door het terugregelen van het PV-vermogen. Het elektriciteitsverbruik van wo-

ningen kan het beste worden voorspeld door het gemiddelde verbruik van de

afgelopen zeven dagen te nemen. Voor het voorspellen van commerciële elektri-

citeitsverbruik kan men het beste gebruik maken van de historische energievraag

van de vorige weekdag. Voorspellingen voor elektriciteit uit PV-systemen zijn no-

dig om het PV-piekvermogen op te slaan in batterijen zodat een lager piekvermo-

gen wordt gevoed aan het elektriciteitsnet. Hiervoor kan als beste een voorspel-

ling op basis van de gemodelleerde zonne-instraling bij een onbewolkte hemel

worden gebruikt.

Momenteel is het economisch niet aantrekkelijk om batterijen te gebruiken

voor het verhogen van eigenverbruik. Verbetering is mogelijk als batterijsys-

temen voor diverse toepassingen tegelijk worden gebruikt. In hoofdstuk 4 is

het gebruik van een batterij voor het verhogen van eigenverbruik onderzocht,

in combinatie met het leveren van regelvermogen aan het elektriciteitsnetwerk.

Dit regelvermogen is nodig om een onbalans tussen vraag en aanbod te com-

penseren. Door het combineren van deze toepassingen kunnen de inkomsten

voor batterijen verhoogd worden, terwijl de bijdrage van eigenverbruik stijgt met

26%. Wanneer een batterijcontrolestrategie prioriteit geeft aan het beschikbaar

stellen van de opslagcapaciteit voor regelvermogen zullen deze inkomsten meer

groeien. Deze strategie zal wel ten koste gaan van het aandeel eigenverbruik, dat

nog maar zal toenemen met 3%.

Grondgebonden warmtepompen zijn één van de opties om verwarmingssys-

temen op aardgas te vervangen en de uitstoot van broeikasgassen te verlagen. In

hoofdstuk 5 is de combinatie van PV-systemenmet batterijen en grondgebonden

warmtepompen onderzocht. De technologische, economische en milieu-impact

van deze combinatie is geëvalueerd voor 16 woningen. 19% van de elektriciteits-

vraag van een warmtepomp kan worden voorzien door het directe gebruik van

PV-energie. Batterijopslagsystemen kunnen dit aandeel eigenverbruik verhogen

tot 29%. Ook kunnen deze batterijen de piekvraag van woningen met 45% ver-

lagen. Dit zorgt voor een lagere impact van grondgebonden warmtepompen op
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het laagspanningsnet. Woningen met een grondgebonden warmtepomp zorgen

voor een gemiddelde reducering in broeikasgasemissies van 42 tCO2-eq gedu-

rende de levenscyclus van de warmtepomp. Als een PV-systeem wordt toege-

voegd aan de woning loopt dit op tot een gemiddelde reductie van 73 tCO2-eq.

Ondanks deze hoge vermeden emissies is het voor veel woningen nu niet eco-

nomisch aantrekkelijk om te investeren in grondgebonden warmtepompen; Om

dit wel aantrekkelijk te maken zijn hogere aardgastarieven, CO2 belastingen of

investeringssubsidies nodig.

In hoofdstuk 6 is het eigenverbruik van PV-systemen en het reductiepotentieel

van broeikasgasemissies onderzocht voor woningen en op buurtniveau. Er is een

model ontwikkeld om het PV-potentieel op daken te bepalen voor 4 dak benut-

tingsscenario’s. Ook de invloed van batterijopslagsystemen en de toekomstige

energievraag voor elektrische auto’s is onderzocht. Middels grafische kaartweer-

gaves zijn de resultaten inzichtelijk gemaakt voor 88 buurten in de stad Utrecht.

Het eigenverbruik per buurt ligt tussen de 34% en 100%, en is voornamelijk afhan-

kelijk van het beschikbare dakoppervlak. Elektrische auto’s kunnen het aandeel

eigenverbruik verhogen met 12% en batterijen met 25%. De vermeden broei-

kasgasemissies over de levenscyclus zijn gemiddeld 17 tCO2-eq per woning. De

resultaten laten grote variatie zien tussen de verschillende buurten. Dit geeft aan

dat als investeringen en ondersteunend beleid gebiedsafhankelijk zijn, dit de in-

tegratie van opgewekte energie uit PV-systemen in steden kan verbeteren.

De resultaten van hoofdstuk 2 tot en met 6 zijn samengevoegd en vergele-

ken in hoofstuk 7. Daarnaast is de invloed van de oriëntatie van PV-systemen op

het eigenverbruik, het PV-piekvermogen naar het elektriciteitsnet en de economi-

sche terugverdientijden geanalyseerd. Deze evaluatie van de resultaten hebben

nieuwe inzichten opgeleverd betreffende de integratie van PV-energie. Dit heeft

geleid tot de belangrijkste conclusies en aanbevelingen van dit proefschrift, zoals

beschreven in hoofdstuk 8.

De belangrijkste conclusies zijn alsvolgt: Ongeveer 33% van de energie uit PV-

systemen op daken van residentiële gebouwen kan direct worden gebruikt. Voor

commerciële gebouwen is dit zelfs 44%. Overtollige PV-energie kan worden op-

geslagen in batterijopslagsystemen om het eigenverbruik te verhogen. Zo kan

een opslagcapaciteit van 1 kWh per MWh jaarlijks elektriciteitsverbruik het eigen-

verbruik verhogen met 23% voor residentiële en met 22% voor commerciële ge-

bouwen. Als teruglevering kan worden beperkt tot een vermogen van 0,5 kW per

kWp geïnstalleerd PV-vermogen, dan gaat slechts 4% van de totaal opgewekte

PV-energie verloren. Dit verlies kan worden verlaagd tot 0,2% met behulp van

een batterijopslagcapaciteit van 1 kWh per MWh jaarlijks elektriciteitsverbruik.
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De verdisconteerde terugverdientijd voor PV-systemen is rond de 10 jaar voor re-

sidentiële systemen en rond de 12 jaar voor commerciële systemen. Woningen

met een PV-systeemcapaciteit van 1 kWp per MWh jaarlijks elektriciteitsverbruik

zorgen voor gemiddeld 17 tCO2-eq vermeden broeikasgasemissies gedurende de

levenscyclus.

Om de groei van PV-systemen op gebouwen door te zetten zijn er de volgende

aanbevelingen voor beleidsmakers, op zowel korte als lange termijn voorgesteld:

Voor de komende vijf jaar is het belangrijk dat PV-systemen groter dan 1 kWp

per MWh jaarlijks elektriciteitsverbruik worden ondersteund met extra financiële

steun. Als de PV-capaciteit wordt beperkt door de netcapaciteit, dan is het zeer

raadzaam om een beperking van 0,5 kW per kWp PV-capaciteit op het terugle-

ververmogen in te voeren. Beleid voor 5 jaar vanaf nu dient regels en richtlijnen

te bevatten om vergoeding mogelijk te maken voor netdiensten en services uit-

gevoerd door derden. Een dynamisch belastingtarief op basis van de marginale

emissiefactoren kan zorgen dat energieopslagsystemen meer emissies reduce-

ren. Daarvoor zullen nieuwe methodes nodig zijn om dynamische elektriciteits-

tariefstructuren vast te stellenen die milieu-impact van energieopslag te beoor-

delen.
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Introduction

1.1 Motivation
One of the biggest challenges for humanity in the 21

st
century is to handle cli-

mate change. Climate change has already a major impact on ecosystems and will

extremely likely cause irreversible global impacts
[1]
. Since the 1950s, increasing

global temperatures, rising sea level, and larger variations in temperature and

precipitations have been observed. The main driver of climate change is the in-

crease of anthropogenic greenhouse gas (GHG) emissions. At this moment, the

largest share of greenhouse gas emissions (25%) are caused by the use of fossil

fuels for electricity and heat production
[1]
. Around half of this electricity and heat

is used within buildings.

In 2015, 195 counties signed the Paris Agreement to reduce global GHG emis-

sions and limit global temperature rise. This agreement confirmed to limit global

temperature rise to "well below 2°C", and to pursue efforts to limit this to 1.5°C
[2]
.

Consequently, global GHG emissions should be reduced with 41% to 72% by 2050

and even further with 118% by 2100, relative to 2010. Firm actions from all coun-

tries must be taken to realize these ambitions, and political barriers have to be

overcome
[3]
A fundamental change in our energy systems must happen, and a

shift from fossil based energy resources to 100% renewable based energy sources

is indispensable

1.1.1 Photovoltaic systems
Photovoltaic (PV) solar energy conversion is one of the most promising techno-

logies for renewable electricity generation
[4]
. A PV system consists of PV cells

that are grouped together in modules which are operated by inverters. These

systems convert solar irradiation to electricity with a conversion efficiency mainly

depending on the cell structure andmaterial
[5]
. Around 90% of installed PV world-

wide consist of crystalline silicon solar cells, with efficiencies between 14% and

24.1%
[6]
. Most PV systems are grid connected systems which produce alternating

current (AC). This AC power must have a frequency and voltage complying with

the electricity networks they are connected with.

PV systems are modular and therefore their size can vary between a few kWp

to GWp. PV systems are generally classified based on market segments: residen-

tial, commercial and utility-scale systems. Residential PV systems are small scale

systems, up to a capacity of 15 kWp and mostly installed on residential roofs.

Commercial PV systems are larger systems and installed on commercial roofs.

These systems vary in capacity, up to a fewMWp. Utility-scale systems are ground

mounted systems with sizes from a few to hundreds of MWp. Clearly, electricity

generation of PV systems can be classified as centralized as well decentralized.
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1.1.2 PV development and future projections
Currently, PV systems are the fastest growing power generation source deployed.

The global historical growth of and contribution to the electricity production by

PV systems is shown in Fig. 1.1. Also, historical data of five selected countries

is shown. By the end of 2017, about 390 GWp of PV was installed worldwide.

The global PV installed capacity showed and exponential growth. While China

has the largest PV installed capacity today, PV in Germany has the largest share

in electricity production on an annual basis. The Netherlands has an installed

capacity of 2.6 GWp which contributes to 2% of the Dutch electricity production.

PV electricity cost is very much depended on location and market conditions. For

example, levelized costs of electricity for PV systems in Germany are between

e37 per MWh for utility scale systems toe115 per MWh for small scale residential

systems
[11]
. Presently, the lowest levelized cost of electricity bid ise23.4 per MWh

for a 300 MWp tender in Saudi Arabia
[12]
.

Most energy transition scenarios underestimated the historical growth of

global cumulative PV capacity. The rapid growth is a result of additional policy

support for PV, steep technological learning and increasing cost of competitive

technologies
[4]
. Feed-in policies for PV electricity resulted in way more PV capa-

city installations than expected. Moreover, PV system cost have decreased with

an annual learning rate of 20%
[13]
. Also, other low carbon technologies such as

nuclear fission show an increase of cost
[14]
. Therefore, investments shifted to-

wards alternatives technologies, such as PV or wind energy. Short term projec-

tions indicate that the 1 TWpmilestone of global installed PV capacity is expected
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Figure 1.1 ··· Historical development of PV installed capacity (a) and share of electricity production by
PV (b) from 1992 until 2017. Note, the cumulative installed PV capacity is shown using a log scale.
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by 2023
[12]
. On the longer term, projection of installed PV capacities display a lar-

ger range depending on the energy transition scenarios
[15]
. The total installed PV

capacity in 2050 is estimated between 12 and 23 TWp globally. PV could then be

the major electricity supply technology with a share up to 50% globally
[4]
.

In 2017, 95% of PV systems installed in the Netherlands was placed on build-

ings, of which around half was placed on residential dwellings
[16]
. This is quite

high for the Netherlands, since only 31% of the PV is installed on rooftops

globally
[12]
. Also, in Germany more than half of the PV systems are located on

buildings, mainly due to supporting policies for residential users. Projections

for future scenarios show that a larger share of PV systems will be integrated

in the building. These building integrated PV systems will cover the unused space

of rooftop and facades
[17]
. Projections for the Dutch market for PV installed on

buildings show that a capacity of 25 GWp can be expected by 2030 and over 90

GWp by 2050. Furthermore, 45 GWp of ground mounted systems and 69 GWp of

floating PV systems are projected by 2050
[18]
.

1.2 Integrating PV power in the electricity grid
The electricity grid structure in Europe can be classified in three main levels,

based on the voltages used: low, medium and high voltage grids. Low and me-

dium voltage grids are used to distribute electricity to consumers, whereas high

voltage grids are used for transportation of electricity over large distances. These

different grids are connected with each other using transformers located in sub-

stations. Residential and commercial buildings are connected with power cables

to transformers.

The current electricity system is designed from a perspective of central gener-

ation capacities connected to high voltage grids. However, PV systems are mainly

connected to low and medium voltage grids. In Germany, 57% of the PV capa-

city was connected to a low voltage grid and 32% of the PV capacity to a medium

voltage grid in 2015
[19]
. These low and medium voltage grids are typically de-

signed on the expected peak demand within the grid, instead of the peak pro-

duction from PV. With an evenly spread distribution of PV systems over the Dutch

rooftops, 16 GWp of PV can be installed without any additional measures
[20]
.

However, additional integration challenges occur when more than 16 GWp of PV

is installed or in areas with already a higher concentration of PV systems.

Threemain issues occur when a significantly amount of PV capacity is installed

on a low voltage grid
[21]
. First of all, reverse power flows occur in the distribution

systems which often results in voltage rises at the feed-in point. Secondly, these

reverse power flows could cause power flows from the distribution system to

4



1
1.2 · Integrating PV power in the electricity grid

the transmission system, which could lead to problems of enhanced aging at the

substation level
[22]
. Thirdly, the grid stability in terms of frequency and voltage

could be disrupted. The frequency should ideally be 50 Hz for the synchronous

grid of continental Europe. This grid frequency depends on the match between

electricity supply and demand. If the supply is larger than demand, then the

frequency increases. The opposite occurs when supply is lower than demand.

Maintaining frequency between 49.8 and 50.2 Hz is vital for the connected devices

and the transportation infrastructure of the electricity system
[23]
.

1.2.1 PV integration measures for the low voltage grid
Measures for technical integration of PV power in the electricity grid can be separ-

ated into two groups: grid-sidemeasures and PV system sidemeasures. Grid-side

measures include all measures from the distribution grid side. Reliable opera-

tion of the distribution grid is the responsibility of Distribution System Operators

(DSOs) and therefore grid side measures are undertaken by the DSO. PV system

side measures include options that are taken before PV power is feed into the

grid, and are undertaken by either the DSO, or the PV system owner.

Grid-side measures
Various technical options are available for the DSO to reduce grid congestion,

maintain the voltage range and keep the grid reliable
[19]
. These can be separated

into static and dynamic measures. Static measures expand the hosting capacity

of the local grid by making permanent changes in the infrastructure. Dynamic

measures increase the hosting capacity by regulating grid properties.

Several static measures can be undertaken to increase the capacity of the low

voltage grid. First, the transformer which connects the low voltage grid with the

medium voltage grid can be replaced or upgraded to a higher capacity. Secondly,

the existing local grid can be segmented into two grids. An additional transformer

is used to connect this new grid with the medium voltage grid. Then, new parallel

cables can be placed next to existing cables or existing cables are replaced with

thicker cables.

For dynamic measures manual or automatic operating equipment are used

to regulate the voltage within the local grid. This can be achieved by adjusting

the voltage ratio, which is the ratio of the voltage of the medium voltage grid di-

vided by the voltage of the low voltage grid. This voltage ratio can be increased

to maintain the voltage on the low voltage grid and thus more PV power can be

injected in the grid. Automatic voltage regulators can be installed in the trans-

formers to dynamically adjust the voltage ratio. This also requires active control

of the medium voltage grid by the DSO.
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PV system side measures
Two main measures from the PV inverter side can be used to support more PV

capacity in the low voltage grid. These are reactive feed-in power provision and

reduction of the feed-in power. PV inverters can provide reactive power to lower

the voltage with a few percent at the connection point to the grid. This results in

lower voltage fluctuations within the local grid. The impact that a PV inverter can

have depends on the length of the feeder multiplied with the rated active power

of the inverter
[24]
. Most PV inverters are capable of providing reactive power. Fur-

thermore, the reactive power provision results in larger currents, which increases

the local grid losses. Different reactive power provision control strategies are

available for inverters
[25]
.

The second option is to reduce the feed-in power from the PV system and

therefore maintain the quality of the grid. This can be implemented using a feed-

in limit (FIL). In Germany, feed-in limits can be seen as an alternative to grid ex-

pansion measures for the high and medium voltage grid
[26]
. The total PV yield

that cannot be fed back to the grid depends on the FIL. Annual load duration

curves for optimal oriented PV systems with 9 different feed-in limits are shown

in Fig. 1.2. Power >90% of rated PV capacity is produced in only 32 hours in the

year. Only 0.06% of the total annual energy is produced is above this 90%. Also,

with a FIL of 0.5 kW per kWp, 86 % of PV electricity can still be exported. The re-

maining energy should be self-consumed or be stored in a battery, or otherwise

this energy cannot be generated by the PV system. Communication between the

PV inverter and a smart electricity meter is required to maintain a feed-in limit.
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Figure 1.2 ··· Annual load duration curves of PV exported to the grid for 9 feed-in limitations. Note
that the hours on the horizontal axis are shown with a log scale. The percentage of PV electricity

production that can be exported to the grid and the percentage of energy that remains (in red) are

shown on the right side of the plot. The PV yield was modelled with an orientation of 185 ° surface

azimuth, a 36° tilt, a high performance ratio of 91% and with weather data of The Netherlands from

2010 until 2016. Remaining PV yield model steps are similar as described in section 3.2.1.
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1.3 The need for electrification and energy storage
PV electricity production is limited to certain moments in time due to daily and

seasonal variation in irradiance. In the Netherlands, PV systems have an annual

specific yield of around 900 kWh per kWp which corresponds to a capacity factor

of 10%
[27]
. The hourly load for 2017 was between 7.5 GW and 18.6 GW with an

average of 13.1 GW
[28]
. When PV power generation surpasses these loads, meas-

ures need to be taken to keep the electricity grid running.

1.3.1 Electrification of heating and transport
A large share of global energy is used for heat production and transport

[1]
. Cur-

rently, fossil based fuels are used to provide this demand. Part of this energy

consumption can be decarbonized using electricity from renewable electricity

sources. Subsequently, a larger share of renewable energy sources can be in-

stalled within the current energy system
[29]
. Heating can be electrified by using

heat pump technologies. This technology can be deployed to generate heat from

electricity, for central and decentral applications. Electrification of transport, es-

pecially light-duty vehicles, is also one of the solutions to reduce the global GHG

emissions and to increase the share of variable renewable energy (VRE) sources.

VRE sources can only generate electricity when their natural resources are avail-

able and are therefore non-dispatchable sources of electricity. Charing electric

vehicles (EVs) on moments with surplus renewable energy generation will allow

for a larger share of VRE sources in the electricity system.

Moreover, a shift from gasoline cars to electric vehicles reduces air pollution

and thus improves the air quality
[30]
. The global stock of battery electric vehicles

increased tenfold from around 0.2 million in 2013 to 2 million in 2017
[31]
. Growth

projections for 2030 show a global EV stock between 100 and 200 million cars
[31]
.

Also, the number of EVs in the Netherlands is increasing rapidly, with around

30,000 battery electric vehicles in July 2018
[32]
.

Both electrification of heating and transport adds additional flexibility to the

electricity system by providing demand response services
[33]
. Yet, a low carbon

intensity of the electricity mix is a must to successfully reduce emissions
[34]
. Thus,

electrification of heating and transport is an important and realistic solution to

incorporate more variable PV generated electricity and reduce GHG emissions.

1.3.2 Energy storage
Dispatchable thermal power plants provide the majority of the global electricity

demand. A shift from these dispatchable plants to non-dispatchable VRE sources

requires solutions to balance electricity supply with demand, for example stor-

age. Excess electricity from PV, wind turbines or other VRE can be stored and
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used on later moments. In this case, storage improves the availability and there-

fore the degree of dispatchability of these sources. Moreover, VRE sources have

a higher uncertainty and variability of production which influences the stability of

the electricity network. As a result, storage is seen as a requirement in a system

where VRE sources are a major source of energy
[35]
.

Various storage technologies exist to incorporate renewable energy and help

to keep the grid stable
[36]
. Currently, pumped hydro storage represents around

97% of the global installed storage capacity
[37]
. However, this technology has geo-

graphical restrictions limiting the deployment potential in certain areas. Also, EV

batteries can be used as storage for surplus electricity, but bidirectional charging

technology are required for EVs and charging stations. Stationary battery energy

storage systems (BESS) is a modular technology and can be easily implemented

on both central and decentral level in the electricity system. Furthermore, this

technology can be used for multiple applications due to fast response times and

is therefore seen as a multi-purpose technology
[38]
.

In 2017, around 11 GWh of stationary BESS capacity is installed globally
[37]
.

The main primary use cases of these BESS are frequency regulation, reserve pro-

vision and shifting electricity use
[37]
. Also, cost of BESS are dropping and are

expected to continue due to the large potential of deployment in the future
[39]
.

Projections for 2030 show that 56% of the BESS systems are coupled with PV

systems, which represent an installed storage capacity between 79 to 198 GWh.

This range mainly depends on the installed storage capacity per kWp of PV capa-

city, which could range between 1.2 kWh per kWp and 2 kWh per kWp
[37]
. The

major role for these storage capacities is to shift energy demand and increase

self-consumption of PV electricity. Knowledge of electricity consumption profiles,

PV production profiles, and battery control strategies is required for an optimal

use of PV with storage.

1.4 Thesis objectives and outline
It is evident that PV systems installed on buildings will play an important role in

the energy transition. Future projections for the Netherlands show a large in-

crease in PV capacity installed on buildings, upto 25 GWp by 2030
[18]
. These will

be mainly connected to the low voltage grid and call for research on integration

measures of PV systems. The previous sections have given a general overview

of technical requirements and solutions to incorporate more PV electricity in the

energy system. However, the optimal measures to support integration of PV sys-

tems in the low voltage grid are very case specific. The impact of grid-side meas-

ures mainly depends on the expected PV capacity to be installed and connected
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to the low voltage grid, the current topology of the grid and the remaining life-

time of grid components. Grid-side measures costs are paid by the DSO and thus

socialised to all their customers.

Limiting the PV feed-in shows a greater potential to quickly increase the PV

system capacity without an investment in grid infrastructure and expansion. PV

self-consumption lowers the feed-in power to the electricity grid and results in

lower grid electricity losses. Also, it can be increased by local production of heat

or when local EVs are charged. Moreover, PV peak power can be reduced using

smart EV charging. Energy storage will increase self-consumption to higher levels

and can be controlled to reduce the PV peak power. Moreover, energy storage

can be used for a range of applications to support the electricity network and

subsequently integration of other VRE sources
[40]
. Consequently, these options

allow for more installed PV capacity in the energy system. These PV system side

measures show many benefits compared to grid system side measures. There-

fore this thesis focus is on integration measures from the PV system side, with

emphasis on local electrification and energy storage.

Demand side management of small residential applications to improve

the self-consumption were not considered in this thesis. Previous research

shows households have a relative low economic incentive to increase PV self-

consumption, caused by the small difference in consumption and feed-in

tariffs
[41,42]

.

1.4.1 Research questions
This thesis focusses on exploring benefits of using locally PV power, produced

with rooftop systems. The main research question of this thesis is:

What technical, economic and environmental benefits can be obtained
from the local use of electricity generated by rooftop PV systems?

The main question is divided into the following sub questions:

Q 1. How can PV self-consumption and self-sufficiency be improved?

Q 2. How can PV feed-in peak power be reduced?

Q 3. What economic benefits can be realized?

Q 4. What GHG emission reductions can be realized?

The first and second sub questions quantify the impact of the local use of PV

electricity. The third and fourth sub questions assess the impact of side benefits

which can be realized.
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The emphasis is on PV systems situated on residential and commercial build-

ings and located in the Netherlands. These questions will be addressed for these

buildings categories in the remaining chapters of this thesis, see Table 1.1. Main

results from chapter 2 to chapter 6 are combined per sub question in chapter 7.

Final conclusions and recommendations concerning the main question are given

in chapter 8.

1.5 Thesis outline
Chapter 2 assesses the impact of the orientation of a PV system on PV self-

consumption for 48 residential and 42 commercial buildings. Measured electricity

consumption patterns of these buildings are combined with 10,761 PV yield time

series, each with a different orientation. Furthermore, the impact of the exported

peak power and potential revenues are evaluated. These revenues of the systems

are assessed for 9 scenarios and include Dutch and German market prices. Op-

timal orientations are determined using high resolution data (5 min) for a 7 year

period (2010 -2016). Also, the impact of flat roof east-west systems is quantified.

Chapter 3 presents a simple method to forecast PV and demand patterns
and uses this as input for a BESS control strategy. The strategies are developed

to enhance PV self-consumption while reducing PV peak power. Four methods to

forecast PV and three methods to forecast electricity demand of residential and

commercial buildings are developed. These methods are used to generate 14

battery control strategies. The performance of these control strategies are ana-

lysed using three indicators: self-consumption, curtailment losses and storage

revenues. Electricity consumption patterns of 48 residential and 42 commercial

buildings are used. A sensitivity analysis is performed on the input conditions

of the PV and storage system parameters. Findings of this analysis give better

insight in the behaviour of the control strategies.

Table 1.1 ··· Overview of chapters and involving research questions.
Chapter Q 1. Q 2. Q 3. Q 4.
2. Influence of PV orientation • • •
3. Forecasting methods for PV-battery systems • • •
4. FRR provision by PV-battery systems • •
5. Combing GSHP with PV-battery systems • • • •
6. Spatio-temporal model for PV integration • •
7. Synthesis of the main findings • • • •

10



1
1.5 · Thesis outline

Chapter 4 assesses the impact of using stationary BESS systems for mul-
tiple applications namely enhancement of self-consumption and provision of fre-

quency restoration reserves (FRR). Six battery storage strategies are developed

and assessed for 48 residential and 42 commercial buildings. Four technical per-

formance indicators and five economic performance indicators are evaluated. A

tornado graph is used to display the impact of 15 system parameters on the eco-

nomic profitability of the storage strategies. Moreover, a sensitivity analysis is

conducted on the impact of market prices and on the impact of BESS degrad-

ation parameters. An estimation of the FRR market participation by PV-battery

storage systems is also provided.

Chapter 5 assesses the combination of ground source heat pumps (GSHP)
with PV and battery energy storage. The PV self-consumption, peak reduction,

economic benefits and life cycle emissions for 16 residential buildings is assessed.

Consumption patterns of households with a GSHP and PV production patterns

are used, both measured over a 2-year period. A new battery control strategy

is developed to enhance self-consumption, while reducing both PV peak and de-

mand peak. The system costs, revenues and life cycle emissions are assessed for

5 different combinations and over a 30-year lifetime. Furthermore, a sensitivity

study on the input parameters will give several recommendations to improve the

economics of GSHP systems with and without PV and storage.

Chapter 6 presents a model framework to assess the PV self-consumption
and GHG emission reductions potential on a city scale. This framework includes

the impact of storage and future electric vehicle demand with smart charging.

The model demonstrates this impact for 88 neighbourhoods in the city of Utrecht

in the Netherlands. Spatial mapping is used to show the difference in self-

consumption potential and emissions reduction potential between neighbour-

hoods. A sensitivity analysis on PV rooftop utilization rate provides insights in the

potential of PV self-consumption, storage and emission reductions.

Chapter 7 compares the main findings from chapter 2 to 6 and gives answers
to the four sub questions. The questions are answered for three relative PV sys-

tem capacities and for both residential and commercial systems. Also, a new

scenario is added in which PV and storage systems would be installed in 5 years.

Chapter 8 provides an answer to the main question and provides final con-
clusions. It also provides short and medium term recommendations for policy

makers and recommendations for future research.
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Abstract
Photovoltaic (PV) systems are usually orientated tomaximize annual energy yield.

This may not optimize other system indicators, specifically: direct consumption of

self-generated PV power, reduced feed-in power and annual revenue. Also, these

indicators are influenced by the energy demand of a building in relation to the PV

system size. Therefore, we evaluate how demand patterns influence the optimal

PV orientation for self-consumption, feed-in power and revenue. Historical Dutch

demand patterns of 48 residential and 42 commercial buildings were used. We

combined Dutch and German electricity prices from day-ahead markets with dif-

ferent ratios of electricity sales to purchase prices. Differences between demand

patterns caused large variations in optimal PV orientations. On average, PV self-

consumption is maximized for residential systems with an azimuth of 212° and

a tilt of 26°. Commercial PV systems have an average of 188° azimuth and 17°

tilt. Self-consumption can be increased 4.6% for residential systems and 2.6% for

commercial systems, by optimizing orientation for self-consumption rather than

for energy production. Curtailment losses are significant reduced by decreasing

the module tilt angles. Optimizing for revenue can increase annual revenue of

PV systems with 5.0% for certain demand patterns and pricing scenarios. The

ratio of sales to purchase electricity price has a larger influence on the econom-

ically optimal orientation for residential systems than for commercial systems.

Differences between Dutch and German market prices have minor effects on PV

orientation. Analysed demand patterns significantly affect optimal PV orienta-

tion. Therefore, we recommend that optimal PV orientation should not only be

based on maximizing energy production, but also on expected demand patterns

and market prices.
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2.1 Introduction
Commonly, PV (photovoltaic) modules are oriented tomaximize their annual gen-

erated electricity. A variety of methods have been developed to determine this

orientation
[43–46]

. However, the economic value of rooftop PV generated electri-

city varies for time intervals shorter than one year. This value of grid-connected

PV systems is influenced by electricity markets, policy regulations and the electri-

city consumption pattern of the PV yield producer. This consumption is typically

the electricity demand of a building on which the PV system is installed.

The current increase of installed PV capacity results in larger fluctuations of

time-dependent value. In addition, the maximum feed-in power is expected to

becomemore andmore regulated with an increasing share of variable renewable

sources in the electricity generation mix. Consequently, self-consumption of PV

energy (or PV self-consumption) is supported by new policies in many European

countries
[47]
. Thus, PV orientation should not only be based on maximizing en-

ergy production, but also on expected demand patterns and market prices.

Feed-in limitations set restrictions to the maximum power flow that can be

exported back to the electricity grid, and are typically given as a ratio of the max-

imum installed PV capacity. Consequently, high injection peaks of PV power on

the local electricity grid are avoided which lowers grid disturbances. For example,

currently in Germany, PV-battery systems that limit the power fed back to the grid

to 0.5 kW/kWp of the PV installed capacity can apply for financial support
[48]
. PV

generated energy that is not exported nor used is lost, and is usually defined as

curtailment losses.

Previous studies mainly focused on effects of PV orientation by comparing

maximized energy yield and revenue. Economical optimization of PV orienta-

tion could increase annual revenue up to 4%, with module azimuth angles ran-

ging from 178° to 223° azimuth in the Northern hemisphere
[49]
. Another study

showed optimal azimuth angles between 200° to 223° for Austin, TX, USA
[50]
. A

difference of 10° azimuth between a flat rate pricing regime and a spot market

price regime was presented for Ottawa, Canada
[51]
. A different study including

Ottawa, showed an increase in revenue of 19% for an azimuth of 234° and a tilt

of 41° for a peak-dependent tariff
[52]
. The economically optimal PV orientation

from an electricity system perspective was examined for Germany and Austrian

regions. For a total installed PV capacity of 70 GWp, an optimal azimuth of 165°

was presented
[53]
.

Only a few studies were found that included consumer demand patterns. A

German study combined 74 residential demand patterns with a 1 kWh battery

storage size and different PV system sizes
[54]
. PV systems with 0.5 kWp installed
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capacity for each MWh annual consumption were found to have an averaged op-

timal orientations around 185° azimuth and 36° tilt. Systems with 2 kWp installed

PV capacity for each kWh storage were found to have 200° azimuth and 22° tilt.

In addition, variance in optimal PV orientations is lower for smaller systems than

larger systems. Another study investigated electricity bill savings of PV systems,

using 215 residential demand patterns from California, USA. It was found that

south-west facing PV systems had a slightly higher bill saving, <5%, compared to

south facing PV systems
[55]
. PV self-consumption of apartments and detached

houses in Sweden can be increased by respectively 2% and 3% through optimiz-

ing the PV orientation
[56]
. An west oriented PV system showed a higher share of

directly consumed energy than east oriented systems for a residential Germany

demand pattern
[57]
.

A study including residential demand for and time-of-use tariffs from Las Ve-

gas, USA, showed an economical optimal orientation of 220° azimuth. A large

part of residential electricity demand was cooling load in the afternoon, due to

the desert climate. Consequently, a significant drop in peak demand due to PV

generation was observed
[58]
. However, for locations with a relatively large heat-

ing demand, especially in winter months, there was no significant drop of peak

demand related to PV production observed.
[59]
. Demand patterns that had relat-

ive more load during morning and evening hours benefit from PV systems with a

relatively lower tilt angle
[60]
.

Little is known about how demand patterns influence the optimal PV orienta-

tion for self-consumption, feed-in power flows, and revenues. Therefore it is not

clear to what extent self-consumption or revenue can be increased by optimizing

PV orientation, leading to suboptimal revenues.

With this paper, we aim to determine the influence and sensitivity of demand

patterns on the optimal PV system orientation for self-consumption, curtailed

energy under feed-in limitations, and PV revenue. Demand patterns of 48 res-

idential and 42 commercial buildings in combination with historical Dutch and

German electricity market data were used. We present new insights on PV sys-

tem design that help the PV market to maximize PV self-consumption and rev-

enues. Furthermore, increased PV self-consumption leads to reduced grid losses

and therefore potential energy savings and reduced CO2 emissions from backup

power generation.
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2.2 Methods
A model was developed and written in Python to determine the optimal orienta-

tion for each PV system. Demand patterns were combined with pricing patterns

and a range of PV orientation to find optimal PV orientations for three aims:

• Maximize self-consumption

• Minimize curtailed energy under feed-in limitations

• Maximize added revenue

For each optimization aim, indicators were defined which describe influences

of demand patterns on optimal PV orientation. Used indicators were annually

evaluated by patterns with a 5min interval. Furthermore, PVmodule azimuth was

varied from 75° till 285° and module tilt from 0° till 50°. Both angles were varied

with 1° steps, resulting in 10,761 different orientations analysed. Each orientation

has corresponding indicators. The optimization function selects the maximum or

minimum indicators and the affiliated PV orientation for each demand pattern.

Details about used PV model, demand patterns and price patterns are provided

in section 2.2.5.

2.2.1 Self-consumption indicators
Three indicators were used to analyse the effect of PV system orientation on PV

self-consumption of residential and commercial systems; self-consumption ratio

(SCR), self-sufficiency ratio (SSR), and added self-consumption (ASC). SCR, SSR are

quantified for a certain corresponding PV orientation. ASC quantifies the differ-

ence in self-consumption caused by a change from optimal orientation for en-

ergy production to optimal orientation for maximized self-consumption. The op-

timal orientation for energy production is commonly used as ideal orientation

and therefore a good reference to evaluate.

Self-consumed power (Pdirect SC) is the amount of PV power (PPV) that is

directly consumed by the electricity demand of a building. (Pdemand). Self-

consumption ratio specifies the share of PV yield that is directly consumed. This

is calculated by dividing self-consumed energy (ESC) with total produced energy

(EPV), see Eq. (2.1). Total self-consumption was calculated by the sum of self-

consumed power of each 5 min(∆t) interval between time step t=1 and tend.
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Pdirect SC =

PPV if PPV < Pdemand

Pdemand if PPV ≥ Pdemand

(2.1a)

ESC =

tend∑
t=1

Pdirect SC,t ·∆t (2.1b)

EPV =

tend∑
t=1

PPV,t ·∆t (2.1c)

SCR =
ESC

EPV
(2.1d)

Self-sufficiency ratio indicates the share of building demand directly covered

by PV yield, and is defined as the ratio between self-consumed energy (ESC) and

total consumed energy (Edemand) on annual basis, see Eq. (2.2).

Edemand =

tend∑
t=1

Pdemand,t ·∆t (2.2a)

SSR =
ESC

Edemand
(2.2b)

Added self-consumption indicates relative change between the maximum

self-consumption (ESC Max(SC)) which is obtained from the orientation that max-

imize the annual self-consumption, and the self-consumption obtained for a PV

orientation that maximizes energy production (ESC Max(PV)) in percentage, see Eq.

(2.3).

ASC =
ESC Max(SC) − ESC Max(PV)

ESC Max(PV)
(2.3)

2.2.2 Curtailed energy indicators
Two indicators were used to quantify the effect of PV orientation on the curtailed

energy under feed-in limitations. The annual amount of lost energy is quantified

with the curtailment loss ratio (CLR). This is the share of energy lost due to a feed-

in limitation (Elim) from energy that could be fed back without a feed-in limitations

(ENo lim). The total energy fed back due under a feed-in limitation is the sum of

power under (Plim). This power is restricted by a feed-in limitation (PFIL). The

curtailed energy (ECE) is defined as the difference between the maximum annual

energy that is fed back to the grid without a feed in limitation (ENo lim Max(ENo lim))

and with a feed-in limitation (ELim). CLR was calculated by dividing the curtailed

energy with the produced PV energy, see Eq. (2.4).
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PLim =

PPV − Pdemand if PPV − Pdemand ≤ PLim

PLim if PPV − Pdemand > PFIL

(2.4a)

ENo lim =

tend∑
t=1

PPV − Pdemand, t ·∆t (2.4b)

ELim =

tend∑
t=1

PLim,t ·∆t (2.4c)

ECE = ENo lim Max(ENo lim) − ELim (2.4d)

CLR =
ECE

EPV
(2.4e)

The share of curtailed energy that can be fed back to the grid due to the

change in orientation from maximizing annual energy production to minimize

curtailed energy is defined by the reduced curtailed energy (RCE). This is the relat-

ive change between the minimized curtailed energy (ECE Min(CE)) and the curtailed

energy under an orientation that maximizes energy production (ECE Max(PV)) in

absolute percentage, see Eq. (2.5).

RCE =
ECE Min(CE) − ECE Max(PV)

ECE Max(PV)
· −1 (2.5)

2.2.3 Added revenue indicators
Total revenue of a PV system (Rtot) is the sum of revenue from self-consumed en-

ergy (RSC) and revenue from sold electricity to the grid (RSE), see Eq. (2.6). This

depends power to the grid (PG), on the price of electricity bought from (πbuy) and

on the price of sold electricity (πsell) to the grid. Revenues were analysed with

fixed tariffs that have a constant price value throughout a year and with time-

of-use tariffs that vary for each hour of the year. Added revenue (AR) shows the

change between the revenue for an orientation with maximum energy produc-

tion (Rtot Max(PV)) and an orientation with maximum revenue (Rtot Max(Rtot)).

RSC = Pdirect SC · πbuy (2.6a)

RSE =

PG · πsell if PPV > Pdemand

0 if PPV ≤ Pdemand

(2.6b)

Rtot =

tend∑
t=1

(RSC,t + RSE,t) ·∆t (2.6c)

AR =
Rtot Max(Rtot) − Rtot Max(PV)

Rtot Max(PV)
(2.6d)
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Taxes or grid network operator costs induce a difference between the price

of electricity sold from and bought to the grid. The effect of this difference was

examined using the sales to purchase ratio (SPR) and is given in Eq. (2.7).

SPR =
πsell

πbuy
(2.7)

2.2.4 Temporal contribution
Contributions of hour of the day and month of the year on annual ASC, RCE and

AR values were analysed and defined as temporal fraction (TF). ASCTF, RCETF and

ARTF were calculated according to Eq. (2.8) , Eq. (2.9) and Eq. (2.10) respect-

ively. Subsets for each temporal factor were defined as TTF and each parameter

was calculated for a subset time t ∈ TTF. The temporal indicators of the corres-

ponding maximum (Max) annual optimal orientation were selected. For example,

ESC,TF,Max(SC) is the self-consumption for a certain temporal fraction, under the

orientation that maximizes the annual self-consumption.

ESC,TF =
∑

t∈TTF

Pdirect SC,t ·∆t (2.8a)

ASCTF =
ESC,TF,Max(SC) − ESC,TF,Max(PV)

ESC Max(PV)
(2.8b)

ENo lim,TF =
∑

t∈TTF

PPV,t − Pdemand,t ·∆t (2.9a)

ELim,TF =
∑

t∈TTF

PLim,t ·∆t (2.9b)

ECE,TF = ENo lim,TF Max(ENo lim,TF
)− ELim,TF (2.9c)

RCETF =
ECE,TF,Min(CE) − ECE,TF,Max(PV)

ECE Max(PV)
· −1 (2.9d)

Rtot,TF =
∑

t∈TTF

(RSC,t + RSE,t) ·∆t (2.10a)

ARtot,TF =
Rtot,TF,Max(R) − RTF,Max(PV)

Rtot Max(PV)
(2.10b)

An overview of acronyms used in this study with corresponding indicators and

equations is shown in Table 2.1.
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Table 2.1 ··· Overview of acronyms with corresponding indicators and equations.

Acronyms Indicator Equation

SCR Self-consumption ratio 2.1

SSR Self-sufficiency ratio 2.2

ASC Added self-consumption 2.3

CLR Curtailment loss ratio 2.4

RCE Reduced curtailed energy 2.5

AR Added revenue 2.6

SPR Sales to purchase ratio 2.7

TF Temporal fraction 2.8 & 2.10

2.2.5 Input data
Three kinds of patterns were required for our analysis; PV yield, electricity de-

mand and wholesale electricity price patterns. PV yield patterns, containing AC

power, were modelled through the open source package PVLIB (v0.4.5)
[61]
. This

package provides validated atmospheric functions and PV system performance

models. Solar radiation, ambient temperature, dew point temperature, wind

speed and pressure were measured in De Bilt, the Netherlands, (latitude: 52.11°,

longitude: 5.18°). Measurement interval of radiation was 10 min and for other

weather parameters one hour. All weather parameters were linearly interpol-

ated to a 5 min interval and used as model input. In addition, specifications of

the Sanyo HIP-225HDE1 module and the Enphase Energy M210 inverter were

used
[62,63]

. This PV module has a relatively small temperature dependency, de-

creasing the influence of temperature within the results. Azimuth angles were

varied from 75° till 285° and tilt angles from 0° till 50° tilt angles, with 1° steps.

Demand patterns of 48 households, with different dwelling types, were de-

rived frommeasurements by a Dutch distribution system operator between 2012

and 2014 and are openly available
[64]
. These residential patterns have an interval

of 15 min and are valid for 2013. Commercial electricity demand patterns were

measured at 42 commercial buildings, mainly offices, on a 15 min interval in the

Netherlands in 2013.

No demand data from 2010 till 2012 and from 2014 till 2016 were available.

Hence, data of 2013 was used to model demand patterns of these absent years.

Weekdays of these missing years were matched with weekdays of 2013, and leap

days of 2012 and 2016 were filled with the last day of February 2013. Both res-

idential and commercial patterns were linearly interpolated to a 5 min interval,

matching the time interval of the PV yield pattern.

We normalized residential and commercial patterns to an annual consump-

tion of 1 MWh. This allows comparison of the demand patterns variability. The

influence of each individual demand pattern was visualized using violin plots
[65]
.
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This type of graphical representation extends the regular box-whisker plot with a

full smoothed histogram of the values. This gives a quick indication of the distri-

bution of results obtained from each demand pattern. In addition, mean values

of the distributions were indicated using solid lines and 25% and 75% percentiles

were indicated by dotted lines. Distributions of hour of the day andmonthly elec-

tricity demand from residential and commercial buildings are shown in a violin

plot in Fig. 2.1.

Dutch and German hourly electricity wholesale price patterns from 2010 till

2016 were obtained from the day-ahead action of EPEX SPOTmarkets. The Power

NLmarket price was used as Dutchmarket price, and the Physical Electricity Index

price as German market price. The electricity price patterns were resampled to

a 5 min interval using zero-order hold interpolation, matching the PV yield and

demand patterns.

Market prices for 2016 and hourly difference between Dutch and German

prices are shown in Fig. 2.2. The difference between German and Dutch prices

influences the optimal PV orientation and added revenues. Hence, we included

both price patterns in our analyses, leading to a better understanding of market

price influence. An overview of measured and modelled input patterns used is

given in Table 2.2.
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Figure 2.1 ··· Hour of the day (a) and monthly (b) electricity demand shown using violin plots. Residen-
tial demand is shown on the left part of the violin and commercial on the right part of the violin. The

demand patterns were normalized to an annual energy consumption of 1 MWh. Mean values of the

distributions are marked by dashed lines and 25% and 75% percentiles are marked by dotted lines.
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Figure 2.2 ··· Hourly Dutch (a), German (b) and difference in (Dutch-German (c)) day-ahead electricity
market prices from 2016.

Table 2.2 ··· Overview of input timeseries used for this study.
Pattern Amount Measured Modelled

PV yield 10761 - 2010 until 2014

Residential buildings 48 2013 2010 until 2012 & 2014 until 2016

Commercial buildings 42 2013 2010 until 2012 & 2014 until 2016

Dutch market prices 1 2010 until 2016 -

German market prices 1 2010 until 2016 -

2.3 Optimal orientation without self-consumption
Optimal orientations tomaximize energy production andmaximize profit without

self-consumption are shown using Dutch and German market prices in Table 2.3.

Also, the corresponding annual yield and added revenues are given for each year.

The optimal PV orientations to maximize energy production show a large

range of annual differences. Optimal module azimuths are ranging from 181°

to 188°, and tilt angles from 33° to 38°. It can be noted that the optimal azimuth
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Table 2.3 ··· Optimal orientations to maximize energy production and optimal orientation to maximize
revenue without self-consumption. Corresponding annual yield (AC output) is given for a PV system

of 1 kWp. Added revenue values are given for the optimal orientations to maximize revenue.

Year Max PV yield Dutch market prices German market prices

orientations [°] EPV orientations [°] AR orientations [°] AR

azimuth , tilt [kWh] azimuth , tilt [%] azimuth , tilt [%]

2010 187 , 33 1046 180 , 33 0.12 179 , 33 0.13

2011 188 , 38 1078 184 , 37 0.05 184 , 37 0.05

2012 187 , 35 1010 184 , 36 0.02 184 , 36 0.04

2013 183 , 35 1027 178 , 35 0.06 176 , 37 0.14

2014 182 , 35 1068 179 , 37 0.05 178 , 36 0.04

2015 187 , 36 1111 182 , 35 0.08 184 , 36 0.02

2016 181 , 37 1086 177 , 38 0.06 177 , 39 0.10

Mean 185 , 36 1061 181 , 36 0.06 180 , 36 0.07

is located 1° to 8° from the south orientation. Clearing of clouds appears more in

afternoon hours than morning hours, resulting in larger share of radiation in the

afternoon. Annual PV yield production varied between 1010 kWh/kWp and 1111

kWh/kWp

Optimize PV orientation for market prices, without self-consumption, shows

module azimuths from 177° to 184° for Dutch market prices and from 176° to

184° for Germanmarket prices. These orientations are between≈3° and 8° lower
than the optimal azimuth for maximum energy production. Module tilt angles

are almost similar as found for maximum energy production. Small difference in

optimal orientations between Dutch prices and German prices are shown, with

maximum difference in azimuth of 2°. The maximum difference in module tilt is

1°. Furthermore, there is no clear annual relation between PV orientations and

the electricity market prices of countries researched. A higher azimuth angle for

Dutch than German prices is observed for 2010, 2013 and 2014, yet in 2015 the

opposite is seen.

Additional revenues due to the change from an orientation to maximize en-

ergy production to an orientation to maximize revenues are between 0.02%

and 0.14%. Added revenues increases with a larger difference in maximize en-

ergy production orientation and maximizing revenue orientation. Differences

between Dutch AR and German AR are ranging from -0.08% to +0.06 %. Fur-

thermore, mean optimal orientations and added revenues are almost similar for

Dutch and German market prices.
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2.4 Maximize self-consumption
Optimal PV orientations for maximized PV self-consumption, SSR and ASC of six

different PV system sizes are illustrated using violin plots in Fig. 2.3. The influence

of the residential and commercial demand patterns is shown in the distribution.

The left part of the violin plot provides the distribution of results obtained from

residential systems. Results of commercial systems are shown on the right part

of the violin. Note that PV system sizes, indicated on the horizontal-axis, are not

equally dispersed. Demand data were normalized to an annual energy consump-

tion of 1 MWh and data of 2016 were used. Mean values of the distributions are

indicated by dotted lines.

Note that a relative PV system size of 1 kWp for each MWh of annual energy

consumption is commonly installed in the Netherlands, since this will approxim-

ately fulfil the annual demand. PV systems sizes smaller than 1 kWp per MWh of

annual consumption are installed when there are space limitations. PV systems

>1 kWp per MWh of annual consumption are normally not installed, but included

in this analysis for a better understanding of the effect of demand patterns on PV

orientation.

2.4.1 Optimal orientation for self-consumption
The optimal orientations to maximize self-consumption are closer to the optimal

orientation to maximize energy production for smaller systems than larger sys-

tems. The latter orientation already results in a larger share of self-consumption,

and lower export to the electricity grid, for these smaller systems. Therefore, the

share of self-consumed energy that can be added due to optimizing the orient-

ation is relatively small. Consequently, the influence of individual demand pat-

terns on the self-consumption is lower, resulting in a slighter distribution range

for smaller systems.

Larger PV systems have a relatively lower share of self-consumed energy at

the optimal orientation to maximize energy production than the optimal orient-

ation for self-consumption. Relatively more energy is produced and directly con-

sumed in morning and evening hours. Consequently, the influence of individual

demand patterns on the orientation increases as well for larger systems. Resid-

ential patterns have a higher volatility during the day than commercial patterns,

see Fig. 2.1. Consequently, the orientation distribution for systems <1 kWp for

eachMWh of annual consumption have a broader range for residential than com-

mercial systems, whereas for larger PV systems the opposite holds.

Azimuth angles for optimal energy production are between 181° to 188°, see

Table 2.3. Residential systems show higher azimuth angles, whereas commercial

systems have similar azimuth angles. The peak demand of residential buildings
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Figure 2.3 ··· Optimal orientation for annually maximized self-consumed energy (a & b), corresponding
self-consumption ratio(c), self-sufficiency ratio(d) and added self-consumption (e) shown using violin

plots. Distributions of residential systems (left part of the violin) and commercial systems (right part of

the violin) are shown for six PV system sizes. Demand patterns were normalized to an annual energy

consumption of 1 MWh and data of 2016 was used. Mean values of the distributions are marked by

solid lines, and 25% and 75% percentiles are indicated by dotted lines.
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is during late afternoon, whereas commercial buildings have a peak at noon, see

Fig. 2.1. Consequently, the mean azimuth angles for residential systems are ori-

ented south-west and for commercial systems oriented south.

Mean azimuth for residential systems increases with larger relative PV sys-

tem size, while commercial systems show a small decrease. The optimal tilt de-

creases with an increasing PV system size, especially for commercial PV systems.

A lower tilt angle results in a broader but lower daily PV profile, since energy is

produced for a larger range of solar azimuth angles. This leads to higher self-

consumption for commercial systems. Furthermore, the distribution ranges of

optimal tilt angles are similar for commercial and residential systems, indicating

comparable influences of demand patterns on the tilt.

2.4.2 Effect on self-consumption
SCR decreases with larger PV system size and is larger for commercial than res-

idential systems. Commercial systems show a higher SCR because of a better

match between PV production and energy demand. The SCR distribution ranges

decreases with larger PV systems, indicating a reduced influence of the PV pattern

on PV self-consumption. Also, the SSR is larger for commercial than residential

systems and increases with PV system size. Contradictory to SCR, the SSR shows

an increased distribution spread with larger PV systems, related to the relatively

increased influence of the individual demand pattern.

ASC for commercial is smaller than for residential systems, showing that op-

timal PV orientation of commercial systems is closer to the optimal orientation

for maximizing energy yield. Consequently, ASC distribution range is consider-

able larger for residential than commercial systems. In addition, ASC increases

with PV system size, peaks at 2.5 kWp, and decreases for 5 kWp. Thus larger

PV systems will increase SSR, but decrease ASC. Annual SCR and SSR are around

10% point higher for commercial systems than residential systems. Furthermore,

the average ASC is larger for residential systems than commercial systems, for all

investigated PV system sizes.

2.5 Minimize curtailed energy under feed-in limitations
Optimal PV orientations to minimize the curtailed energy were analysed for a

1 kWp PV system per MWh annual energy consumption with feed-in limitations

from 0.1 till 0.7 kW/kWp. Distributions of these optimal orientations, and corres-

ponding CLR and RCE are shown in Fig. 2.4. The CLR and RCE were calculated

with an annual yield of 1086 kWh/kWp, derived from the optimal orientation for

energy generation for 2016 (181° azimuth and 37° tilt).
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Figure 2.4 ··· Optimal orientation for annually minimized curtailed energy (a & b), corresponding cur-
tailment loss ratios (c) and reduced curtailed energy (d) shown using violin plots. Distributions of

residential systems (left) and commercial systems (right) are shown for seven power feed-in limita-

tions. Demand patterns were normalized to an annual energy consumption of 1 MWh. Mean values

of the distributions are marked by solid lines, and 25% and 75% percentiles are indicated by dotted

lines.

With a strict feed-in limitation (0.1 kW/kWp), the optimal orientation to min-

imize curtailment losses is adjacent to the optimal orientation for maximizing

annual energy production for commercial systems. Residential systems show

a larger difference. With an enlarged feed-in limitation (towards 0.1 kW/kWp),

most energy that is produced during noon time cannot be fed back to the grid.

Subsequently, optimal PV orientation converges towards an orientation that in-

creases PV self-consumption for low power demand. This is achieved by reducing
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the tilt angle of the PV modules, thus flatten the PV yield profile and increase

self-consumption in the early morning and late afternoon.

With a relaxed feed-in limitation (towards 0.6 kW/kWp), more energy can be

fed-back to the grid. Thus, the optimal orientations converge towards the op-

timal orientation for energy production for both residential and commercial PV

systems. Moreover, the influence of demand patterns on the optimal orientation

decreases with reduced feed-in limitations. Consequently, the distribution range

of optimal orientation is decreasing as well. Curtailment losses are larger for res-

idential than for commercial PV systems and are reduced to a few percent for

feed-in limitations of 0.7 kW/kWp.

Annual RCE is increasing till a limit of 0.3 and afterwards decreasing. A strict

feed-in limitation of 0.1 kW/kWp has already a relative high curtailed energy loss

under the optimal orientation for energy production, compared to a feed-in lim-

itation of 0.3 kW/kWp. Consequently, the influence of changing the orientation

to reduce curtailed energy losses is larger with an increase of feed-in limitation

to 0.3 kW/kWp. A relaxed feed-in limitation of 0.7 kW/kWp has a relative low cur-

tailed energy loss under the optimal orientation for energy production. There-

fore, the change of curtailed energy losses by shifting the orientation is decreas-

ing.

Annual reduced curtailed energy for feed-in limitations <0.3 is larger for com-

mercial systems than residential systems, whereas for limitations >0.4 the op-

posite is seen. The benefit of optimizing PV orientation for RCE is larger for res-

idential than commercial systems, and the RCE is below 4% for all patterns and

feed-in limitations. A feed-in limitation of 0.5 kW/kWp has an averaged optimal

PV orientation of 183° azimuth and 32° tilt for residential systems, and 181° azi-

muth and 33° tilt for commercial systems. This shows that reducing the tilt angle,

compared to the orientation that maximizes energy yield, reduces the curtailed

energy losses.

2.6 Maximize revenue
2.6.1 Fixed prices
Influences of price patterns with a constant price for a 1 kWp system are shown

on the distribution plot of Fig. 2.5. Sold electricity has no economic value with

a SPR of zero, thus maximizing self-consumption is most beneficial. Therefore,

distribution of PV systems with different sizes and a SPR of zero are similar as in

Fig. 2.3. Distributions for a SPR of 1 show optimal orientations for maximizing PV

production.
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Figure 2.5 ··· Optimal orientation for maximized system revenue (a & b) and corresponding added rev-
enue (c) shown using violin plots. Distributions of residential systems (left) and commercial systems

(right) are shown for five fixed tariff pricing patterns. Demand patterns were normalized to an an-

nual energy consumption of 1 MWh and data of 2016 was used. Mean values of the distributions are

marked by solid lines, and 25% and 75% percentiles are indicated by dotted lines.

Both PV orientations of residential and commercial PV systems converge to-

wards the optimal orientation for maximizing PV yield. Influence of variation

between demand patterns is decreasing with an increase in SPR. Furthermore,

added revenue of SPR >0.5 is very limited with values below 0.1%. Overall, the ad-

ded revenue of PV systems is decreasing with exponential behaviour from≈1.7%
for residential systems and from ≈1.3% for commercial systems towards zero
with larger sales to purchase ratios.

2.6.2 Time dependent market prices
Distributions of optimal orientations for time dependent pricing patterns for 7

years are presented in Fig. 2.6. The right seven distributions show results using

Dutch prices and the left seven results using German prices, both for a PV system

size of 1 kWp and a SPR of 0. A SPR of 0 is chosen to show the orientations for

maximizing the value of self-consumed energy. The value of sold electricity is zero
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Figure 2.6 ··· Optimal orientation for maximized system revenue (a & b) and corresponding added rev-
enue (c) shown using violin plots. Distributions of residential systems (left) and commercial systems

(right) are for two markets and seven years. Results are shown for a PV system size of 1 kWp, a SPR

of 0 and demand patterns were normalized to 1 MWh of annual energy consumption. Mean values

of the distributions are marked by solid lines, and 25% and 75% percentiles are indicated by dotted

lines.

with an SPR of 0. Thus, PV self-consumption on moments with a relatively higher

electricity price is more valuable than PV self-consumption on moment with a

relatively low electricity price. German market prices have a larger variance in

prices between the early morning hours and afternoon hours than Dutch market

prices, which influences the optimal orientation. This is especially visible for 2014

and 2015, shown by the difference in optimal azimuth angle. Residential systems

show ≈3° higher azimuth angles for German prices than Dutch prices.
The average annual azimuth angles varied between 204° and 214° for resid-

ential systems, indicating a significant influence of each year on the optimal azi-

muth. The average optimal tilt angle varies between 24° and 28°. Furthermore,

the distribution range for residential systems is larger than the range show for

maximizing self-consumption, see Fig. 2.3. Commercial systems have average an-

nual azimuth angles between 180° and 194° and tilt angle between 17° and 20°.
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The range of annual difference between azimuths is larger for commercial than

residential systems. The optimal orientation for commercial systems is closer to

the orientations presented for the electricity markets without self-consumption

(see Table 2.3) than residential systems. Hence, the influence of the annual vari-

ation in market prices is larger on commercial than residential systems.

There is a small correlation between the orientations for the electricity mar-

kets without self-consumption and including self-consumption. Relative high azi-

muth angles for maximizing profit with self-consumptions were found for 2011

and 2012 for Dutch market prices, and for 2011, 2012 and 2015 for German mar-

ket prices. Residential and commercial systems show for these years a higher

azimuth angle than the seven years average azimuth angle.

Mean tilt angles of residential and commercial systems are always lower than

the optimal tilt angles for scenarios without self-consumption, see Table 2.3.

Commercial systems show lower tilt angles than residential systems. A lower

tilt angle results in a lower, but broader, daily PV yield. Hence, more moments in

time have PV energy production, which increases the self-consumption for com-

mercial systems.

The larger variance in market prices results in slightly more benefits for Ger-

man prices than the Dutch prices. Average annual added revenue for residential

systems is between 1.3% and 1.6% for Dutch prices and between 1.4 % and 1.7%

for German prices. Commercial systems show benefits between 1.0% and 1.4%

for both markets.

2.6.3 Comparison of nine scenarios
Optimal orientations to maximize added revenue for nine different scenarios is

presented in Table 2.4. The scenarios are created by varying the price patterns

and SPR for residential and commercial systems. The price patterns were varied

between fixed price patterns and time-of-use price patterns (Dutch and German

market prices). SPR were varied between 0, 0.5 and 1, therefore representing

minimum and maximum values of energy fed back to the grid. A 1 kWp PV sys-

tem was used with annual data from 2010 till 2016. Corresponding added self-

consumption is presented in the last column.

Residential PV systems with an SPR of 0 show a large range in azimuth and

tilt angles. This range indicates a large variance among the demand patterns.

Differences in values between the R1 and the R4 scenario are small due to the

low variance of the Dutch price pattern. The R1, R4 and R7 scenarios show the

largest range of optimal orientations with azimuth angles from 169° till 247° and

tilt angles from 11° till 40°. Largest revenues are observed for scenarios with an

SPR of 0.
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Commercial systems have lower mean azimuth angles in almost all pricing

scenarios compared to residential systems. Especially, optimal orientation val-

ues for fixed pricing scenarios are closer to the maximum orientation for energy

generation. Also, mean AR values from fixed pricing scenarios are lower for com-

mercial systems. In SPR 0 scenarios, Dutch and Germanmarket price show higher

mean AR values for residential systems than commercial systems.

The influence of market prices is larger in the SPR 0.5 and 1 scenarios. Con-

sequently, the difference in mean AR between residential and commercial sys-

tems is smaller. Also, in the SPR 0.5 and 1 scenarios, the AR for commercial

systems is larger than residential systems. Commercial systems have compar-

able AR values as shown for maximized revenue without self-consumption, see

Table 2.3. Residential and commercial systems show small differences in optimal

orientations between scenarios with German market prices and Dutch market

prices.

SPR 0 scenarios show a larger range of corresponding ASC and a higher mean

ASC for residential than commercial systems. However, the opposite is seen for

the scenarios with time dependent market prices and a SPR of 1. These scen-

arios even show negative corresponding ASC values for residential systems, in-

dicating a conflict in orientation between maximizing revenue and maximizing

self-consumption. Optimal orientations for maximizing revenue are closer to ori-

entations that maximize self-consumption for commercial systems than for res-

idential systems. Consequently, the larger difference between these orientation

results in lower corresponding ASC values for residential systems. Especially, the

R6 and R9 scenario have respectively mean ASC values of -0.18% and -0.20%, with

maximum self-consumption losses up to -0.82%.

2.6.4 East-West orientation
A common PV system design on flat roofs is the dual-tilt (or east-west) design.

This reduces wind load on PV modules, decreases shading losses and increases

the amount of PV modules that can be placed on a roof. This setup requires an

azimuth difference of 180° between the first (m1) and second (m2) module and

can have a tilt from 10° to 15° for both modules. The optimal azimuth angles for

this setup, combined with a tilt angle of 13° for both modules, for each scenario,

is presented in Table 2.5.

Mean optimal orientation for residential PV systems is in all scenarios

between 91° and 94° for the panel oriented eastwards. Commercial PV systems

have lower azimuth values, with mean values between 85° and 91°. Furthermore,

the difference between scenario C7 and C8 is comparable to the result that in-

cludes optimal tilt, see Table 2.4.
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Table 2.5 ··· Comparison of optimal orientation to maximize revenue for 9 different scenarios with a
dual-tilt PV system design. The PV modules are placed under a tilt angle of 13°. Residential system

scenarios are indicated by R, commercial by a C. The values are for a PV system size of 1 kWp, an

annual consumption of 1 MWh and for each year between 2010 till 2016. The range presents the

minimum and maximum value of the first module.

Scenario Price pattern SPR Azimuth [°]

Mean (m1 ,m2) Range (m1)

R1 Fixed 0 94 , 274 75 105

R2 Fixed 0.5 91 , 271 83 97

R3 Fixed 1 90 , 270 85 94

R4 Dutch 0 91 , 271 75 105

R5 Dutch 0.5 92 , 272 84 100

R6 Dutch 1 92 , 272 86 97

R7 German 0 91 , 271 75 105

R8 German 0.5 91 , 271 84 99

R9 German 1 91 , 271 86 96

C1 Fixed 0 89 , 269 75 105

C2 Fixed 0.5 89 , 269 82 95

C3 Fixed 1 90 , 270 85 94

C4 Dutch 0 85 , 265 75 105

C5 Dutch 0.5 89 , 269 80 97

C6 Dutch 1 91 , 271 85 96

C7 German 0 85 , 265 75 105

C8 German 0.5 89 , 269 81 96

C9 German 1 90 , 270 85 95

2.7 Temporal influences
We analysed the hourly contribution and monthly contribution of added self-

consumption, reduced curtailed energy and added revenue of 2016. The con-

tributions of ASC were determined using the orientation found for maximizing

self-consumption annually, see Fig. 2.3. Contributions of RCE were analysed us-

ing the orientations found to minimize the annual energy curtailed and a feed-in

limitation of 0.5 kW/kWp was used. Contributions of AR were determined using

the orientations found for maximizing annual revenue for the Dutch market. The

analysis was conducted for a PV system size of 1 kWp and demand patterns were

normalized to an annual energy consumption of 1 MWh. Added revenues were

calculated with a SPR of 0.5 and with Dutch market prices from 2016. The orient-

ation was kept constant over the year for each system.
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2.7.1 Hour of the day contribution
Hour of the day contributions are shown in Fig. 2.7. Residential PV systems have

negative ASC values between 6.00 and 9.00, due to the optimal module azimuth

for self-consumption of 212°. Subsequently, ASC is increasing in the afternoon

and positive in evening hours. Commercial PV systems show a relatively constant

ASC value during the day. Furthermore, the distribution range increases in morn-

ing and evening hours, especially for residential systems. This is a result of the

larger distribution of residential demand, especially shown in the afternoon.

Reduced curtailed energy distributions for a feed-in limitation of 0.5 kW/kWp

clearly indicate the hours for in which losses and benefits are gained by minimiz-

ing the curtailed energy. PV peak production occurs more in the afternoon than
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Figure 2.7 ··· Hour of the day contribution for added self-consumption (a) reduced curtailed energy
(b) and added revenue for the Dutch prices (c) shown using violin plots. Distributions of residential

systems (left) and commercial systems (right) are for a PV system size of 1 kWp and for 2016. Demand

patterns were normalized to an annual energy consumption of 1 MWh. Reduced curtailed energy was

calculated with a feed-in limitation of 0.5 kW/kWp and added revenue was calculated with a SPR of

0.5 and the year 2016. Mean values of the distributions are marked by solid lines, and 25% and 75%

percentiles are indicated by dotted lines.
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in the morning hours thus more PV energy is curtailed within these hours. There-

fore, the effect of optimizing on curtailed energy is positive in the afternoon, yet

negative in morning hours. Lower RCE fractions are shown for residential sys-

tems than commercial systems in morning hours and the opposite is seen in the

afternoon hours. Residential systems have a higher optimal azimuth angle for

RCE compared to commercial systems. Hence, less PV energy is produced in the

morning hours, resulting in lower RCE values.

AR distributions of the Dutch market prices show on average a constant value

for residential systems, but a variance for commercial systems. Residential sys-

tems have a higher optimal module azimuth than commercial systems. Hence,

residential systems produce less PV energy and have lower added revenue in the

morning. More energy is produced by residential than commercial systems in the

afternoon, resulting in larger benefits for residential systems. AR distributions

using German market prices show a similar daily pattern as shown with Dutch

prices, and are therefore not shown here.

2.7.2 Monthly contribution
Monthly contributions are visualized with the distribution plot of Fig. 2.8. ASC

distributions show negative values for the first, second month, and last three

months of the year for both residential and commercial PV systems. These

months have an optimal tilt angle higher than the annual optimal tilt angle for

self-consumption, resulting in a relative loss of self-consumption, especially for

residential systems. Yet, ASC values are positive from April until September, with

averages of ≈0.3% for commercial and ≈0.5% for residential PV systems. Thus,
the lost self-consumption from winter months is overcompensated by the gain

from summer months. Also, a large distribution range is shown for higher abso-

lute ASC values, especially for residential systems.

Monthly contributions of RCE show only positive mean average values for

April till August. Thesemonths have a higher share of PV power production which

excesses the feed-in limitation. The lower optimum tilt angle for RCE, compared

to the optimum tilt angle for energy production results in a broader but lower

daily PV profile. Therefore less energy has to be curtailed, which is especially

visible for these months. Residential and commercial systems show a similar

pattern over the year which is comparable with the ASC pattern. Monthly AR

contribution using Dutch and German market prices shows very small variation

over 2016, with all values between -0.11% and +0.12%. Positive values are shown

in summer months and negative values in winter months. However, German

market prices have positive AR contributions in winter months, and negative in

summer months, especially for residential systems. German market prices were
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Figure 2.8 ··· Monthly contribution for added self-consumption (a) reduced curtailed energy (b) and
added revenue for the Dutch prices (c) and German prices (d) shown using violin plots. Distributions

of residential systems (left) and commercial systems (right) are shown for similar assumptions as used

for Fig. 2.7. Mean values of the distributions are marked by solid lines, and 25% and 75% percentiles

are indicated by dotted lines.

relative lower than Dutch market prices for these periods, resulting in a lower

benefit from self-consumption.

Market prices in April and May were relatively low between the 11
th
and 15

th

hour of the day. Thus, the value of self-consumed energy during the day in-

creased. Between these hours, self-consumption for residential systems is lower

than commercial systems. Consequently, April and May showed larger added

revenues for commercial systems than residential systems.
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2.8 Discussion
In this research, we presented different optimal orientations, depending on op-

timization goal, demand patterns, PV system size and electricity prices. Clear

trends are observed between the various optimization goals. Maximizing self-

consumption is profitable with fixed prices, especially when there is no income

from electricity fed to the grid. Reduced curtailed energy due to optimizing PV

system orientation is 2.1 % for residential and 1.9% for commercial systems, for

a feed-in limitation of 0.5 kW/kWp. Optimizing orientation to maximize profit is

interesting for time-of-use tariffs especially when a large difference between the

sales and purchase prices is present.

Results on the influence of PV systems size and demand patterns on the op-

timal PV orientation are comparable with previous studies that included German

demand patterns
[54,57]

. Also, results from the German market are similar to a

study including German and Austrian markets
[53]
. Other results shown in this pa-

per are different from results of previous studies due to different markets
[50–52]

.

Our study did not account for the obvious limitation of pre-defined building

characteristics. Optimizing the PV orientation is only possible for buildings with

flat roofs. The orientation for most PV systems depends on the roof orientation

of a building. In the Netherlands, most residential buildings have a pitched roof,

yet most commercial buildings have flat roofs available, enabling optimized ori-

entation. Also, a change in orientation could lower the maximum power output

of a PV system. Consequently, potential smaller inverters can be used for these

systems. These inverters could reduce PV system costs, leading to additional be-

nefits that are not included in our study.

2.8.1 Data limitations
Our research has several limitations that could affect the findings. Residential and

commercial load is influenced by weather conditions, mainly by temperature
[66]
.

Only measured demand data of 2013 was used, therefore results of other years

are influenced by this effect. The difference between the mean optimal orient-

ation values of 2013 and the mean orientations values of other years (2010 till

2012 & 2014 till 2016) were analysed for nine scenarios and shown in Table 2.6.

Residential and commercial systems show similar difference in mean azi-

muth, ranging between ≈-4.8° and ≈-1.9°. Differences in optimal tilt are signi-
ficant lower for both residential and commercial systems, between ≈-0.16° and
≈+0.09°. The difference in optimal orientation between the measured year and
modelled years is smaller than the range in optimal orientation observed, see

Table 2.4. Therefore, we suggest that the influence of the individual demand pat-

tern on the optimal orientation is larger than the influence of weather.
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Table 2.6 ···Difference betweenmean orientation values of 2013 withmean values of other years (2010
till 2012 & 2014 till 2016) for residential (Res.) and commercial (Com.) systems for nine scenarios,

previously explained in section 2.6.4.

Scenario Price pattern SPR ∆ Azimuth [°] ∆ Tilt [°]

Res. Com. Res. Com.

1 Fixed 0 -0.59 -1.90 -0.16 0.03

2 Fixed 0.5 -2.30 -2.34 -0.16 -0.15

3 Fixed 1 -2.33 -2.33 -0.10 -0.10

4 Dutch 0 -0.17 -1.89 -0.19 -0.06

5 Dutch 0.5 -2.69 -2.48 -0.13 -0.14

6 Dutch 1 -2.67 -2.65 -0.09 -0.13

7 German 0 -2.23 -4.02 -0.10 0.08

8 German 0.5 -4.58 -4.31 0.05 0.02

9 German 1 -4.75 -4.62 0.04 0.09

The measurement interval of demand patterns was 15 min, resulting in

a more smoothed pattern than the actual pattern. The PV yield pattern is

smoothed out by 10 min, therefore missing high PV power peaks caused by cloud

enhancement. As a result, the overlap of the PV pattern with the demand pat-

tern changes, which leads to slightly different results. However, a previous study

found that relative errors were below 6% when using 15 min data to calculate PV

self-consumption
[67]
. In addition, irradiance and demand patterns were meas-

ured for locations in the Netherlands, however our results could be used for other

locations that show similarity in irradiance and demand patterns. A study for

other countries with different irradiance and demand patterns is recommended

for further research. Also, we modelled PV patterns without additional losses. In

the built environment shade losses could occur, resulting in lower production in

morning and evening hours.

2.8.2 Future trends
We used historical demand patterns, whereas future residential and commercial

demand could shift due to increasing electrification by heat pumps and electric

vehicles. Especially electric vehicles are expected to shift the peak demand for

residential buildings to the evening, when residents arrive home and charge their

electric vehicle. As a result, west oriented PV systems can increase their revenue

even more. On the other hand, charging of electric cars can also increase energy

demand of commercial buildings. When employees charge their electric vehicles

in the morning hours, east oriented PV systems could be more beneficial for self-

consumption. Alternatively, electric vehicle using charging algorithms aimed at

optimizing PV self-consumption have been suggested
[68]
.
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PV systems combined with energy storage change the optimal orientation,

depending on the battery storage size and algorithm. With sufficient battery ca-

pacity, the optimal orientation for maximizing energy production will be more

beneficial, as found in a previous study
[54,69]

. However, additional energy loss oc-

curs due to charging and discharging of the battery, resulting in a lower efficiency

of the total system.Demand side management applications could shift the load

towards moments with high solar irradiance, therefore influencing the optimal

orientation. Also, electricity price signals can influence the electricity time-of-use

for residential and commercial buildings. The effect of energy storage, demand

sidemanagement and price signals on the optimal orientation from a system per-

spective is unknown. Therefore, we recommended investigating the optimal PV

orientation with demand patterns including these opportunities.

It is expected that electricity market prices become more volatile with an in-

creasing share of renewables. An increase of PV production during day time will

lead to decrease of market prices, causing more benefits for east and west ori-

ented PV systems. This is already visible from differences between the results

using Dutch and German market prices. German market prices are influenced

by a larger share of renewables compared to Dutch market prices. Therefore,

lower prices are observed during moments when a larger share of electricity is

produced from renewables. Furthermore, the difference in market design and

limited interconnector capacity between the Dutch and German electricity mar-

kets affects the results. Yet, this could change in the future by integrating markets

and increasing interconnection capacity, resulting in smaller differences between

these two markets.

2.9 Conclusion
We combined 48 residential and 42 commercial demand patterns with differ-

ent PV system capacities, feed-in power limits and market prices to determine

the optimal PV orientation for seven individual years. Annual values for self-

consumption, curtailed energy and revenues under the optimal orientation were

comparedwith an orientation thatmaximizes annual energy production. Further-

more, nine different pricing scenarios were compared on the optimal orientation

for maximizing added revenue. Our findings show a clear relation between PV

orientation, demand pattern and electricity prices.

Commercial systems have relative more energy consumption during noon,

whereas residential systems during the evening. Consequently, residential sys-

tems have a higher average azimuth angle for optimizing self-consumption com-

pared to maximizing energy yield, whereas commercial systems have a similar
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average azimuth angle. Maximizing self-consumption can be achieved with an

azimuth of 212° and a tilt of 26° for residential and 188° azimuth and 17° tilt

for a commercial PV systems. Maximum increase in self-consumption found for

residential systems was 4.6% and commercial systems 2.6%.

A significant impact of reducing curtailment losses of the PV orientation was

observed, dependent on the feed-in limit. A lower module tilt angle flattens the

PV yield profile which decreases the curtailment loss. Annual curtailed energy

losses can be reduced with ≈2.1% for residential and ≈1.9% for commercial sys-
tems, under a feed-in limitation of 0.5 kW/kWp.

A small difference among optimal orientation for maximizing added revenue

was found between Dutch and German market prices. Azimuth angles for Ger-

man market prices are ±1° different than Dutch market prices. Variances con-
cerning tilt angles between these two markets are of the same order. Therefore,

similar added revenue for Dutch as for German market prices was found. Low

sales to purchase ratios lead to a higher influence of demand patterns, resulting

in a larger variance of optimal orientations.

The maximum revenue for PV systems can be increased up to 5.0% for cer-

tain demand patterns and scenarios. Also, orientations that were maximized for

revenue showed negative ASC values, indicating a conflict between optimizing ori-

entation for maximizing self-consumption or optimizing for maximizing revenue.

Nevertheless, this shows that a loss of self-consumption could be beneficial.

Analysing the contribution of three different temporal factors provided useful

insight in the obtained results. Hour of the day analysis indicated that increasing

self-consumption occurs in the evening hours for residential systems. Curtailed

energy is reduced significantly around noon as a result of a lower module tilt

angle. Furthermore, a small monthly variation was found for added revenue.

Including PV, demand and market price patterns gave a better insight on the

optimal PV orientations. Especially, the variance between investigated demand

patterns largely affects the orientation. To conclude, we advise that decisions

related to the orientation of PV systems should not only focus on maximizing en-

ergy production, but also include expected demand patterns and market prices.
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Abstract
Photovoltaic (PV) systems are increasingly deployed on buildings in urban areas,

causing additional power flows and frequency fluctuation on the low voltage elec-

tricity grid. Control strategies for PV-battery energy storage systems (BESS) assist

in reducing power flows to the grid and improve the self-consumption of PV gen-

erated electricity. Therefore, these control strategies require accurate forecasts

of PV electricity production and electricity consumption. We developed and as-

sessed relatively simple forecasting methods using 5 min resolution data, to pre-

dict the PV yield and to forecast electricity consumption for one year. We used

these forecasts with a predictive control strategy to increase PV self-consumption,

decrease curtailment losses and improve BESS revenues. Electricity demand pat-

terns of 48 residential and 42 commercial Dutch buildings were used. PV yield

forecast methods that uses predicted weather data shows the lowest forecast er-

ror. The best performing forecast method for predicting energy consumption of

residential buildings requires historical energy consumption data of the previous

seven days. Commercial systems require historical energy consumption of the

previous weekday. Significant reduction in curtailment losses is achieved using

predictive control strategies, especially in combination when clear-sky radiation

data is used to forecast PV yield. Similar self-consumption ratios were found for

predictive control as for real-time control. This indicates that reduction of curtail-

ment loss can be combined while maintaining the level of PV self-consumption.

Revenues from battery storage are increased by forecast methods and are highly

dependable on boundary condition of a PV-battery system, such as the feed-in

limit (FIL) and the feed-in tariff. Therefore, we recommend customizing battery

control strategies based on these system boundaries conditions to improve en-

ergy storage potential.
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3.1 Introduction
Optimal integration of photovoltaics (PV) produced energy in the low voltage elec-

tricity grid supports cost effective transition towards a fully sustainable energy

system. One way to enhance PV system integration is using battery energy stor-

age systems (BESS). PV systems with batteries enable the use of PV produced en-

ergy at later moments. Subsequently, more locally produced energy is used and

thus PV self-consumption increased. PV-battery systems can reduce the impact

on low voltage electricity grids when using algorithms that properly reduce PV

peak power. Consequently, investments in new cables and transformers can be

deferred to later years, thus saving on necessary update investments. Higher PV

self-consumption lower grid losses and potentially reduces CO2 emissions from

fossil-based backup power generation, especially when curtailment of PV energy

is avoided
[13]
. Another important economic incentive for self-consumption is the

absolute difference in consumption tariff and feed-in tariff. This difference indic-

ates the economic value of the self-consumed electricity. Due to all these bene-

fits, PV self-consumption is becoming a major incentive for continued PV market

growth in urban areas
[70]
. Subsequently, policies supporting PV self-consumption

are developed and implemented in multiple countries
[47]
.

Feed-in limits (FIL) restrict the maximum power flow which is exported back

to the electricity grid. These are usually given as a percentage of the installed

PV system capacity. Therefore, high PV peak power is avoided on the local elec-

tricity grid which increases power quality in low voltage grid. Electricity from PV

systems that is not exported nor used is lost, also known as curtailment losses.

Consequently, financial support schemes are developed that support the storage

of PV peak power. For instance, PV-battery systems in Germany can apply for fin-

ancial support when the power flow back to the grid is limited to 0.5 kW for each

kWp of installed PV capacity
[48]
. Furthermore, a lower feed-in power results in a

lower grid connection and potentially a reduced grid connection fee. In choos-

ing the best charging and discharging times, forecasts of PV electricity production

and electricity consumption are essential. Therefore the curtailment losses will

be reduced and the level of PV self-consumption can be maintained.

3.1.1 Literature review
Several studies examined forecasting methods for PV yield and electricity con-

sumptions. A comprehensive overview of PV forecasting methods has been given

in a recent review
[71]
. This study divided forecasting methods into probabilistic

forecasting and deterministic forecasting. Most of these studies used historical

measured data and/or weather data. For example, PV forecast methods have

been developed that used power output of neighbouring PV systems
[72]
. Also,
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various methods have been proposed to demand forecasting in a recent liter-

ature review, which made a division between statistical based and artificial in-

telligence based models
[73]
. Time-of-use models have been proposed to predict

energy consumption based on the user and appliances within a building
[74]
. A

limited amount of studies assess the influence of these forecasts on the per-

formance of control strategies for PV-battery systems. A recent review found

that control strategies using forecasting data with feed-in power limits showed

manageable curtailment losses. These strategies are promising, especially when

feed-in limitations are further reduced
[75]
. A study including a German residen-

tial demand profile has shown that 26% more PV capacity can be added to the

grid by using PV-battery systems with persistence forecast algorithms
[76]
. A Swiss

study assessed a control strategy that used forecasted PV power production un-

der clear-sky conditions for residential systems. This strategy has a shown a sim-

ilar performance in reducing curtailment losses as an exact PV forecast
[77]
. Also,

control strategies using variable time horizons from historical PV production data

have been proposed and assessed
[78–82]

. These control strategies used diverse

methods to determine the optimal battery state for each time step. Moreover,

Markov chain-based forecasting approaches have been suggested for optimizing

battery control strategies
[83]
.

The economic profitability of PV-battery systems depends on the aim of the

used control strategy. Storage of PV electricity to mitigate over-voltage problems

could be economically viable, if feed-in tariffs are higher than off-peak consump-

tion tariffs
[84]
. However, considering that a large share of the consumption tar-

iff consists of taxes, a feed-in tariff higher than a consumption tariff seems not

plausible. Control strategies that included a minimization of dwell times for high

battery state of charges (SOC) could improve battery life time
[85]
. For example, a

strategy that only stored PV energy required to meet the energy demand for the

following night could be used to achieve this aim
[86]
. Also, forecast based strategy

reduced the electricity bill of German households especially when a feed-in limit

is present
[87]
.

The literature illustrates that performance of control strategies for BESS is dir-

ectly influenced by the accuracy of the forecasted energy consumption of a build-

ing and PV production. Furthermore, a recent review study identified that the

economic impact of forecasting has not been studied in depth. More knowledge

on the influence of the combination of electricity demand and PV production fore-

cast methods is required to understand its impact on the PV-battery system. The

influence of combining forecast methods on performance of PV-battery systems

with different energy demand patterns is not well known. Most studies use a

limited number of residential demand patterns. Also, studies that assess the
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performance of commercial PV-battery systems, for example for office buildings,

were not found.

3.1.2 Research aim
The aim of this study is to assess the influence of PV and demand pattern fore-

casting methods on the performance of the PV-battery system, using a predict-

ive control strategy. This strategy aims to reduce curtailment losses without re-

ducing the self-consumption of the PV-battery system. Previous studies mainly

used single or a few demand patterns to assess forecast methods. Our paper

goes beyond these studies by using 48 residential and 42 commercial electricity

consumption patterns from a full year (2013) to test our forecasting methods. We

present the results in the form of distributions and statistics which give realistic

prognoses.

Most studies asses the performance of PV-battery systems using a single fore-

cast method, or assume a perfect forecast. Besides sophisticated models, for

example Markov chain models or artificial neuron network, are commonly used

to predict system behaviour. We aimed to develop simple statistical based fore-

casting methods to use in a battery control strategy. The developed methods are

easily applied to real-time applications and require less computational power and

data storage space. We believe this will increases the implementation potential

over the more sophisticated models.

Four methods to predict the PV yield and three methods to forecast energy

consumption of residential and commercial (office) buildings were developed and

assessed. A novel battery capacity reservation algorithmwas developed that uses

forecasting data. This algorithm updates the battery capacity reservation based

on the predicted demand and PV yield for each 5 min for each day. Moreover, it

is not dependent on location or seasonal influences, therefore widely applicable.

The sensitivity of used forecast methods on the PV-battery system performance

is assessed for different PV sizes, battery storage and battery inverter ratings,

feed-in limitations and electricity tariffs.

Our obtained results provide insights on PV and demand pattern forecasting

impact on PV-battery systems, especially for locations in Western Europe. Large

variety in modelled systems and our sensitivity study provides an overview of the

variety of results. Especially, the direct comparison between residential and com-

mercial systems shows the potential for each sector. This knowledge will help de-

velopers of BESS control algorithms to improve their products. Also, distribution

system operators gain a better understanding of the impact of feed-in limit on

the performance of PV-battery systems. This will help policy makers making bet-

ter decisions on strategies to implementing PV-battery systems in urban areas.
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The remainder of this paper is structured according to the following format.

Section 6.2 explanation the used data, developed forecasting methods and bat-

tery control strategies, and battery performance indicators. Section 6.3 presents

the results on the performance of the forecast methods and the battery con-

trol strategies. In Section 6.4 the sensitivity of the PV-battery system parameters

were assessed. Section 6.5 discusses the results and provides recommendations

for further research and implementation of the developed strategies. The paper

closes with the key conclusion in section 6.6.

3.2 Methods
The explanation of the methodology consists of four parts. Subsection 4.2.1 de-

scribes the used PV yield and electricity consumption patterns. Subsection 4.2.2

explains the developed forecasting methods to predict the PV production and

electricity consumption. Also the forecast errormetrics are explained. Subsection

3.2.3 explains the used battery storage model and control strategies. Subsection

4.2.4 defines the indicators used to assess the impact of these forecast methods

and battery control strategies on the performance of the PV-battery systems.

3.2.1 Real-time patterns
PV yield pattern
A PV yield pattern containing AC power was generated using the PVLIB (v0.5.0)

model for De Bilt in the Netherlands (52.11N, 5.18E), which is the location of the

Royal Netherlands Meteorological Institute (KNMI). The Python package PVLIB

contains validated atmospheric functions and PV system performance models

and is open source
[61]
. Solar radiation, ambient temperature, dew point temper-

ature, wind speed and atmospheric pressure data was measured by the KNMI.

The time interval of measurements was 10 min for radiation and one hour for

the remaining weather parameters. All weather parameters were resampled to a

5 min interval using linearly interpolation. These parameters were used to model

a PV pattern with a 5 min time step.

The PV yield pattern was modelled for a south oriented PV system (180° azi-

muth) with a module tilt of 35°. The PV system model used PV module para-

meters from the Sanyo HIP-225HDE1. This PV technology shows stable perform-

ance under varying Dutch weather conditions and has a relative low temperature

coefficient
[88]
. The Enphase Energy M210 PV inverter with 95.5% California En-

ergy Commission (CEC) efficiency was used to convert direct current (DC) power

PV output to alternative current (AC) power. The maximum DC input power of
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this inverter is lower than the maximum output of the module, thus the PV in-

verter is slightly underrated. But, a larger inverter will have a reduced efficiency

at low DC power inputs. Considering the Dutch weather conditions with many

cloudy days, this will result in lower PV power output. We estimated a 0.6 kWh

or 0.07% additional power loss caused by the clipping of the DC module power.

A 5% larger inverter decreases these clipping losses, yet the annual yield is lower

with 0.3 kWh. The PV yield pattern was scaled to a performance ratio of 85%,

which corresponds with good performing PV systems in the Netherlands
[89]
. The

modelled PV system yield was 956 kWh/kW for 2013. The standby consumption

of the inverter was 5.8 kWh, resulting in a net PV yield of 949 kWh/kWp. The PV

pattern was linearly scaled to the PV system sizes used throughout this study.

Demand patterns
Residential demand patterns were derived from measurements conducted by a

Dutch distribution system operator between 2012 and 2014, which are available

online
[64]
. 48 residential demand patterns, with different dwelling types, were

selected for 2013. Commercial electricity consumption of 42 buildings, mainly

offices, was measured in 2013. The selected residential and commercial demand

patterns have a data availability of 100% and were used in a previous study
[90]
.

Both residential and commercial demand patterns weremeasured at 15min time

resolution. Subsequently, these patterns were linearly resampled tomatch the PV

yield pattern. Hence, all used patterns have an interval of 5 min and cover the full

year of 2013.

Fig. 2.1 presents the distribution of the annual electricity demand for each

hour and each month of 2013 using violin plots. These plots combine a box-

whisker plot with a kernel density plot, providing a quick indication of the dis-

tribution of a dataset
[65]
. The wider sections of a violin plot indicate a higher

probability whereas the smaller parts show a lower probability of the value. The

electricity consumption was normalized to an annual electricity consumption of

1MWh. Residential electricity consumption is lower during the afternoon but

higher in the evening, compared to commercial energy consumption. The dis-

tribution range of residential consumption is larger in the evening hours, due to

the greater variation in user behaviour. Monthly electricity consumption shows

a larger variation for residential buildings than commercial buildings. Residen-

tial buildings are occupied less in the summer months due to longer daytimes

and holidays, if compared to winter months. Also commercial systems show a re-

duced consumption in August and December, mainly due holidays. Heat demand

of the buildings was not provided by electricity, therefore limiting the influence of

temperature on the electricity consumption.
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3.2.2 Forecasting methods
Forecasted PV and demand patterns were developed and assessed. These pat-

terns should be available prior to the start of each day of the year to be useable

for the predictive forecast strategies. Four methods were used to obtain the fore-

casted PV yield.

• Use the PV pattern of the previous day (PV-PD).

• Calculate the average PV pattern from the previous week (PV-PW).

• Use weather prediction data for the coming day to model the PV pattern (PV-

WX).

• Use clear-sky radiation to model the PV pattern (PV-CS).

The average PV pattern from the previous weekdays was constructed by tak-

ing the mean of each 5 min of each day. For example, the value from time step

12.00 is the average of the values from this similar time step of the previous seven

days. Forecasted weather parameters were obtained for the next 24 h with a 3

hour time step from the European Centre for Medium-Range Weather Forecasts

for location De Bilt (Netherlands)
[91]
. This dataset contains all weather paramet-

ers required tomodel the PV yield pattern with the PVmodel and was linear inter-

polate to a time interval of 5 min. The clear-sky radiation was modelled using the

Ineichen clear-sky model
[92]
. The remaining weather parameters for the clear-sky

PV pattern were set as constant values. These constants are a temperature of

12°C, a dew point temperature of 12°C, windspeed of 1 m/s, and a pressure of

101,325 Pa. Forecasted demand patterns were generated using three methods,

all requiring historically measured demand.

• Use the demand profile of the previous day (D-PD).

• Use the demand profile of the previous weekday or weekend day (D-PWD).

• Calculate the average profile from the previous seven days (D-PW).

The demand of the previous weekday or weekend day was found by selecting

the demand pattern measured from exactly seven days ago. The average profile

of the previous seven days was determined using a similar method as described

for averaging the PV patterns for seven days.

50



333

3.2 · Methods

Forecast performance indicators
The accuracy of forecasted PV yield and demand patterns related to actual pat-

terns was assessed using three error metrics: normalized root mean square error

(nRMSE), normalized mean bias error (nMBE) and mean absolute percentage er-

ror (MAPE). These are the most used metrics to evaluate forecasts
[71]
. The nRMSE

and MAPE assess the magnitude and volatility of the difference between actual

(Pactual) and forecasted pattern (PFC). The nMBE evaluates if the forecast methods

overestimate or an underestimate the generated power. The nRMSE and nMBE

were normalized with the maximum power output from the actual forecast. The

nRMSE, MAPE and nMBE are given in Eq. (3.1),Eq. (3.2) and Eq. (3.3) respectively,

where n indicates the number of total time steps.

nRMSE =

√
100%

n ·
n∑

t=1
(PFC,t − Pactual,t)2

Max(Pactual)
(3.1)

MAPE =
100%

n

n∑
t=1

∣∣∣∣PFC,t − Pactual,t

Max(Pactual)

∣∣∣∣ (3.2)

nMBE =

100%
n ·

n∑
t=1

(PFC,t − Pactual,t)

Max(Pactual)
(3.3)

3.2.3 Battery control strategies
Real-time and forecasted PV patterns were assessed using a PV-battery model.

This model assessed two control strategies and was developed in Python (v3.5).

The strategies were modelled for the residential and commercial systems for the

year 2013. A model step of 5 min was selected to match the time steps of input

patterns.

• Real-time control (RC). This strategy uses actual measured energy PV produc-

tion and energy consumption to control the battery energy storage systems.

No forecasts are required.

• Predictive control (PC). This strategy uses forecasted energy production and

forecasted energy consumption to reduce the curtailment losses. A forecasted

PV and demand pattern before the start of the day is required.
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Two PV-battery systems architectures, AC-coupled and DC-coupled, are

mainly used. In an AC-coupled system, the battery storage is connected with a

battery inverter to the electricity grid. The PV array is connected with a PV in-

verter to the electricity grid and a conversion step from DC to AC power is re-

quired. If the battery is charged then the AC power is converted back to DC. An

overview of the power flows within AC-coupled systems is shown in Fig. 3.1. In

a DC-coupled system, the battery is connected directly to the PV system inverter,

and no conversion to AC is needed. A charge controller is required to match the

PV voltage output within the boundaries of the battery voltage input. In this study

an AC-coupled lithium-based battery system is assumed. AC-coupled systems are

suitable for retrofit existing PV systems with battery storage and therefore widely

used in other studies
[93]
.

The battery inverter converts the AC power to a DC power as input for the

battery. The conversion efficiencies depend on the input power and were ob-

tained from a battery inverter efficiency curve. This curve was constructed using

efficiency parameters of the SMA Sunny Boy Storage inverter and has efficiency

steps of 0.01%
[94]
. The modelled efficiency curve has a CEC inverter efficiency

of 96.4%. A constant battery charging and discharging efficiency of 96% was as-

sumed. This leads to a DC input to DC output efficiency of 92.2%, almost similar

to the efficiency of a Tesla Powerwall
[95]
. The battery roundtrip efficiency from AC

input to AC output is≈ 0.85%. We assumed a BESS standby consumption of 0.1%
of the battery inverter rating. A typical battery system is operated in a restricted

SOC range due to safety reasons and to reduce aging. Consequently, the min-

imum state of charge (SOCmin) was set to 10% and the maximum SOC (SOCmax) to

90% of the battery storage capacity
[85]
. To keep the battery SOC within these con-

straints, the battery SOC in the first time step was set similarly as the minimum

battery SOC. Hence, the battery was charged for 10% at the start of the year.

PB charge 

PB discharge 

PPV 

Pdirect SC 

PG 

PG 

PV array PV inverter

Battery pack Battery inverter Electricity demand

Electricity grid

Figure 3.1 ··· Power flow diagram of an AC-coupled PV-battery system used in this study.
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Real time control strategy
Charging and discharging of the battery storage, and the power flows to and from

the grid for the real-time control strategy were modelled using Eqs. (3.5)-(3.9).

The power flows and battery state of charge were modelled for each time step

(t). The load potential (PB pot) depends on the difference between PV production

(PPV) and electricity demand (Pdemand), see Eq. (3.4).

PB pot = PPV − Pdemand (3.4)

The load potential that actually was charged or discharged is limited by the

maximum AC output of the battery inverter (PB inv max). We assume that the

maximum inverter charge power is identical to the maximum inverter discharge

power, see Eq. (3.5).

PB pot =

PB pot if |PB pot| < PB inv max

PB inv max if |PB pot| ≥ PB inv max

(3.5)

Next, the battery load was found using the charge (ηcharge) and discharge

(ηdischarge) efficiencies. These efficiencies are dependent on the corresponding

charge and discharge power. A charge potential was found when PV production

exceeds demands, and a discharge potential was found when demand exceeds

PV production. Charged or discharged energy potential (∆EB pot) was found by

multiplication of load potential with the used time interval (∆t) of 5 min, see Eq.

(3.6).

∆EB pot =


PB pot · ηcharge ·∆t if PB pot > 0

PB pot

ηdischarge
·∆t if PB pot ≤ 0

(3.6)

Afterwards, the charged or discharged energy (∆EB) was determined. This

depends on the current battery SOC (EB, t) and is limited by the minimum battery

SOC (EB min) and maximum SOC (EB max), see Eq. (3.7).

∆EB =


∆EB pot if EB, t + ∆EB pot ≥ EB min

∆EB pot if EB, t + ∆EB pot ≤ EB max

EB, t − EB min if EB, t + ∆EB pot < EB min

EB max − EB, t if EB, t + ∆EB pot > EB max

(3.7)

Then, the battery state of charge (EB, t+1) used for the next time step was

found by the summation of current SOC with the charged or discharged elec-

tricity. The actual battery load (PB) and inverter load (PB inv) were calculated from
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the charged or discharged energy, see Eq. (3.8).

EB, t+1 = EB, t + ∆EB (3.8a)

PB =
∆EB

∆t
(3.8b)

PB inv =


PB

ηcharge
if PB > 0

PB · ηdischarge if PB ≤ 0

(3.8c)

Finally, the power to the grid was determined (PG). First, the residual power

(PR) was calculated by subtracting the electricity consumption and battery load

from the PV produced power. The power flow to the grid is limited by the feed-

in limit (PFIL). The difference in positive power flows between the residual power

and the power to the grid is defined as the feed-in limit loss (PFIL loss), see Eq. (3.9).

PR = PPV − Pdemand − PB inv (3.9a)

PG =

PR if PR ≤ PFIL

PFIL if PR > PFIL

(3.9b)

PFIL loss =

PR − PG if PR − PG > 0

0 if PR − PG ≤ 0
(3.9c)

Predictive control strategy
The predictive control strategy aims to reduce the curtailment losses and main-

tain the level of self-consumption. Therefore, it reserves a battery storage capa-

city to charge PV power that exceeds the feed-in limit. This reserved capacity is

deployed when the actual power fed back to the grid surpasses the feed-in limit.

The reserved battery state of charge was calculated with Eq. (3.10) and Eq. (3.11).

The forecasted power that exceeds the feed-in limit (PFIL FC) was calculated

by subtracting the forecasted electricity demand (PD FC) and power feed-in limit

from the forecasted PV production. This was calculated in advance for each day,

thus the forecasts should be available prior to the next day. The forecasted power

that was charged with the battery (PB res), depends on the battery inverter rating

and charge efficiency, see Eq. (3.10).

PFIL FC = PPV FC − PD FC − PFIL (3.10a)

PB res =


0 if PFIL FC ≤ 0

PFIL FC if 0 < PFIL FC < PB inv max · ηcharge

PB inv max if PFIL FC ≥ PB inv max · ηcharge

(3.10b)
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A novel algorithm was developed to determine the reserved battery storage

capacity (EB res) for each time step. The reserved battery capacity was found by

the summation of reserved battery power from the start of a timeslot (t = 1)

until the end of a timeslot (t = end , timeslot). The length of those timeslots

varies between 5 min and 24 h, and decreases over the day. The first time step

of the day (from 00:00 until 00:05) used a reserved battery capacity which was

calculated for the next 24 h (from 00:00 until 00:00 the next day). The second

timeslot used the battery capacity calculated for the next 23 h and 55 min (from

00:05 until 00:00 the next day). This was continued until the last timeslot of each

day. Consequently, the reserved battery capacity was calculated for a declining

time period for each next time step of the day. Furthermore, the reserved battery

capacity was limited by the minimum and maximum battery SOC, see Eq. (3.11).

EB res pot =

tend , timeslot∑
t=1

PB res t ·∆t (3.11a)

EB res =

EB res pot if EB res pot ≤ EB max − EB min

0 if EB res pot > EB max − EB min

(3.11b)

The reserved battery storage capacity was subtracted from themaximum bat-

tery capacity to find the required battery SOC. This SOC was compared with the

battery SOC of the next time step that was calculated from Eq. (3.8). If the re-

quired SOC was lower than the battery SOC of the next time step, then the bat-

tery was only charged with PV power that exceeded the feed-in limit. Otherwise,

enough battery capacity is available to charge the difference between the PV pro-

duction and electricity consumption. The new potential was calculated according

Eq. (3.12), and was used to charge the battery according Eqs. (3.5)-(3.9).

PB pot =

PPV − Pdemand − PFIL if EB max − EB res ≤ EB, t+1

PPV − Pdemand if EB max − EB res > EB, t+1

(3.12)

An example of the predictive control strategy for a residential PV-battery sys-

tem is shown in Fig. 3.2. The predictive control strategy uses PV and demand

forecasts (subplot a) to determine the surplus power (Ptop). This predicted surplus

power is used to determine a reserved battery storage capacity (EB res), shown in

subplot (b). Charge of the battery storage during the day (subplot c) depends on

the reserved battery capacity and the actual PV production and energy consump-

tion.

More energy consumption is forecasted for 8
th
of June than what was actu-

ally consumed for that day. Hence, the reserved battery capacity is underestim-

ated for this day and therefore the battery charges excess PV energy in the early
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Figure 3.2 ··· Example of the predictive controls strategy operation of a residential PV-battery system
for two days. The top graph (a) shows the PV forecast using PV-CS method and the demand forecast

using D-PWD method. The middle graph (b) shows the reserved and actual battery state of charge.

The bottom graph (c) displays the power flows to (positive) and from (negative) the electricity grid

and the battery. Also the actual PV energy production, energy consumption and feed-in losses are

shown. The annual consumption of this household is 5.73 MWh. Corresponding PV-battery system

parameters used to this annual consumption are shown in Table 3.2.

morning hours. Consequently, the battery is fully charged at 13.00 and curtail-

ment losses occur afterwards. The second day shows an overestimation of the

demand forecast what results in a maximum battery capacity reservation for PV

peak charging. The battery starts charging excess PV energy around 12:00 and the

reserved battery capacity starts to decrease. The battery is fully charged around

16:30, and no curtailment losses occur on this day.

3.2.4 PV-battery performance indicators
The performance of control strategies with forecast methods on the PV-battery

system was assessed using three annual indicators.
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• Self-consumption ratio (SCR), which assess the share of direct consumed energy

by the building or the battery storage system.

• Curtailment loss ratio (CLR), which indicates the share of energy lost due to a

feed-in limit.

• Storage revenue ratio (SRR), which evaluates the financial gain generated by the

energy that is stored in the battery relative to the revenue of a system without

storage.

Self-consumption ratio is the share of energy self-consumed (ESC) from the

total energy produced (EPV). Self-consumed power is the power directly con-

sumed (Pdirect SC) by the building added with the power used for battery charging

(PB charge). The annual self-consumed power is aggregated from the first time step

of the year (t=1) until the last time step of the year (tend), see Eq. (6.1).

Pdirect SC =

PPV if PPV < Pdemand

Pdemand if PPV ≥ Pdemand

(3.13a)

PB charge =

PB inv if PB inv > 0

0 if PB inv ≤ 0
(3.13b)

EPV =

tend∑
t=1

PPV,t ·∆t (3.13c)

ESC =

tend∑
t=1

(Pdirect SC,t + PB charge,t) ·∆t (3.13d)

SCR =
ESC

EPV
(3.13e)

Curtailment loss ratio is the share of lost PV produced energy, because it can-

not be fed back to the electricity grid. The CLR is found by dividing the total feed-in

lost (EFIL loss) with the total produced PV energy, see Eq. (3.14).

EFIL loss =

tend∑
t=1

PFIL loss,t ·∆t (3.14a)

CLR =
EFIL loss

EPV
(3.14b)

Two annual energy flows are required to calculate the value of a PV (or PV-

battery) system: the reduced electricity imported from the grid and the sold elec-

tricity to the grid. The electricity import of a building decreases because of the

self-consumption. This decrease was calculated for a PV and PV-battery system

using the reduced imported electricity (ERIE). This is the difference between the
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electricity demand and the electricity imported from the grid. This imported elec-

tricity was converted to an absolute value. The sold electricity (ESE) is the sum-

mation of the exported power over time, see Eq (3.15).

ERIE =
( tend∑

t=1

PD,t ·∆t
)
−
∣∣∣( tend∑

t|PG,t<0

PG,t ·∆t
) ∣∣∣ (3.15a)

ESE =

tend∑
t|PG,t>0

PG,t ·∆t (3.15b)

Storage revenue ratio indicates the annual financial value of a PV-battery sys-

tem compared to a PV systemwithout storage. It is defined as the relative change

between the relative electricity revenue (RER) of these two system types. The RER

of the system consists of the value of the reduced electricity imported and the

sold electricity. The value of the reduced imported electricity depends on the con-

sumption tariff (πcons) and the value of the sold electricity depends on the feed-in

tariff (πfeed-in). These tariffs depend on electricity production costs, taxes and grid

network operator costs. The consumption and feed-in tariff were assumed as

constant over the examined time period. Besides, we used the RER in the nu-

merator and denominator to calculate the SRR. Consequently, we can cancel the

consumption and feed-in tariff and use a new term, namely the sales to purchase

ratio (SPR). This is the ratio between the feed-in tariff and the consumption tariff.

As a result, we can use a single factor to include the difference between the feed-

in tariff and the consumption tariff. The SPR was included in the RER, which were

calculated for a PV system (RERPV), and a PV-battery systems (RERPV-B). Finally,

the SRR was determined according Eq. (3.16).

SPR =
πfeed-in

πcons
(3.16a)

RER = ERIE + (ESE · SPR) (3.16b)

SRR =
RERPV-B − RERPV

RERPV
(3.16c)

The quality of the forecast methods on the PV-battery performance indicators

were assessed by comparing the results from using the exact forecast (FC exact)

to results from a forecast scenario (FC scenario). A forecast scenario consists of

a PV forecast method and demand forecast method. The difference in perform-

ance indicator (∆se) was calculated in percentage points (%p) for the SCR, CLR and

SRR, according Eq. (3.17).

∆se = FC scenario− FC exact (3.17)
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3.3 Results
3.3.1 Performance of forecasting methods
The forecasted PV and energy demand patterns were compared with the actual

values using nRMSE, MAPE and nMBE. Annual errors for PV patterns forecast

methods are presented in Table 3.1. PV yield forecasting with weather predic-

tion data (PV-WX) has the lowest nRMSE and MAPE of respectively 11.4% and

5.5%. Highest errors were found for the PV yield forecasting method that used

clear-sky radiation, which is indeed a worst case considering the typically cloudy

weather in the Netherlands. This method show nRMSE and MAPE that is almost

two times larger than for the PV-WX method.

A higher nRMSE but an almost similar MAPE are seen for the PV-PD method

compared to the PV-PW method. Thus, the PV-PD method has a larger volatil-

ity of error, but the magnitude of errors for both methods is comparable. The

lower volatility of the PV-PW method is clearly caused by averaging the historical

PV production data of the previous seven days. The nMBE of PV-WX is close to

zero, indicating that the PV energy production is neither under or overestimated.

The PV-PW and PV-WX show negative values, indicating an underestimation of PV

yield. The clear-sky method has a positive error and overestimates PV yield. This

overestimation is around 10 times higher nMBE error than the errors observed

with the PV-PD or PV-PW.

Errors of forecasted residential and commercial demand patterns are presen-

ted using violin plots in Fig. 3.3. Lowest average nRMSE from residential patterns

are observed for the D-PW method, specifically 7.4%. Also, this method has the

smallest distribution range, from 3.2% to 11.1%. Largest errors are seen for the

D-PD method, with an average of 9.5% and a maximum of 14.7%. Commercial

patterns show larger differences between the forecast methods. Lowest aver-

age nRMSE is observed for D-PWD patterns, specifically 9.1%. The D-PW method

shows highest errors for commercial patterns, which is in contrast with the errors

seen for residential systems.

MAPEs of the demand forecast methods show similar trends as seen for

nRMSE. The nMBE shows values of zero for D-PD and D-PWD methods. These

Table 3.1 ··· Annual normalized RMSE, MAPE and normalized MBE values of the PV patterns forecasting
methods, for 2013

Forecasted PV pattern PV-PD PV-PW PV-WX PV-CS

nRMSE [%] 16.98 14.98 11.35 20.64

MAPE [%] 7.79 7.82 5.51 10.51

nMBE [%] -0.84 -0.88 -0.26 9.33
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Figure 3.3 ··· Normalized RMSE (a), MAPE (b) and normalized MBE (c) of the demand forecast methods
for residential patterns (left part of the violin) and commercial patterns (right part of the violin). Mean

errors of the distributions are marked by solid lines, and 25% and 75% percentiles are indicated by

dotted lines.

methods use data of the previous day, or previous weekday. Consequently, dif-

ferences between the actual and the forecasted power are averaged out to zero

over the full year. The D-PWmethod shows a minor impact on the nMBE, with an

average overestimation of electricity consumption for commercial systems.

Moreover, the errors for commercial patterns are larger than for residential

patterns, especially with the D-PD and D-PW method. Also, these methods have

a far wider distribution range of errors than residential systems. This is related to

larger differences of energy consumption between weekday and weekend days

in commercial buildings than in residential buildings. Overall, residential demand

forecast should include historical energy consumption of multiple days, whereas

commercial demand only requires a single day.

3.3.2 Performance of control strategies
Real-time and predictive control strategies were assessed using performance in-

dicators for residential and commercial PV-battery systems. The predictive con-

trol strategy has four PV forecast options and three electricity consumption fore-

casts options, resulting in twelve forecast options. Also, the assessment included

the PC strategy using exact PV yield and exact electricity demand forecast. To sum

up, one RC strategy and thirteen PC strategies were assessed.

The control strategies were assessed using similar PV-battery system para-

meters. All demand patterns were scaled to an annual consumption of 1 MWh,

allowing us to compare patterns. Usually in the Netherlands, for each 1 MWh of

annual energy consumption 1 kWp of PV is installed. This will almost fulfil the

annual energy consumption. Hence, a PV system size of 1 kWp was chosen with

a PV inverter of 1 kW. A battery storage size of 1 kWh for each MWh of electricity

demand was chosen based on previous studies
[69,93]

. A battery inverter rating of
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0.5 kW per kWh storage capacity was selected. This charge or discharge rate is

quite common, for example with the Tesla Powerwall
[95]
. The feed-in limit was

set to 0.5 kW per kWp installed PV capacity, based on the subsidy requirement

for German PV-battery systems
[48]
. SRR was calculated using a sales to purchase

ratio of 0.5. We assumed that the consumption tariff would be twice as high as

the feed-in tariff due to the inclusion of taxation and network costs. An overview

of default set of relative reference parameters is given in Table 3.2.

The influences of the fourteen options on SCR, CLR and SRR for the reference

PV-battery systems are presented using violin plots in Fig. 3.4. Results from the

RC strategy are shown in the most left violin plot. The second violin plot shows

results from the PC strategy using exact forecasts. The remaining options present

results of the PC strategy that uses all possible combinations of the PV and de-

mand forecast methods.

Self-consumption ratio
Observed SCR are significantly higher in all strategies for commercial systems

than for residential systems. Average residential SCR observed are between

56.6% and 57.6% under all control strategies. Commercial systems show a smal-

ler variation in average between the control strategies, with values between

65.8% and 66.0%. Similar SCR are observed both in the RC strategy as the PC

strategy, with exact forecasts. Also, PC strategy with PV pattern forecast based on

weather prediction data (PV-WX) or based on the average values of last week (PV-

PW) show nearly similar SCR. PC forecast using clear-sky radiation (PV-CS) show

≈0.9% point lower SCR for residential and≈0.2% point lower SCR for commercial
systems. Minor differences are observed between demand forecasting methods.

The distribution shape of commercial systems is significantly different than for

residential systems. The difference between 25% and 75% percentile is≈3.5% for
residential systems and≈2.8% for commercial systems. Yet, the total distribution
range for residential patterns is≈6% point larger than for commercial systems. A
maximum SCR of 68.7% is observed for numerous commercial systems, whereas

only a few residential systems show a SCR peak of 65%. This is caused by a bigger

Table 3.2 ··· Reference PV-battery system parameters.
Reference parameter Value Unit

Relative PV system size 1 kWppv MWhdemand
−1

Relative battery storage size 1 kWhbess MWhdemand
−1

Relative battery inverter rating 0.5 kW/kWhbess MWhdemand
−1

Relative feed-in limit 0.5 kW/kWppv MWhdemand
−1

Sales to purchase ratio 0.5 -
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difference in time-of-use of electricity from residential buildings than from com-

mercial buildings, see Fig. 2.1. The latter have relative higher energy consumption

at noon, on moments with larger shares of PV produced energy. Also, residen-

tial buildings have relatively lower energy consumption in summer months when

compared to commercial buildings.

Curtailment loss ratio
Curtailment losses are significantly lower for all PC strategies than for the RC

strategy. Average CLR of residential system decreases from 5.0% for RC strategy,

to 0.4% for exact forecast. The PV-CS forecast method has lowest CLR from re-

maining PC strategies, specifically between 0.9% and 1.2%. The PV-CS forecast

overestimates PV surplus production thus more battery capacity is reserved to

store these peaks. For that reason, relativelymore PV energy is stored and a lower

CLR is realized. Yet, a lower SCR is obtained because the battery capacity is not

fully utilized to improve self-consumption. The PV-PD, PV-PW and PV-WX under-

estimate PV peak production. Consequently, less battery capacity is reserved and

a larger share of PV peak production cannot be stored, which results in higher

CLR. However, these PV forecast methods have a higher SCR because a bigger

share of battery capacity is used for self-consumption.

Commercial systems show an average CLR decrease from 2.9% for RC strategy

to 0.2% for PC strategy with exact forecast. Residential systems have higher cur-

tailment losses than commercial systems under all scenarios. Commercial build-

ings have higher energy consumption during daytime, which are moments when

PV power generation occurs. Therefore, less excess PV power is curtailed in com-

mercial systems than in residential systems. Subsequently, the difference in CLR

between the RC strategy and PC strategies is larger for residential systems. The

CLR distribution range is smaller for commercial systems than residential systems

and is decreasing with lower curtailment ratios. Systems with a higher SCR have

a lower CLR. This explains why the CLR distribution shape of commercial systems

shows the opposite shape of the distributions seen for the SCR. The reduction

in CLR is limited by the reserved battery storage capacity. The influence of the

reserved battery storage limits the distribution range of the residential systems.

Storage revenue ratio
Higher SRRs are observed for all PC strategies compared to the RC strategy. Aver-

age SRR for residential systems are increased from 14.9% for RC strategy to 18.6%

for PC strategy with exact forecast. Commercial PV-battery systems show a smal-

ler increase from 11.3% to 13.2%. This increase in storage revenues are solely
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caused by the reduction of the curtailment losses, which are larger for residen-

tial systems than for commercial systems. SRR distribution range for commercial

system is larger than for residential systems. The distribution shape of the com-

mercial systems is almost similar as seen with SCR, whereas residential systems

show a different shape. Residential systems have higher curtailment losses, thus

more value is created by reducing these losses. Consequently, the shape of the

SRR distribution is influenced more by the CLR for residential systems than for

commercial systems.

It is remarkable that the PC strategies that use the PV-CS forecast method

show highest SRRs, but this forecast method has the largest nRMSE (see Table

3.1). The PV forecast method with the lowest forecast errors (PV-WX method)

has lower SRRs. The PV-CS forecast method overestimates PV yield, whereas the

PV-WX forecast underestimate this yield. In case of an underestimation of PV

yield, not enough storage capacity is reserved and electricity is lost. In case of an

overestimation of yield, sufficient storage capacity is available and no energy is

lost. The underestimated yield of the PV-WX method has a lower error than the

overestimated yield of the PV-CS method. Therefore a lower forecast error does

not directly imply higher storage revenue.

Differences in average SRR related to the demand forecast method for PC

strategies are relatively small. Furthermore, there is not a single demand fore-

cast method that performs better for residential systems. However, the D-PWD

forecast method shows the best performance for commercial systems. The dif-

ference in nRMSE between the forecasted residential demand patterns is con-

siderably smaller than observed for commercial demand patterns, see Fig. 3.3.

Subsequently, the influence of the demand forecast method is smaller for resid-

ential than for commercial systems.

Furthermore, the variation in PV energy production is much larger than vari-

ation in electricity consumption. Consequently, differences in nRMSE between

the PV forecast methods are larger than the demand forecast methods. The dif-

ference between lowest and highest nRMSE forecast errors for the PV forecast

method is 9.3% point. In contrast, this difference is 2.1% point for residential and

5.3% point for commercial demand forecasts. Thus, PV forecast methods have a

larger influence than demand forecast methods.
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3.4 Sensitivity analysis
The impact of PV-battery systems parameters on PV-battery performance indic-

ators was assessed for six situations. The RC strategy and PC strategy with exact

forecast were used to assess the absolute value of the indicator in percentage.

Also, four forecast scenarios were assessed to provide insight in how much influ-

ence the forecast methods have on the PV-battery system performance. These

four scenarios have each another PV-forecasting method. The demand forecast

method with the lowest nRMSE was selected to predict electricity demand. These

are the D-PW forecast method for residential systems and the D-PWDmethod for

commercial systems. Performance indicators of these four scenarios were com-

pared to performance indicators obtained with the PC strategy and using exact

forecasts. Differences between the exact forecast and the four scenarios (∆se)

are given in percentage points (%p). An overview of these scenarios used in this

sensitivity study for residential and commercial systems is given in Table 3.3. The

evaluated system parameters were varied while other parameters were kept con-

stant, according to reference PV-battery system values, see Table 3.2.

3.4.1 PV system size
Relative PV system size influence on the performance indicators are presented in

Fig. 3.5. The PV system size was varied with steps of 0.01 kWp. Results from

the RC strategy and PC strategy with exact forecast are presented on the left

graphs. Results of differences between the four scenarios and the exact forecast

are shown on the right. The locations of the line markers represent the values of

reference PV-battery system parameters.

RC strategy has almost similar SCR average values as the exact PC strategy.

Residential SCR decreases more rapidly than for commercial systems when PV

system size increases, as shown in Fig. 3.5 (a). The difference in SCR between res-

idential and commercial systems increases until a relative PV system of 0.8 kWp,

to a maximum of 8.8% point. Afterwards this difference reduces to 3.8% point

for a 3 kWp relative PV system size. Small SCR differences are observed in the S-

PW and S-WX scenarios, which states these have an almost similar performance

Table 3.3 ··· Overview of forecast scenarios for residential and commercial systems, assessed in the
sensitivity analysis.

Scenario name S-PD S-PW S-WX S-CS

PV yield forecast PV-PD PV-PW PV-WX PV-CS

Residential demand forecast D-PW D-PW D-PW D-PW

Commercial demand forecast D-PWD D-PWD D-PWD D-PWD
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Figure 3.5 ··· Influence of relative PV system size on SCR (a), CLR (c) and SRR (e) for the real-time control
(RC) and the predictive control with exact forecast (Exact PC). Difference between forecast scenario

and exact forecast (∆se) in SCR (b), CLR (d) and SRR (f) are shown for four scenarios in percentage

points [%p]. The solid lines show the average value of residential systems and the dotted lines show

averages of commercial systems. An overview of the scenarios is given in Table 3.3. Remaining system

parameters are given in Table 3.2. The markers indicate the reference PV-battery system values.

as the exact forecast. Larger differences are seen in the S-CS scenario, with SCR

of 0.9% point lower for a PV system size of 1.4 kWp. For larger PV systems, a

reduction in differences is observed.

A faster increase in CLR is observed for RC strategy compared to exact PC

strategy. Differences between residential and commercial CLR are larger for RC

than for PC strategy, under all analysed PV system sizes. The S-CS has the largest

reduction of curtailment losses, whereas the S-PW scenario has the lowest. All

scenarios show a lower CLR for commercial than for residential systems. Storage

revenues for PV system sizes increase until 0.4 kWp and are similar for the RC and

PC strategy. For larger PV systems, SRR decreases because the battery storage

system cannot store all excess PV energy. Consequently, more PV electricity is

sold to the grid and electricity is lost due to the feed-in limit. This increases the

revenues of a PV system without storage, and thus decreases SRR. Furthermore,
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larger differences in revenue between residential and commercial systems are

observed. The S-CS scenario shows the best performance, with a SRR difference

of ≈ 1% for all analysed PV system sizes.

3.4.2 Battery storage capacity
The impacts of relative battery storage capacities with a 0.01 kWh step size are

shown in Fig. 3.6. SCR increases related to larger battery capacities, and is larger

for residential than for commercial systems. Residential systems increase from

32.2% to 75.1% and commercial systems from 44.0% to 79.0%. The battery stor-

age capacity has a minor effect on the difference in SCR between the RC and PC

strategy. The S-CS scenario overestimates PV yield production, therefore more

storage capacity is reserved than is needed to store the excess PV power. So,

a large difference is observed between the exact and the S-CS scenario, which

peaks at a storage capacity of around 0.5 kWh. The share of reserved battery that
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Figure 3.6 ··· Influence of relative battery system capacity on SCR (a), CLR (c) and SRR (e) for the RC and
PC with exact forecast, and difference in SCR (b), CLR (d) and SRR (f) of the scenarios minus the exact

forecast. The solid lines show the average value of residential systems and the dotted lines show

averages of commercial systems. Reference system values are indicated by the markers.
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is overestimated from the total battery capacity reduces with larger battery stor-

age capacities. Consequently, the difference with the exact forecast is reduced

and reaches similar values as the other three forecast strategies (at 2.5 kWh).

With an increase in battery size, curtailment losses are faster decreasing for

exact PC strategy compared to RC strategy. CLR decreases with the exact PC

strategy from ≈5.8% to 0.1% for residential systems and from ≈3.3% to 0.08%
for commercial systems. This means that larger battery storage capacities are

required to completely eliminate curtailment losses. Large∆se are shown for the

S-PW and small∆se for the S-CS scenario.

SRRs are higher for residential than for commercial systems, and higher for

exact PC strategy than for RC strategy. Storage revenues show an almost linear

increase until a storage capacity of ≈ 0.5 kWh. Highest SRRs are reached at capa-
city of 2.75 kWh, specifically 25.0% for residential systems. Commercial systems

reach a maximum SRR of 16.7% at a storage capacity of 2.4 kWh. A small drop in

SRR is observed for larger storage capacities, caused by higher share of charging

and discharging losses. For this reason, larger battery sizes are not recommen-

ded. The S-CS scenario has the largest revenue of all used forecast scenarios,

which is similar as observed for the PV system size sensitivity analysis.

3.4.3 Battery inverter rating
The impact of relative battery inverter rating, for steps of 0.0025 kW, is presented

in Fig. 3.7. Comparable SCR for the RC strategy as for the exact PC strategy are

shown. SCR is rapidly increased until a battery inverter rating of ≈0.1 kW, and
converges to a maximum of 57.9% for residential and ≈66.3% for commercial
systems. An interesting observation for the RC strategy can be made concerning

the relation between battery inverter rating and curtailment loss. CLR decreases

until an inverter rating of 0.12 kW, but show an increase for larger capacities. A

lower inverter rating limits the charge rate of a battery, i.e. the battery is charged

slower. As a result, additional battery capacity becomes available to charge PV

peak energy and therefore reduces curtailment loss. This limited battery char-

ging disappears with ratings >0.6 kW because no change in curtailment loss is

observed for these capacities.

SRR of residential and commercial systems are increased using the RC strategy

until a rating of 0.19 kW. Using the PC strategy, this increase is observed until 0.4

kW for residential and 0.33 kW for commercial systems. Larger inverters have

a higher share of energy loss due to the battery and inverter efficiencies, which

results in lower revenues. For this reason, battery inverters with ratings >0.4 kW

per kWh of storage capacity are not recommended.
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Figure 3.7 ··· Influence of battery inverter rating on SCR (a), CLR (c) and SRR (e) for the RC and PC
with exact forecast, and difference in SCR (b), CLR (d) and SRR (f) of scenarios minus exact forecast.

Residential systems are indicated by solid lines and commercial systems are indicated by dotted lines.

Reference system values are indicated by the markers.

3.4.4 Feed-in limit
Influence of the relative used feed-in limit with steps of 0.025 kW, are presen-

ted in Fig. 3.8. The RC strategy does not affect the timing of battery charging or

discharging, thus is not affected by the feed-in limit. With the exact PC strategy,

battery capacity is reserved to store PV energy which exceeds the feed-in limit.

Consequently, under a restricted feed-in limit, less energy can be stored and dis-

charged on later moments. This results in a small reduction of SCR, especially

visible for residential systems.

PC strategies show a decrease of SCR until a certain FIL, thereafter followed

with an increase in SCR. This is especially visible for scenarios where there is an

overestimation of the PV energy production, namely the S-CS scenario. A more

strict limitation (towards 0 kW) requires more reserved battery capacity to store

excess PV. Hence, relatively less storage capacity is available to store direct excess

PV energy. For more relaxed limitations (towards 1 kW), less PV peak power must
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Figure 3.8 ··· Influence of the relative feed-in limit on SCR (a), CLR (c) and SRR (e) for the RC and PC
with exact forecast, and difference in SCR (b), CLR (d) and SRR (f) of scenarios minus exact forecast.

Residential systems are indicated by solid lines and commercial systems are indicated by dotted lines.

Reference system values are indicated by the markers.

be curtailed. Subsequently, a lower amount of storage capacity is reserved for ex-

cess PV peak power, and more storage capacity is available for self-consumption.

Using the RC strategy, curtailment losses are eliminated at a FIL of ≈0.85 kW.
The PC strategy completely removes these losses at a FIL of ≈0.7 kW. The FIL
shows a large sensitivity of the used forecast scenario. For residential systems,

the S-WX scenario has higher CLR reduction compared to the S-PD scenario, with

feed in limits <0.4 kW. The opposite is seen for more relaxed FILs. This shows that

the weather forecast method underestimate the PV peaks (>0.4 kW) compared to

the PV-PD method. This could be caused by the weather forecast time step of 3 h

used in the PV-WX forecast method. Therefore, PV peaks are averaged out, which

is also shown for the PV-PWmethod. Subsequently, battery capacity reservations

for these higher peaks are lower, and curtailment losses are higher.

When no PV energy can be fed back to the grid, similar SRRs are shown for

RC as for PC strategy. Corresponding SRR are 69.2% for residential and 43.4%
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for commercial systems. Benefits of PC strategy over RC strategy increase until

a FIL of 0.2 kW for both residential and commercial systems. With these feed-in

limits, SRR are 8.2% point higher for residential systems and 6.0% point higher

for commercial systems, as shown in Fig. 3.8 (e). For more relaxed limitations

(towards 1 kW), differences between the RC and PC strategy disappear. Storage

revenues with a FIL of 1 kW depend only on the increased PV self-consumption.

The S-CS scenario shows the highest SRR, whereas lowest SRR are observed in

the S-PW scenario.

3.4.5 Sales to purchase ratio
Sales to purchase ratio solely affects storage revenues, therefore only influences

on SRR are presented in Fig. 3.9. SPR was varied with steps of 0.0025 between

0 and 1. Thus, we assumed only electricity feed-in tariffs that are lower than the

electricity consumption tariff.

With an SPR of zero, electricity fed back to the grid has no financial value,

which means that reducing curtailment loss has no financial benefit. Con-

sequently similar SRRs are seen for RC and PC strategy, with significantly larger

values for residential (70.3%) than for commercial system (33.8%). An increase in

SPR results in an increased value of sold electricity and thus a decrease in SRR. It

is essential to note that the RC strategy drops below zero, at a SPR of 0.86. For this

SPR, the value of added self-consumed energy due to energy storage is not suffi-

cient enough to compensate for charge and discharge losses of the BESS. Thus,

the battery storage system will have no added revenue for these conditions. Nev-

ertheless, the exact PC strategy has positive SRR for all analysed sales to purchase

ratios. In this scenario, PV produced electricity that would be lost due to feed-in

limitation is stored and later used which increases the SRR to a positive value.
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Figure 3.9 ··· Influence of the sales to purchase ratio on SRR (a) for the RC and PC with exact forecast,
and difference in SRR (b) of scenarios minus exact forecast. Residential systems are indicated by solid

lines and commercial systems are indicated by dotted lines. Reference system values are indicated by

the markers.
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A large influence of the PV forecast scenario on SRR of the PV-battery system

is seen. A reduction of SPR results in a decrease of the value of sold electricity.

Subsequently, the value of self-consumption increases, whereas the value of re-

ducing curtailment loss decreases. The opposite effect occurs for relatively larger

SPR. The S-WX scenario shows highest SCR, whereas the S-CS scenario has lowest

CLR. Consequently, residential systems with a SPR <0.13 have highest SRR in the

S-WX scenario. The S-PD scenario shows the largest SRR for a SPR 0.13 and 0.18,

whereas for larger SPR the S-CS scenario has the highest revenue. Commercial

systems have a turning point between the S-WX and the S-CS at a SPR of 0.11,

which is lower than for residential systems.

3.4.6 Impact of system degradation
A commonly heard concern regarding PV-battery systems is the influence of de-

gradation on the performance of these systems. Therefore, we assessed the in-

fluence of PV systems and BESS degradation for a period of 25 years. A relative

long lifetime was investigated to assess the possible impact of systems that keep

operating even when economic lifetime has passed. We assumed a PV systems

degradation value of 0.5% per year
[96]
. The real-time PV yield pattern and fore-

casted PV yield patterns were annually reduced with 0.5%. BESS degradation was

modelled for a lifetime of 5000 full cycle equivalents and a calendric lifetime of

15 years
[97]
. 80% of the initial battery capacity is reached after these cycles, or

after this lifetime. Rain-flow counting method was used to count the number of

battery cycles and depth of discharge for each cycle, for each year of data
[98]
.

These numbers were converted to the number of full equivalent cycles, based on

degradation parameters from previous studies
[97,99]

. Annual PV yield and battery

storage capacity degradation were subtracted from the previous year to find the

capacity values for the next year.

The impact of PV system and BESS degradation on the performance indic-

ators are presented in Fig. 3.10. PV system degradation reduces PV electricity

production over time, which increases PV self-consumption. Battery degradation

reduces battery storage capacity and decreases self-consumption. Residential

systems show a reduction from 57.6% to 55.6%, with an average reduction of

0.08% point per year. Commercial systems show a slight reduction in SCR until

year 18, followed with an increase in SCR. Residential systems utilize the battery

more than commercial systems. Therefore the impact of battery degradation is

larger than the impact of PV system degradation on self-consumption. This res-

ults in a SCR reduction for each year. The battery degradation is less severe for

commercial system. After 18 years, a larger effect on the SCR is observed from

the PV system degradation than from the battery storage capacity degradation.
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Figure 3.10 ··· Influence of PV system and BESS degradation on the SCR (a), CLR (c) and SRR (e) for the
RC and PC with exact forecast, and difference in SCR (b), CLR (d) and SRR (f) of scenarios minus exact

forecast. Residential systems are indicated by solid lines and commercial systems are indicated by

dotted lines. Reference system values are indicated by the markers.

The difference between the exact strategy and the forecasting strategies

are reduced over the systems lifetime. Larger reduction is shown for the S-CS

strategy, caused by a larger reduction in forecasted PV electricity yield. Sub-

sequently, less battery storage capacity is reserved to decrease feed-in losses and

more capacity is available to increase self-consumption.

A reduction in PV yield results in lower curtailment losses. CLR show a steeper

decrease over time in the RC strategy compared to the exact PC strategy. The

forecast scenarios show a reduction over time caused by less PV production, ex-

cept for the S-CS strategy. This strategy does not show a decrease because the

PV yield production is overestimated and therefore the reserved storage capacity

was already sufficient to have a low CLR.

A larger reduction of storage revenue over time is seen for residential sys-

tems than for commercial systems. Residential systems show a reduction in SRR

of 0.21% point per year in the exact PC strategy and of 0.14% point per year in the
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RC strategy. This results in a significant loss of storage revenues over the system

lifetime of respectively 14.1% and 17.9% in the PC and the RC strategy. Com-

mercial systems have a lower SRR reduction of 10.5% and 12.5% in the PC and

the RC strategy. The SRR difference between the exact forecast and the forecast

scenarios decreases over time for all scenarios.

3.4.7 Multiple system parameter variation
The influences of simultaneous variation of multiple system parameters on the

storage revenue rates have been assessed. The PC strategy with exact forecast

was used to examine the potential of this control algorithm on the SRRs. The

average SRRs for residential systems are shown for 12 scenarios in Fig. 3.11.

Battery storage capacity (horizontal axis, step of 0.01 kWh) and sales to purchase

ratio (vertical axis, steps of 0.025) are shown on each of the subplots. Four feed-

in limitations (0, 0.25, 0.5, 0.75 kW) and three PV system sizes (0.5, 1 and 1.5

kWp) were assessed. The influence of battery inverter rating which are commonly

used (>0.5 kW) on the storage revenue ratio is minor (see Fig. 3.7). Hence, this

parameter was kept constant at 0.5 kW per kWh of storage capacity.

Electricity cannot be exported to the grid under a FIL of zero. Consequently,

the SPR does not influence SRR and an increase in battery storage capacity results

in a non-linear growth of revenues. Similar SRRs are seen for the three PV system

sizes with relative small battery storage capacities (<0.5 kW). Larger differences

in SRRs are observed with battery capacities of 3 kWh. These are 80.0%, 110.9%

and 117.9% for respectively 0.5, 1 and 1.5 kWp PV size. The difference in SRR

between a PV system size of 0.5 kWp and 1 kWp is larger than between 1 and 1.5

kWp. Larger PV systems produce more surplus of electricity that could be stored

in the battery. Yet, the electricity consumption is similar for all PV system sizes.

Therefore, fewer moments occur that the battery will be discharged for these

larger PV systems, which results in a lower increase of SRRs.

Electricity is lost in every moment that a battery is charged and discharged.

This reduces storage revenue rates, which eventually become negative. For smal-

ler battery capacities, the value added due to reduced curtailment losses is higher

than the value lost caused by battery charge and discharge losses. Hence an in-

crease is observed in SRR. A peak in SRR is observed for a certain battery capacity

followed by a decrease for larger battery capacities. This peak in the contour lines

disappears with a lower SPR, which increase the value of self-consumption.

Only positive SRRs are observed under the FIL of 0.25, whereas under larger

other FIL (0.5& 0.75) negative SRRs are shown. In addition, a FIL of 0.5 shows that

the area of negative values decreases for larger PV system sizes. These larger sys-

tems produce more PV electricity that exceeds the feed-in limit, which eventually
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Figure 3.11 ··· Influence of the battery storage capacity (horizontal axis) and the sales to purchase ratio
(vertical axis) on the average storage revenue ratio (colours). The storage revenues were assessed

using the PC strategy with the exact forecast for residential systems. Four feed-in limitations (0, 0.25,

0.5, 0.75 kW) and three PV system sizes (0.5, 1 and 1.5 kWp) are shown in the subplots. Similar feed-in

limits are shown in columns and PV system sizes in rows. For example, the subplot (a), (e) & (i) show
the values for a feed-in limit of 0 kW, and the subplot (a), (b), (c) & (d) show values for a PV system
size of 0.5 kWp. The battery inverter ratings were kept constant at 0.5 kW per kWh of battery storage

capacity.

increase revenues of a BESS. Less battery capacity is reserved for a FIL of 0.75 kW,

therefore more capacity is available to increase self-consumption. However, for

high SPRs (>0.85), the added value of self-consumption is negative due to battery

charge and discharge losses. Consequently, more electricity is lost by increasing

self-consumption than lost by a feed-in limit. This explains why the difference in

negative areas of the PV system sizes is much smaller for a FIL of 0.75 than for a

FIL of 0.5.
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3.5 Discussion
This research developed and assessed four methods for PV forecasting and three

methods for demand forecasting. These forecasts were used in a predictive con-

trol strategy to increase PV self-consumption and to reduce curtailment losses.

We assessed the impact of these forecast methods using a PC strategy on the

performance of PV-battery systems.

We found significant impact of the system design parameters on the perform-

ance indicators. Increasing the PV system size lowers self-consumption ratios and

increases curtailment loss. Larger battery capacities converges the storage rev-

enues towards a maximum, followed by a decrease of revenue. Battery inverter

ratings of 0.6 kW for each kWh of storage are sufficient for PV peak power stor-

age, especially with a feed-in limit of 0.5 kW/kWp. A strong decrease in perform-

ance indicators is observed for smaller inverter capacities. The ratio between

the feed-in tariff and the consumption tariff strongly influence the value of the

self-consumed and avoided curtailed energy. Battery degradation substantially

reduces the storage revenues over the lifetime of the battery system and should

therefore be always included in economic calculations. Overall, these results

showed that the system performance heavily depends on the chosen PV-battery

design parameters, demand pattern and electricity tariff.

3.5.1 Comparison with previous studies
Forecast errors of predicted PV yield and electricity demand are in line with errors

found in previous studies. Artificial neural networks were used to predict hourly

PV yield and energy consumption for a German household. PV forecast errors

with a nRMSE of 9.5% and electricity consumption errors of nRMSE of 9.3% were

found in this study
[87]
. A nonlinear autoregressive with exogenous input model

was tested which used weather and measurements of neighbouring PV systems

to create PV yield forecasts, and revealed nRMSE between 9% and 25%
[100]
. An-

other research forecast residential load found MAPE errors of ≈1% lower using
a multiple linear regression forecast than using the 7 days average, which is a

similar method as used in this study
[101]
. Deep neural network based load fore-

castingmodels were used to predict commercial load and found averageMAPE of

8.8%
[102]
. Our study showed lowest annual nRMSE of 11.4% for PV yield forecast

and 7.4% as the average for residential demand. Our forecast errors are in line

with the more sophisticated models presented in previous studies.

Performance of the PV-battery systems showed similarities with earlier stud-

ies. The RC control strategy shows that residential self-consumption ratios are

ranging between 51.8% and 65.0%, which is in line with values found in previ-

ous studies
[76,103]

. Similar PV-battery performance is shown for using averaged
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energy demand and PV energy production from the previous week
[82]
. No com-

parable study was found for commercial systems that were mainly modelled for

office buildings. The clear-sky forecast method shows comparable reduction

of curtailment loss to a study which used this method with demand patterns

from Switzerland
[77]
. However, this study presents a smaller difference in self-

consumption between the RC strategy and PC strategy with exact forecast. This

is caused by the used battery capacity reservation algorithm, which uses the de-

mand forecast as input to determine the required battery capacity reservation.

Studies concluded that an overestimation of forecasted PV yield production

results in lower self-consumption ratios but also lower curtailment losses
[76,80]

.

No direct comparison could be made on specific storage revenues because this

method was not used in previous research. Still, the convergence to a maximum

of storage revenue under an increase in battery size was shown before
[77,79]

.

3.5.2 Input data
The energy consumption of residential and commercial buildings was measured

using an interval of 15 min. Also, the real-time PV pattern was modelled using

radiation data of a 10 min interval. Both patterns were resampled to 5 min in-

terval to match the time step interval. However, actual patterns have a higher

fluctuation of power than the used pattern. For example, extreme variation of PV

system power output could be expected with passing clouds. Both PV produc-

tion and demand patterns are more flattened compared to actual patterns. This

changes the overlap of the patterns, and therefore affects self-consumption and

the operation of battery control strategies. Previous studies examined the effect

of time resolution on the performance of PV-battery systems. Relative errors be-

low 6% were found for using 15 min data for self-consumption calculations
[67]
.

Curtailment loss ratio was 2.8% point lower with 15 min data, compared to 5

s data
[77]
. Consequently, higher storage revenue ratios could be obtained than

presented in this study. Therefore, we recommend assessing the proposed fore-

cast methods with data of a higher time resolution.

The obtained weather prediction data has a time resolution of 3 h, but us-

ing data with smaller time resolutions could improve this forecast. The PV peak

production forecast on clear-sky days will be better predicted. Nevertheless, day-

ahead forecasting of moving clouds and thus the right timing of PV peak produc-

tion is very difficult. Especially, because the Netherlands has a cloudy climate.

Further research on the impact of smaller time resolution of weather prediction

data on performance of PV-battery systems is recommended.
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The average specific yield in the Netherlands is 875 kWh/kWp, which is lower

than the specific yield used in our study
[104]
. The optimal orientation for maxim-

izing PV energy production was chosen to model PV yield, whereas for actual PV

systems the orientation of a building influences the PV module orientation. This

reduces the PV yield which increases self-consumption and lowers curtailment

losses. Both effects cause lower storage revenues. Hence, it is recommended us-

ing real PV pattern measurements with different orientations for future studies.

3.5.3 Future trends
Other options to improve PV energy integration in the urban energy systems are

currently rapidly developed. These options could compete with local residential

and commercial energy storage. Especially, community energy storage could be

more economically feasible for reducing low voltage grid impact and increasing

locally consumed PV energy
[105]
. However, a detailed layout of the low-voltage

grid is required to accurate include grid-losses. Nevertheless, further research

concerning technical and economic comparison of local and community energy

storage systems is recommended. Also, the comparison of forecast methods for

local and community storage systems could be of interest.

Rescheduling residential and commercial appliances could shift energy con-

sumption to moments with relatively high PV energy generation, for ex-

ample using dynamic tariffs
[106]
. However, these options demonstrate relat-

ive low improvement in PV self-consumption, therefore having low economic

potential
[41,42]

. Nevertheless, the current increase of electrical vehicle deploy-

ment increases the electricity demand within urban areas. This opens new op-

portunities to increase PV-self-consumption by control strategies for electrical

vehicle charging
[68]
. Also, control strategies that combine thermal and electric

storage are investigated to improve residential self-consumption
[107]
.

Battery energy storage systems can provide services for different electricity

markets. For example, provision of frequency control to balance and maintain

grid frequency. Combiningmultiple revenue streams for energy storage improves

the revenues for battery storage systems
[108]
. Control strategies that combine

revenue streams depend on the associated energy markets and policies. Assess-

ment of these strategies is recommended for future research.

Reducing power flow to the grid lowers grid-investment costs, especially for

cables and transformers. A reimbursement to the PV-battery system owner could

be provided for this service, resulting in increased storage revenues. Finally, this

study used no time-dependent electricity tariffs and feed-in limits. Time-of-use

electricity tariffs and dynamic feed-in limits could increase the value of PV-battery
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systems. Battery energy storage revenues might differ significantly when time-of-

use tariffs will be used for both consumption and feed-in tariffs. These tariffs are

commonly used, especially for large commercial buildings. It is expected that

the variability in electricity prices will increase with larger share of fluctuating re-

newable electricity generation capacity. Therefore, trading on electricity markets

could increase the economic value of the battery energy storage systems. How-

ever, this requires knowledge about the structure and decision models of time-

of-use tariffs and dynamic feed-in limits. Forecast methods should be developed

and assessed that optimize storage revenue for flexible tariffs and dynamic tar-

iffs. Research in those areas is therefore highly recommended.

3.5.4 Implementation considerations
The implementation of forecast algorithms in battery energy management sys-

tems requires some adjustments. First, measurements of historical consumption

data are required, which could be obtained from smart energy meters. These

electricity meters are currently deployed within the Netherlands and have an op-

tion to send measured data to other devices. Historical PV production could be

obtained from PV inverters. Predicted weather forecast data requires an internet

connection. Clear-sky irradiance data can be calculated internally using the bat-

tery energy management system. Also the forecast strategies could be installed

on these management systems.

The developed methods could be used in other European countries. These

countries have different PV yield and demand patterns compared to the Nether-

lands. This will influence the accuracy of the forecast methods and the PV-battery

performance indicators. For example, more PV peak power is produced in South-

ern European countries compared to the Netherlands. Therefore, relatively more

PV peak power can be stored and therefore the reduction in curtailment losses is

larger. Consequently, revenues of battery storage are expected to be higher.

3.6 Conclusion
This study assessed four PV yield pattern forecast methods and three demand

patterns forecast methods. These forecasts were used in a predictive control

strategy to improve self-consumption, reduce curtailment losses and increase

revenues of PV-battery systems. We modelled performance of 48 residential and

42 commercial PV-battery systems, using different combinations of methods.

We found that the PV production patterns with predicted weather data have

lowest errors. Energy consumption of residential buildings should be forecasted

with using average energy consumption of the previous seven days. Forecast for
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commercial systems should use measured historical demand from the previous

weekday. Weather forecasts are not required to increase self-consumption ratio,

since forecasts using historical PV production data show similar performance.

Consequently, external data is not required to optimize PV self-consumption.

Predictive control strategies have higher storage revenues that real-time con-

trol. Storage revenues are larger for residential systems than for commercial

systems and mainly depend on the value of self-consumed energy and reduced

curtailed energy. Higher storage revenues are observed for stricter feed-in limita-

tions. Consequently, a dynamic feed-in limitation could potentially increase stor-

age revenues. The sales to purchase ratio strongly impacts revenues obtained for

each used control strategy and forecast method.

To conclude, predictive control strategies are capable to improve self-

consumption, as well as reduce curtailment losses. The performance of the bat-

tery control strategy depends on PV-battery system design parameters as well as

system boundaries conditions, especially feed-in limit and sales to purchase ra-

tio. Hence, it is recommended to customize the battery control strategy based on

these conditions.
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Abstract
Residential and commercial photovoltaic (PV) battery systems are increasingly be-

ing deployed for local storage of excess produced PV energy. However, battery

systems aimed at increasing self-consumption are not constantly put to use. Ad-

ditional battery storage capacity is available for a second application to improve

the profitability of an energy storage system. One of these options is the provi-

sion of frequency restoration reserves (FRR) to the electricity balancing market.

This provision can be either negative to compensate for excess power supply,

or positive to compensate for excess demand on the power market. This study

assesses the benefits for residential and commercial PV-battery systems by com-

bining PV energy storage for higher self-consumption with provision of FRR. Six

battery storage dispatch strategies were developed and assessed on the tech-

nical and economic performance of 48 residential and 42 commercial PV-battery

systems. These systems were modelled over their economic lifetime with a time

resolution of 5 min and with historical energy consumption measurements and

market prices. FRR provision results in a small drop in the self-consumption rate

of 0.5%. However annual revenues are significantly increased. Using battery stor-

age systems only for self-consumption is not profitable with the assumptions

used in this study. Provision of negative FRR substantially reduces the electri-

city bought with the consumption tariff and increases investment attractiveness

substantially. Prioritizing the provision of FRR over self-consumption enhance-

ment results in even higher revenues, but significantly reduces self-consumption.

We recommend FRR provision to economically investment in residential battery

storage systems. Commercial systems need prioritization of both positive and

negative FRR provision over self-consumption for a cost-effective investment. In

conclusion, combining enhancement of PV self-consumption with the provision

of frequency restoration reserves leads to profitable investments.
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4.1 Introduction
Photovoltaic (PV) battery systems are increasingly deployed in urban areas to

store excess PV energy for later use. In this way, the effect of intermittence of PV

generated electricity on a low voltage network is reduced and self-consumption

is increased
[109]
. Furthermore, CO2 emissions from fossil-based backup power

generation are reduced, particularly when curtailment of renewable energy gen-

eration is avoided
[13]
.

The cost of stationary battery energy storage systems (BESS) is rapidly de-

creasing and this is expected to continue due to their current and future poten-

tial of deployment
[39]
. However, the benefits of storing PV electricity are limited,

especially in areas with small differences between prices of consumption and

feed-in tariffs
[110]
. The added value that can be generated for each kWh of stored

PV energy is restricted. Also, battery systems only use part of their potential stor-

age capacity, especially in locations with large seasonal difference in PV electricity

generation. Stationary batteries can be used for a broad range of use cases and

are therefore seen as a multi-purpose technology
[38]
. Combining multiple applic-

ations improves the financial attractiveness of these storage systems
[111]
.

A potential additional application of PV-battery systems is offering power and

energy to the balancing and ancillary services markets. Two balancing services

can be distinguished that are traded on the imbalance markets for the Nether-

lands, namely frequency containment reserves (FCR) and frequency restoration

reserves (FRR). FCR (also known as primary control reserves), are the first tier to

balance the grid and are automatically activated. The balancing power capacity is

contracted in blocks of one week and the reserved capacity is remunerated
[112]
.

Moreover, the BESS has to be able to deliver the contracted FCR, otherwise the

balancing service provider receives financial penalties.

FRR (also known as secondary control reserves) are provided to restore the

FCR and to compensate for excess of power supply or an excess of demand. Pro-

vision of FRR can be eithermandatory or voluntary. Mandatory contributors place

bids of energy provision (positive) or energy subtraction (negative) capacities on

a bid ladder. These are delivered in blocks of 15 min and can be proposed to the

market up to one hour before dispatch. The bid ladder determines the minutely

imbalance FRR price. Voluntary contributors observe the current imbalance price

and determine if they want to deliver FRR. In case of mandatory contribution, all

positive and negative energy delivered is remunerated within a block of 15 min.

In case of voluntary contribution, only the energy provision is remunerated if all

energy within a 15 min block is positive provision, or all is negative provision
[113]
.

FCR and FRR are contracted and remunerated by the Dutch transmission system

operator (TSO) TenneT, in the Netherlands.
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4.1.1 Literature review
Few studies were found that assess the combination of self-consumption en-

hancement with provision of control reserves. The ones found can be distin-

guished between studies that combine self-consumption with FCR, or with FRR.

Revenues of storage systems that combine self-consumption with provision of

FCR are about three times higher than if the BESS was solely used for self-

consumption enhancement
[114]
. One study from Germany showed that annual

revenue of e185/kW can be obtained from FCR provision by a residential PV-

battery system. However, the self-sufficiency was reduced with 18.9%
[115]
. In

addition, larger economic profitability was found for FCR provision than for self-

consumption increase for a vanadium flow battery
[116]
. A significant increase in

profitability of battery storage was observedwhen PV-self-consumption was com-

bined with negative FRR provision to the German market
[108]
. Also, large scale

community storage was found economically feasible for FRR provision
[117]
.

Aggregators can operate these residential and commercial battery systems

on this market. Lately, there have been a few commercial parties that are inter-

ested in combining self-consumption with FCR provision
[118,119]

. The request for

provision of grid balancing is expected to increase with a large share of renew-

able generators in the electricity grid
[120]
. Consequently, grid balancing costs are

expected to increase and are a potential barrier for future growth of variable re-

newable resources
[121]
. PV-battery storage systems might be useful to provide

solutions to overcome this barrier.

4.1.2 Research aim
Literature shows a high potential value that can be added by BESS with providing

FCR and FRR. Despite this high potential only a few studies were found concerning

this prospective. Besides, these studies use a single demand profile and one year

of data. Furthermore, the influence on PV self-consumption, battery degradation

or investment attractiveness is not researched in detail. The lack of these results

restrains the development of PV-battery systems for balancing services.

In this study, we aim to assess the technical and economic performance of

combining self-consumption enhancement with frequency restoration reserves

provision. We select FRR since its market conditions are more flexible than the

FCR market. Furthermore, a mandatory contribution to the FRR market was se-

lected to obtain both revenues for positive and negative provided FRR. We use

historical FRR prices from 2011 to 2016 of the Dutchmarket andmeasured energy

demand of 48 residential and 42 commercial buildings. We assessed all systems
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using six battery storage dispatch strategies, each with a different aim. In addi-

tion, we conducted a sensitivity study to identify the most important parameters

on economic profitability of a PV-battery system.

The combination of a large range of systems with six different battery dis-

patch scenarios shows a wide variety of technical and economic results. These

novel results provide a first insight in the added value that PV-battery system have

when tapping into the frequency restoration reserve market. We identify new dir-

ections for future research and help commercial parties to contribute in this field.

This will encourage the deployment of multiple purposes battery systems. Sub-

sequently, this will enable a higher share of fluctuating renewable energy sources

into the energy systems and help the transition towards a more sustainable en-

ergy system.

The remainder of this chapter is arranged as follows. Section 6.2 explains

the battery storage dispatch strategies, the used data and the technical and eco-

nomic performance indicators. Section 6.3 presents the results on the technical

assessment of the battery storage dispatch strategies, followed by the economic

assessment in Section 6.4. Section 6.5 examines the sensitivity of the reference

parameters. Section 6.6 discusses the market assumptions and the implement-

ation considerations of the dispatch strategies. Section 4.7 finalises with the key

conclusions.

4.2 Methods
The methodology is explained in the next four subsections. Subsection 4.2.1 de-

scribes the battery storage dispatch strategies and the used model equations.

Subsection 4.2.2 explains the technical and economic assumptions of the refer-

ence PV-battery systems. The used input time series are explained in Subsection

4.2.3. Lastly, Subsection 4.2.4 describes the performance indicators, used to as-

sess the dispatch strategies.

4.2.1 Battery storage dispatch strategies
Six battery storage dispatch strategies were developed to assess the impact on

self-consumption, FRR provision and combinations of self-consumption enhance-

ment with FRR provision. Provision of FRR can either be positive or negative:

positive FRR delivers electricity to the grid and negative FRR withdraws electricity

from the electricity grid. The six developed strategies are:
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• PV self-consumption enhancement only (SCO).

• Provision of frequency restoration reserves only (FRRO).

• Prioritizing PV self-consumption over providing FRR (PSC).

• Prioritizing PV self-consumption over providing only negative FRR (PSCN).

• Prioritizing FRR provision over PV self-consumption (PFRR).

• Prioritizing only negative FRR provision over PV self-consumption (PFRRN).

The SCO and FRRO strategies consist of a single application and are examined

to distinguish the individual impacts of these applications. The PFRR and PFRRN

strategies assess enhancement of self-consumption as a primary application and

provision of FRR as a secondary application. The PFRR and PFRRN strategy as-

sessed the provision of FRR as primary storage application and enhancement of

self-consumption as secondary application.

The storage dispatch strategies were assessed using a PV-battery model de-

veloped in Python (v3.5). The model simulated the battery charging and dischar-

ging behaviour with a time step (∆t) of 5 min. A schematic representation of

the model is shown in Fig. 4.1. This model consists of three separate blocks: en-

hancement of PV self-consumption (a), provision of negative FRR (b) and provision

of positive FRR (c). The SCO strategy only uses block (a) and the FRRO block (b)

and (c). The PSCN and PFRRN use block (a) and (b). The PSC and PFRR strategies

use all three blocks.

PV self-consumption enhancement
The SCO strategy operates according to the PV self-consumption enhancement

block only (Fig. 4.1 (a)). The difference between PV power production (PPV)

and electricity consumption (Pdemand) is assessed for each time-step (see red rect-

angle). The battery is charged when excess PV and battery capacity is available.

The battery capacity is assessed using the battery state of charge (SOC). Dischar-

ging happens if demand exceeds PV production and energy capacity is available

in the battery. If no battery capacity is available to charge or discharge, then ex-

cess PV electricity is fed into the grid or requested electricity demand is imported

from the grid.

A rule based algorithm was used to define the battery inverter power (PB inv)

and the battery state of charge (EB,t) for each time moment. First the poten-

tial power (PB pot) for charging or discharging the battery was determined. This

power is limited by the battery inverter rating (PB inv max). Then, the potential en-

ergy (∆EB pot) was calculated which could be charged to, or discharged from, the
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Figure 4.1 ··· Schematic overview of the model steps used in the battery storage dispatch strategies.
The model contains of three blocks: PV self-consumption enhancement (a), negative frequency res-

toration reserve provision (b) and positive frequency restoration reserve provision (c).

battery. This depends on the charge efficiency (ηcharge) or discharge efficiency

(ηdischarge) of the battery storage system. Next, the actual charged or discharged

energy (EB pot) was determined. These are related to the current battery SOC the

minimum SOC (EB min) and maximum SOC (EB max). This set of equations are spe-

cific for the PV self-consumption enhancement (see block (a)) and are given in Eq.

(4.1).

PB pot =

PPV − Pdemand if |PPV − Pdemand| < PB inv max

PB inv max if |PPV − Pdemand| ≥ PB inv max

(4.1a)

∆EB pot =

PB pot · ηcharge ·∆t if PB pot > 0
PB pot

ηdischarge
·∆t if PB pot ≤ 0

(4.1b)

∆EB =


∆EB pot if EB, t + ∆EB pot ≥ EB min

∆EB pot if EB, t + ∆EB pot ≤ EB max

EB, t − EB min if EB, t + ∆EB pot < EB min

EB max − EB, t if EB, t + ∆EB pot > EB max

(4.1c)
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Lastly, the battery inverter power and battery state of charge (EB t+1)) for the

next time step were determined according Eq. (4.2).

EB, t+1 = EB, t + ∆EB (4.2a)

PB inv =


(

∆EB
∆t )

ηcharge
if

∆EB

∆t > 0

∆EB

∆t · ηdischarge if
∆EB

∆t ≤ 0
(4.2b)

Negative and positive FRR provision
The FRRO strategy uses the negative and positive FRR provision assessment

blocks (Fig. 4.1 (a) & (b)). Negative FRR provision is feasible if the price of neg-

ative provision (πneg) is smaller than the feed-in tariff (πfeed-in). If negative FRR

are provided than the price of negative provision is paid to the TSO. Positive FRR

provision is feasible if the price of positive provision (πpos) is higher than the con-

sumption tariff (πcons). In this case the price for positive provision is paid by the

TSO. We used the consumption and feed-in tariff as the price points for feasible

delivery of positive and negative FRR. Therefore it was possible to make a com-

parison with the other five dispatch strategies. Besides, the state of charge (SOC)

of the battery storage must be sufficient to provide FRR. We assume that if power

is provided to the FRR market, then it is similar to the maximum inverter rating.

As a result, the pooling of battery storage systems from multiple residential or

commercial systems will be less complex for an aggregator.

The battery state of charge in the negative and positive frequency restoration

reserves provisions blocks were calculated using the following approach. First,

the potential battery state of charge was determined by assessing the feasibility

of FRR provision. Then, the actual energy that could be charged or discharged

was determined, see Eq. (4.3). Lastly, battery inverter power and battery SOC

were calculated according to Eq. (4.2).

∆EB pot =



PB inv max

−1 · ηcharge ·∆t if πneg,t < πfeed-in

0 if πneg,t ≥ πfeed-in

PB inv max

ηdischarge
·∆t if πneg,t > πcons

0 if πpos,t ≤ πcons

(4.3a)

∆EB =


∆EB pot if EB, t + ∆EB pot ≥ EB min

∆EB pot if EB, t + ∆EB pot ≤ EB max

0 if EB max < EB, t + ∆EB pot < EB min

(4.3b)
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Combining PV enhancement and FRR provision
The PSC strategy combines the PV self-consumption enhancement block with the

provision of negative and positive FRR. This strategy starts with similar steps as

in the SCO strategy, specifically the assessment of the difference between PV and

electricity consumption. If the calculated battery inverter output was zero, then

the strategy continued to assess the feasibility of negative FRR provision (see

dashed blue lines in Fig. 4.1). This is feasible if the price of negative provision is

smaller than the feed-in tariff. Consequently, all negative provided FRR is bought

for a lower price than sold excess PV energy and therefore self-consumption is

always profitable. Positive FRR provision is feasible when the price of positive

provision is higher than the consumption tariff and battery capacity is available.

Hence, electricity is always sold with a higher price than it is bought. The PSCN

strategy is almost similar as the PSC strategy, yet only provision of negative FRR

is possible. Therefore all energy that is charged in the battery is considered as

self-consumed energy.

The PFRR strategy starts with the assessment of providing negative and posit-

ive FRR. If the battery inverter output is zero, then the dispatch strategy continues

to the PV self-consumption block (see dashed red lines in Fig. 4.1). The PFRRN

strategy only assesses the provision of negative FRR thus all excess energy stored

from a PV system is accounted for as self-consumption. If the battery inverter

was not used for self-consumption enhancement, or provision of FRR, then the

algorithm continues with the next time step.

4.2.2 Reference PV-battery system
A reference PV-battery system was developed to assess the dispatch strategies

for residential and commercial battery storage systems. A similar set of tech-

nical parameters were selected for residential and commercial systems, enabling

comparison of the demand patterns. An overview of the technical and economic

reference parameters used for residential and commercial systems is given in

Table 4.1. Some economic parameters were set differently for residential and

commercial systems due to the different system capacities and policies in place.

Technical parameters
The layout of an alternating current (AC) coupled lithium-based PV-battery system

was selected. This consists of a PV array that is connected to the electricity grid

by a PV inverter and a battery storage system that is connected with a battery

inverter to the grid. AC coupled systems are most widely used in the literature

and are very suitable for retrofit existing PV systems with electricity storage
[93]
.
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Table 4.1 ··· Reference residential and commercial PV-battery system parameters used to model the
dispatch scenarios. The technical parameters are given above the dashed line and the economic

parameters below the dashed line. Own assumptions are indicated by own.

Parameter Residential Commercial Unit Sources

PV system size 1 kWpPV MWhdemand
−1

own

PV system degradation 0.5 %/year
[96]

Storage capacity 1 kWhBESS MWhdemand
−1 [69,93]

Battery inverter rating 0.5 kW/kWhBESS MWhdemand
−1 [95]

Total number of FCE 5000 #
[97]

Calendric lifetime 15 years
[97]

Round trip DCη loss 7.8 %
[95]

Storage pack cost 200 e/kWhBESS
[122]

BOS battery system 150 100 e/kW [123]

EPC battery system 150 100 e/kW [123]

O&M battery system 1 %/year
[124]

Economic lifetime 25 20 years own

Discount rate 2 4 %/year
[125]

Consumption tariff 0.178 0.106 e/kWh [126]

Feed-in tariff 0.11 0.04 e/kWh [127,128]

The modelled annual average PV electricity production (between 2012 until

2016) is 984 kWh for each kWp of installed PV capacity. Typically in the Nether-

lands, the PV installed capacity is chosen such that is able to cover the annual

electricity consumption. Therefore, the installed PV system size was set to 1 kWp

for each MWh of annual electricity consumption. A linear annual degradation of

the PV yield reduction of 0.5%/year was assumed
[96]
.

The battery energy storage capacity was set to 1 kWh for each MWh of annual

electricity consumption, based on previous studies
[69,93]

. The battery inverter rat-

ing was set to 0.5 kW. This charge rate is commonly used, for example with a

Tesla Powerwall
[95]
. Battery degradation was modelled for a calendric lifetime

of 15 years and 5000 full cycle equivalents
[97]
. A battery round trip direct cur-

rent (DC) efficiency loss of 7.8% was assumed, almost identical to a commercially

available Tesla Powerwall. Normally, a battery system is operated in a limited SOC

range in order to limit aging and for safety reasons. However, in this research we

want to assess the impact of utilizing the full battery capacity. For this reason,

the minimum SOC was set to 0% and the maximum SOC to 100% of the battery

storage capacity.

The battery inverter efficiencies were retrieved from the parameters of the

inverter efficiency curve of a SMA Sunny Boy Storage inverter, with a step size

of 0.01%
[94]
. The used inverter curve resulted in a California Energy Commission

(CEC) efficiency of 96.4%. A battery inverter standby consumption of 0.1% from

the rated inverter power was assumed. We assumed a similar maximum AC input
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as AC output for the battery inverter. Battery state of charge limits were set to a

minimum of 0% and a maximum of 100%, thus the full battery storage capacity

was available for electricity storage.

Economic parameters
We assumed a relative low battery storage pack cost of 200 e/kWh for resid-

ential and commercial systems
[122]
. Balance of system (BOS) and Engineering

procurement construction (EPC) cost were both set to 150 e/kW for residential

systems
[123]
. Larger system sizes are required for commercial systems, thus we

assumed lower BOS and EPC cost for commercial systems of 100 e/kW.

Operation and maintenance costs of the battery storage systems were as-

sumed to be 1% for both residential and commercial systems
[124]
. We assumed

that the battery system is integrated in the energy system of the building. Con-

sequently, a relative long economic lifetime was assumed of 25 years for res-

idential systems and 20 years for commercial systems. Current guarantees for

PV modules and micro inverters are in similar ranges. Replacements of broken

components before the end of lifetime are included in the operation and main-

tenance cost. The battery pack will not be replaced after the economic lifetime.

Discount rates of 2% for residential and 4% for commercial systems were selec-

ted, based on the current low rates for the Netherlands
[125]
. A higher discount

rate for commercial systems was selected due to a shorter lifetime and a lower

risk acceptance of commercial investors.

The consumption tariff for residential systems was set to 0.178 e/kWh, based

on the average tariff prices for 2014, 2015 and 2016. Commercial systems have

a lower consumption tariff of 0.106 e/kWh, mainly due to lower electricity tax for

larger energy consumers
[126]
. Residential systems in the Netherlands profit from

a net metering policy for power sold back to the grid, although this policy is cur-

rently under debate. Hence, we assumed a feed-in tariff for residential systems

0.11 e/kWh, based on the present feed-in subsidy for stimulation of sustainable

energy production
[127]
. For commercial systems we assumed 0.04 e/kWh based

on the average wholesale electricity prices (day-aheadmarket) in the Netherlands

from 2014 until 2016
[128]
.

4.2.3 Input time series
The storage dispatch strategies were modelled for an economic lifetime of 20 or

25 years in the reference scenario. PV yield, demand and FRR prices from 2012

until 2016 were used as input patterns. We repeated the patterns of these five

years to create an input pattern of 20 years. Thus, data of the year 2012 were

used in the first, sixth, eleventh and sixteenth year.
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PV yield patterns were modelled with the python package PVLIB (v0.5.0)
[61]
.

This open source package contains PV system performancemodels and validated

atmospheric functions. Radiation, temperature, dew point temperature, wind

speed and pressure were measured on a weather station in De Bilt, the Neth-

erlands. Measurement intervals of radiation (10 min) and remaining weather

parameters (one hour) were linearly interpolated to 5 min. These atmospheric

parameters were combined with module parameters of the Sanyo HIP-225HDE1

to model a DC PV yield pattern. This pattern was converted to AC power pattern

using efficiency parameters from the Enphase Energy M210 inverter which has

95.5% CEC efficiency. Due to a relative low temperature coefficient of the Sanyo

module, the influence of temperature in the model is limited.

The PV system was modelled using a PV orientation of 180° module surface

azimuth and 35° module tilt. The PV inverter power rating was set to 1 kW/kWp.

The PV system yield pattern was linearly scaled to reach a performance ratio of

85%, corresponding with high performing systems for the Netherlands
[89]
. The

annual modelled PV yield ranges between 935 kWh/kWp and 1031 kWh/kWp with

an average of 984 kWh/kWp for 5 years.

Electricity consumption of residential buildings was derived from meas-

urements by a Dutch distribution system operator and are publicly available

online
[64]
. From this dataset, 48 demand patterns were selected with different

dwelling types for 2013. Measured electricity consumption of 42 commercial

buildings, mainly offices, was selected for 2013. Both datasets contains meas-

urement data with a 15 min interval. No data of 2012 and between 2014 and

2016 were available, thus the consumption data of 2013 was used to fill the other

four years. Weekdays and weekend days of the missing years were matched with

the data of 2013. Heat demand of the buildings was not provided by electri-

city, therefore reducing the influence of ambient temperature on the electricity

consumption. The residential and commercial demand patterns were used in a

previous study
[90]
. All demand patterns were linearly interpolated to a 5 min in-

terval to have a similar time step as the PV yield pattern. Distributions of annual

energy consumption of demand patterns are shown in Fig. 4.2. Mean values

of the distributions are indicated by the dotted lines. Residential consumption

has a significantly lower mean (3.4 MWh) compared to commercial consumption

(430 MWh). Median electricity demand of 3.3 MWh and 270 MWh were found for

residential and commercial systems respectively.

Prices for providing negative or positive FRR were obtained from the Dutch

TSO TenneT. These prices are published online and record the minutely settle-

ment prices for negative or positive FRR provision
[129]
. The time steps of the price
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Figure 4.2 ··· Annual electricity consumption for residential (a) and commercial (b) systems used in this
study are shown in a histogram. Mean values of the distributions are indicated by the dashed line.

Histogram bins of 250 kWh for residential and 125 MWh for commercial systems were used.

data were reduced to a 5 min interval by taking the average of each 5 min. Dis-

tributions of negative and positive frequency restoration reserve prices for 2015

and 2016 are shown in Fig. 4.3. The prices of feasible negative FRR provision are

indicated by a blue arrow and positive FRR provision by a green arrow. These

areas are feasible for residential systems in the reference scenario.

4.2.4 Performance indicators
We used a set of technical and economic performance indicators to assess and

compare the impact of the dispatch strategies. The parameters were calculated

over the economic lifetime of the PV-battery systems.
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Figure 4.3 ··· Distribution of balance delta prices for positive and negative secondary reserve provision
for 2015 and 2016. A step size of 1 e/MWh was used. Note that there are prices observed which
are out of the horizontal axis range. Feasible prices for positive provision are illustrated by the green

arrow and for negative provision by the blue arrow. The prices are for the residential systems in the

reference scenario.
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Technical performance indicators
The contribution of the BESS for PV self-consumption is quantified using the self-

consumption contribution ratio (SCCR). This is the share of PV produced power

that is used to charge the battery energy storage (PB from PV). The SCCR can be

calculated for the SCO, PSCN and PFRRN strategies. No energy from the battery

is exported to the grid in these strategies and all energy charged in the battery is

accounted as self-consumed energy. The PV power produced and the PV power

charged to the battery storage were aggregated for a given time period, from the

first time step (t=1) until the last time step (tend), see Eq. (4.4).

SCCR =

tend∑
t=1

PB from PV,t ·∆t

tend∑
t=1

PPV,t ·∆t

(4.4)

The share of battery storage capacity that was used to provide FRR is defined

by the frequency restoration reserve storage ratio (FRRSR), i.e. the share of bat-

tery throughput used for FRR provision of the total battery throughput. The elec-

tricity provided for FRR consists of the power for positive and negative supply for

each time step. The total battery throughput consist of the energy charged and

discharged by the battery inverter, see Eq. (4.5).

FRRSR =

tend∑
t=1

(Ppos + Pneg) ·∆t

tend∑
t=1

PB inv,t ·∆t

(4.5)

The storage use ratio (SUR) gives an indication of the share of time that the

BESS was used. It is defined as the ratio between the time were the battery in-

verter load is not zero and the total time (t), see Eq. (4.6).

SUR =

tend∑
t=1

t,PB inv 6= 0

tend∑
t=1
·∆t

(4.6)

Battery degradation affects the battery capacity and was therefore determ-

ined for each year. Battery degradation consists of calendric degradation (Dcal)

and cycle degradation (Dcyc), see Eq. (4.7). The calendric degradation depends on

the lifetime (Lcal), which is the time period until 80% of the battery capacity dimin-

ishes due to calendric degradation. The cycle degradation depends on the total

number of full cycle equivalents (FCE) until 80% of the battery capacity diminishes

due to cycle degradation (NFCE). Rain-flow counting method was used to determ-

ine the number of cycles and the depth of discharge (DOD)
[98]
. A curve was used
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with the FCE for each DOD, based on parameters given in previous studies
[97,99]

.

This curve was used to convert each cycle to a corresponding FCE. The corres-

ponding FCE was aggregated from the first time step until the last time step of a

year. The cycle degradation was found by dividing the number of FCE of a specific

year by the number of total FCE used, see Eq. (4.7). The battery capacity reduc-

tion caused by calendric and cycle degradation was subtracted from the battery

capacity of the previous year to determine the capacity of the following year.

Dcal = ·1− 0.8

Lcal
(4.7a)

Dcyc = (1− 0.8) ·

tend∑
t=1

FCE,DOD

NFCE
(4.7b)

DBESS = Dcal + Dcyc (4.7c)

Economic performance indicators
The annual cash flows of a PV-battery storage system consists of two main com-

ponents. The first component are storage cash flows related to the electricity

tariffs (C FET). The second component are storage cash flows related to provide

FRR (C FFRR).

The electricity bought from and sold to the electricity grid reduces with the us-

age of a PV-battery system compared to a PV systemwithout storage. The storage

cash flows related to the electricity tariffs depends on the difference between the

electricity cost of a PV system without battery and a PV system with a battery.

These depend on the difference in bought electricity (∆Ebuy) and sold electricity

(∆Esell) between a PV system and a PV-battery system. The bought electricity

difference is the electricity bought by a PV system (Ebuy PV) minus the electricity

bought by a PV-battery system (Esell PV-B). The sold electricity difference is the

electricity sold by a PV system (Esell PV) minus the electricity sold by a PV-battery

system (Ebuy PV-B). The value of the bought electricity depends on the consump-

tion tariff and the value of sold electricity on the feed-in tariff. The cash flows

related to electricity tariffs is determined by the value of bought electricity minus

the value of sold electricity, see Eq. (4.8).

∆Ebuy = Ebuy PV − Ebuy PV-B (4.8a)

∆Esell = Esell PV − Esell PV-B (4.8b)

C FET = (∆Ebuy · πcons)− (∆Esell · πfeed-in) (4.8c)

The storage cash flow related to the provision of frequency restoration re-

serves is the difference between the cash flow from positive FRR provision and

from negative FRR provision. We assume a mandatory provision, hence both the
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positive and negative prices are remunerated within 15 min. The cash flow from

positive FRR depends on the provided energy and price of positive FRR of each

time step. The cash flow from negative FRR depends on the subtracted energy

and price of negative FRR of each time step, see Eq. (4.9).

C FFRR = (

tend∑
t=1

Ppos,t · πpos,t ·∆t)− (

tend∑
t=1

Pneg,t · πneg,t ·∆t) (4.9)

The battery storage investment (IBESS) includes costs of the storage system

(IB store), BOS cost (IB BOS) and EPC cost (IB EPC). The battery storage cost are scaled

with the size of the battery storage capacity (SB store), whereas the other cost are

scaled with the battery inverter rating (SB inv) , see Eq. (4.10).

IBESS = (IB store · SB store) + ((IB BOS + IB EPC) · SB inv) (4.10)

The annual storage revenue (RBESS) are the revenues that can be allocated

to the battery storage system. This is the sum of cash flows minus the annual

operation andmaintenance costs (O&M), see Eq. (4.11). O&M costs of the battery

systems were calculated by using a cost factor (fB OM) which was multiplied with

the battery system investment costs.

RBESS = C FET + C FFRR − (IBESS · fB OM) (4.11)

The simple payback period (PBP) is an indication of the time period required

to recover storage investment. The PBP was found by selecting the year (y ) where

the cumulative cash flow (C C F ) is identical to zero. A maximum time period of

50 years was assessed to find the simple PBP, see Eq. (4.12).

C C F , y =
∑y=50

y=0
IBESS,y − RBESS,y (4.12a)

PBP =
{

y where CCF, y == 0 (4.12b)

The profitability index (PI) gives a perspective of the value and risk of the bat-

tery storage investment. The profitability index is defined as the present value per

e invested. The present value includes the future risk and return in the current

value of a project. This value is found by the sum of the annual total revenues for

each year minus the investment cost for each year discounted by the rate (r ) over

the economic lifetime (Lecon). Only initial investments are included at the start of

a project, see Eq. (4.13).

PI =

Lecon∑
y=0

Rstorage,y

(1+r) y

IBESS
(4.13)
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4.3 Technical assessment
The impact of the dispatch strategies on the technical performance indicators

is shown using a violin plot in Fig. 4.4. Violin plots combine the box-whisker

plot with a density plot and provide a quick indication of the obtained results
[65]
.

Residential PV-battery systems are in all plots shown on the left side of the violin

and commercial systems on the right side. Mean values of the distribution are

indicated by the solid line and the 25% and 75% percentile by dotted lines. The

systems performance indicators are annual values, averaged over the systems

lifetime. All results are given for each MWh of annual consumption, enabling a

comparison of the systems.

4.3.1 Self-consumption contribution rates
SCCRs were determined for three out of six strategies. No PV energy was used

for battery charging in the SCO strategy, thus no increase in PV self-consumption

occurred. The SCCRs were not calculated for the PSC and PFRR strategy, because

positive FRR was provided in these strategies. Consequently, not all energy stored

from the PV system can be counted as self-consumption for these strategies. The

SCO strategy shows an average SCCR of 26.5% for residential systems and 23.6%

for commercial systems. A small decrease in average SCCR for residential and

commercial systems is seen between the SCO and the PSCN strategy of ≈0.5%.
The PFRRN strategy shows a small SCCR of 3.4% for residential and 3.8% for com-

mercial systems. In this strategy, it occurs more often that the battery inverter

was used to provide negative FRR than it was used to charge excess PV energy.

Also, less battery capacity is available to charge PV energy onmoments when neg-

ative FRR provision was not feasible. Both lead to a reduction in self-consumption

of ≈23.1% point for residential and ≈19.8% point for commercial systems.
Residential systems have less overlap of energy consumption and PV produc-

tion than commercial systems. Therefore, more energy can be shifted by storage

with residential than commercial systems. This results in a higher SCCR for res-

idential systems in the SCO and PSCN dispatch strategies. In addition, a higher

SCCR in the PFRRN strategy is observed for commercial systems than for resid-

ential systems. Commercial systems have a lower feed-in tariff and thus lower

prices for negative FRR provision compared to residential systems. Therefore,

more negative FRR could be provided by commercial systems. Subsequently, the

battery is discharged more often and thus more storage capacity is available to

increase PV self-consumption.
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Figure 4.4 ··· Influence of the dispatch scenarios on the self-consumption contribution rate (a), fre-
quency restoration reserve storage ratio (b), storage use rate (c) and battery degradation (d) for PV-

battery systems shown using violin plots. The values are the annual average values over the lifetime

of the system. Residential systems are shown on the left side of the distributions and commercial

systems on the right. PV-battery system design parameters are given in Table 4.1. Mean values of

distributions are indicated by solid lines, and the 25% and 75% percentiles by dotted lines.

4.3.2 Frequency restoration reserve storage ratio
The average FRRSR of the PSC and PSCN strategies are around 26% for residential

and 25% for commercial systems. The small FRRSR difference between the PSC

and PSCN strategies indicate a minor impact of the positive FRR provision. In

these strategies, battery storage is mainly charged by surplus PV energy, which

restricts the amount of positive FRR provision.
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The occurrence of feasible positive provision is much lower than feasible neg-

ative provision (see Fig. 4.3). Therefore the added FRRSR by positive FRR provision

is lower than the negative provision. A larger difference between the PFRR and

PFRRN strategies is observed for commercial than for residential systems. The

consumption tariff of commercial systems is significantly lower than for residen-

tial systems, resulting in a larger possibility of positive FRR provision for commer-

cial systems. The PFRR strategy has a higher average FRRSR of ≈6.4% point for
residential and ≈13.3% point for commercial systems, compared to the PFRRN
strategy. This difference is mainly caused by the additional positive FRR supply.

However, FRRSR are in the PFRRN strategy slightly larger for residential systems

than for commercial systems, and this is related to the difference in feed-in tariff.

4.3.3 Battery storage use and degradation
The use of the battery storage systems in the SCO strategy is on average 38.5%

for residential and 43.1% for commercial systems. Commercial systems have a

better overlap of PV production and energy consumption, hence battery storage

is charged at a lower capacity during daytime for commercial than for residential

systems. This results in a 4.6% point higher SUR for commercial systems. The

SUR is greatly increased when FRR provision and self-consumption enhancement

are combined. Mean SUR in the PSC and PSCN strategies are 71.9% for residential

and 69.4% for commercial systems. The PFRR and PFRRN strategies show a SUR

around 77% for residential and commercial systems. The FRRO strategy shows

lower SUR values of 4.6% for residential and 10.5% for commercial systems.

The sum of SURs from the SCO with the FRRO strategy is lower than for dis-

patch strategies that combine both applications. Thus, the battery is used more

often when self-consumption enhancement is combined with FRR provision than

the sum of each application individually. This is caused by two effects. First, elec-

tricity that is originally charged by negative FRR provision is delivered to the build-

ing. This increases the SUR for the PSC and PSCN strategies. Second, electricity

that is produced by PV energy is used as positive FRR provision. This increases

the SUR even more, as shown in the PFRR and PFRRN strategies.

Overall, annual battery degradation is between 1.4% and 2%, but it varies for

different dispatch strategies. Low degradation values are observed in the FRRO

strategy and high degradation values in the PFRR strategy. Relatively high degrad-

ation values of residential system are observed for the PSC and PSCN strategies,

which indicate a higher frequency of charge and discharge cycles. Low degrada-

tion values in the FRRO strategy are caused by the low utilization of the battery

storage. Battery degradation is higher for residential than for commercial sys-

tems, except in the PFRR strategy. This strategy has a higher provision of FRR by
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commercial systems, leading to higher degradation values.

The electricity time-of-use influences the moment that surplus PV energy is

stored or discharged, which varies for each demand pattern. The feasible provi-

sion of FRR is less dependent on the demand pattern, but more on the state of

charge of the battery. Consequently, all system performance indicators show a

larger distribution range for strategies that prioritize PV self-consumption. The

distribution range of residential and commercial systems decreases with more

FRR provision. Systems in the FRRO strategy are operating solely based on the

FRR market prices, which are similar for all systems, so no distribution is seen.

4.3.4 Technical annual variations
Annual mean values for the technical system parameters are presented to

provide insights in the yearly variation of the PV-battery systems, see Fig. 4.5.

The annual variation of the SCCR and the FRRSR are caused by the variation in PV

production, battery storage capacity and FRR prices.

Residential SCCR shows an annual variation of around 8% point for the SCO

and PSCN strategies and 1% point for the PFRRN strategy. Commercial SCCR

shows a lower variation in the SCO and PSCN strategies of around 5% point, yet a

higher variation in the PFRRN strategy of 3% point is observed. PV energy produc-

tion is reduced over time caused by the PV system degradation. This increases

the share of direct consumed PV energy, but reduces the share of PV energy that

can be stored. Consequently, less PV energy is stored and SCCR decreases over

lifetime. Also, battery storage capacity decreases over lifetime due to degrada-

tion. This decreases the PV energy that can be stored and used on later moments,

which reduces the SCCR evenmore. This effect is not visible in the PFRRN strategy,

due to the prioritization of FRR provision is the initial SCCR already limited.

Commercial systems provide more negative FRR than residential systems,

thus have a higher annual variation in SCCR and FRRSR. The PSC and PSCN

strategy have an increase of FRRSR over time caused by the reduction of the

battery capacity. As a result of this reduction, a SOC of 0% due to discharge of

electricity delivered to a building is achieved more often. Also a SOC of 100% due

to the charge of PV energy is realized more frequently. Consequently, the assess-

ment of feasible FRR provision in the PSC and PSCN strategies will occur more

often and more FRR is provided. Provision of FRR was already maximized for the

PFRR and PFRRN strategies which show a constant FRRSR over time.

The reduction in battery capacity results in moremoments that the battery ca-

pacity is saturated, in which reduces its moments were a battery can be charged.

The fluctuation of request for PV charging is smaller than request of negative

FRR provision. Besides, PV energy is charged during daytime, whereas negative
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Figure 4.5 ···Mean annual distribution values for self-consumption contribution rate (a& b), frequency
restoration reserve storage ratio (c & d), storage use rate (e & f) and battery degradation (g & h). The
left columns shows residential systems (a, c, e & g) and the right columns commercial systems (b, d, f
& h). PV-battery system design parameters are given in Table 4.1.

provision fluctuates over the course of the day. Hence, the SCO strategy shows

a strong decrease in SUR, whereas the PSC and PSCN strategies show a weaker

decrease. A minor reduction of SUR is seen for dispatch strategies that prioritize

self-consumption enhancement. Annual battery degradation increases over time

for all dispatch strategies, except the self-consumption only strategy. The power

charged and discharged for FRR provision stays constant over time but the stor-

age capacity decreases. Therefore storage cycle depths and consequently battery

degradation both increase.

101



4444

FRR provision by PV-battery systems

4.4 Economic assessment
The impact of BESS dispatch strategies on the economic performance indicators

is presented in Fig. 4.6. The cash flow from the electricity tariffs, cash flow from

FRR provision and the storage revenues are annual averaged values over the life-

time of the systems.

4.4.1 Annual cash flows and storage revenue
The cash flow obtained with the electricity tariffs for the SCO strategy are on av-

erage ≈ e9 for residential and ≈ e11 for commercial systems. These cash flows
increase significantly when negative FRR is provided because less electricity is

bought with the consumption tariff. The PSC and PSCN dispatch strategies have

cash flows of e42 and e27 for residential and commercial systems respectively.

Prioritizing FRR provision before self-consumption increases the cash flow even

more. Yet, the cash flow from the electricity tariffs are higher for providing only

negative FRR than when both positive and negative FRR are supplied. If positive

FRR is provided, than electricity from the battery is used for positive FRR provision

instead of using it for the electricity demand of the building. Thus, more electricity

is bought which reduces these cash flows related to the electricity tariffs.

The cash flows related to FRR provision are only positive in the FRRO and PFRR

strategies. Largest cash flows from FRR are seen for the FRRO strategy, since all

negative FRR provision is sold back as positive FRR provision. These are e25 for

residential and e33 for commercial systems. The PFRR strategy has a higher cash

flow from positive FRR provision than costs from negative FRR provision. This

results in a net cash flow for FRR provision of e11 and e21 for residential and

commercial systems respectively. The consumption tariff of commercial systems

is lower than for residential system. Hence, more moments in time occur for

commercial systems for which a positive FRR is feasible. Therefore, the cash flow

from commercial systems is≈e10 higher than for residential systems in the PFRR
strategy. The PFRRN strategy shows the lowest cash flows, yet has the largest

reduction of electricity that is bought with the consumption tariff.

Highest storage revenues are observed in the PFRR strategy with e83 for res-

idential and e58 for commercial systems. Lowest revenues are made with self-

consumption only, of e6 and e8 for residential and commercial systems respect-

ively. The difference in storage revenues between the SCO strategy and the other

five strategies is an indication for the annual profit that can be obtained by op-

erating on the frequency restoration reserve market. The largest differences are

observed in the PFRR strategy of≈ e77 for residential and≈ e50 for commercial
systems. Strategies that prioritize self-consumption (PSC & PSCN) have a lower

differences of ≈ e28 for residential and ≈ e12 for commercial systems. The PSC
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Figure 4.6 ··· Influence of the dispatch scenarios on the annual average cash flow from electricity tariffs
(a), annual average cash flow from frequency restoration reserve provision (b), annual average storage

revenue (c) payback period (d) and the profitability index (PI) for PV-battery systems shown using

violin plots. PV-battery system design parameters given in Table 4.1. Mean values of distributions are

indicated by solid lines, and the 25% and 75% percentiles by dotted lines.
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strategy shows slightly higher storage revenue than the PSCN strategy due to the

benefits of positive FRR provision.

Residential storage revenues of the FRRO strategy are smaller than the reven-

ues obtained in the PSC and PSCN strategy, yet commercial systems show larger

revenues. The lower consumption and feed-in tariffs of commercial systems res-

ult in more feasible moments for FRR provision, and higher revenues in the FRRO

strategy. The variation of electricity time-of-use during the day for commercial

systems is lower than residential systems. Subsequently, the distribution range

of commercial systems is smaller than for residential systems.

4.4.2 Investment attractiveness
Simple payback periods of the SCO dispatch strategy are larger than 50 years for

residential systems and larger than 43 years for commercial systems so are not

shown in Fig. 4.6. Payback periods are significantly lower for strategies that pri-

oritize FRR provision. If self-consumption enhancement is prioritized before FRR

provision, then PBP of residential systems is lower than commercial systems. The

difference between the feed-in and consumption tariffs is larger for residential

than commercial systems, resulting in larger benefits for PV self-consumption.

The profitability index value should be higher than 1 for an economically prof-

itably investment. The PI in the SCO dispatch shows values smaller than 1 for

residential and commercial systems, making the investment in battery storage

not economically feasible. The FRRO strategy has higher PI for commercial than

residential systems, thus the price points used for feasible FRR provision should

be closer to commercial tariffs than for residential tariffs. The PI of residential

systems is above 1 in the other four strategies, indicating a positive investment.

Commercial systems show PI above 1 for all systems in the PFRR and PFRRN dis-

patch strategy, but for the PSC and PSCN strategies an average PI below 1 is ob-

served.

It is remarkable that the simple PBP for the PFRR and the PFRRN strategies

is lower for residential than for commercial systems, whereas the PI shows the

opposite. This is caused by differences in economic assumptions made for the

systems. Residential systems have an economic lifetime of 25 years and a dis-

count rate of 2%, whereas commercial systems have a shorter economic lifetime

of 20 years and a higher discount rate of 4%. The time period needed to recover

the investments is shorter for commercial systems. Also the future value of the

storage revenues decreases faster due to a higher discount rate. Both these ef-

fects results in a lower PI for commercial systems than residential systems.

104



4444

4.4 · Economic assessment

4.4.3 Economic annual variations
Annual mean values for cash flow from electricity tariffs, cash flow from FRR pro-

vision, storage revenue and discounted storage revenues are shown in Fig. 4.7.

The SCO strategy shows a reduction of annual cash flow from electricity tariffs for

residential and commercial systems over time. A reduction in self-consumption

increases electricity costs (see Fig. 4.5). Residential systems can obtain more stor-

age revenues for self-consumption than commercial systems. Hence, the drop in

revenue is larger for residential than commercial systems. The PSC and PSCN
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Figure 4.7 ··· Mean annual distribution values for cash flow from electricity tariffs (a & b), cash flow

from frequency restoration reserve provision (c & d), storage revenue (e & f) and discounted storage
revenues (g & h). Residential systems (a, c, e, & g) are shown on the left and commercial systems (b,
d, f & h) are shown on the right. PV-battery system design parameters are given in Table 4.1.
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strategies show that losses due to the reduction of self-consumption are com-

pensated by the additional benefits of negative FRR provision. Hence, a slight

increase in cash flow from electricity tariffs is observed. Besides, more revenue

in providing negative FRR is obtained by residential than commercial systems. As

a result, the increase in cash flow from electricity tariffs is larger for residential

than for commercial systems.

The cash flows from FRR provision show large fluctuations for the FRRO and

PFRR strategies, caused by price fluctuation of positive FRR provision. A slight de-

creasing trend is seen over time due to reduced battery capacity. The FRR cash

flows over time are constant for the PFRRN strategy while the PFRR revenues

show small decreases. Less positive reserves can be provided over time due to

the reduced battery capacity. Commercial systems supply more positive FRR and

thus show a larger variation than residential systems. The storage revenues de-

crease in all dispatch strategies with the SCO strategy as being the most severe.

The discount rate for commercial systems is twice as high as for residential sys-

tems. Consequently, the discounted storage revenues show a steeper decrease

for commercial than residential systems. The impact of the battery degradation

combined with a discount rate results in ≈ 60% decrease of storage revenue in
the SCO strategy.

4.5 Sensitivity analysis
4.5.1 Reference parameters sensitivity
A sensitivity study of the system reference parameters was conducted on the PI

for the SCO, FRRO, PSC and PFRR dispatch strategies. The PSCN and PFRR dis-

patch strategies are excluded in the sensitivity study, because these options are

less realistic to implement. We varied all reference parameters between +50%

and -50% of the initial reference value, see Table 4.1. The sensitivity of the prof-

itability index for the SCO, FRRO, PSC and PFRR dispatch strategies are presented

in a tornado diagram in Fig. 4.8. The impact of each PV-battery system para-

meter varies per dispatch strategy. Therefore, we could not rank the parameters

according to sensitivity range.

Residential systems show no feasible investment in the SCO strategy with

most system parameters. The SCO strategy only becomes economically profit-

able when the consumption tariff is increased or the feed-in tariff is reduced. The

FRRO strategy requires a reduction of consumption tariff, storage cost or capacity

to increase the profitability above 1. An increase in economic lifetime or inverter

rating could also be a possibility to improve the PI substantially. If the economic

lifetime or the consumption tariff is reduced than the investment attractiveness
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Figure 4.8 ··· Sensitivity of the PV-battery system parameters on the profitability index of residential
and commercial systems. The lighter colours indicate the -50% values whereas the darker colours

show the +50% values. Each system indicators shows from top to bottom the SCO, FRRO, PSC& PFRR
battery storage dispatch strategies. Note that the PV-battery system parameters are not ranked on

range of sensitivity.

is lost for the PSC strategy. The PFRR strategy shows PI of higher than 1 for all in-

vestigated parameters. Commercial systems show no PI value above 1 in the SCO

strategy. In contrast to residential systems, commercial systems show a higher

certainty for the FRRO strategy to obtain a positive investment. The PFRR dispatch

strategy only shows PI values larger than 1, similar as for residential systems.

Large influences of consumption tariff are seen on all dispatch strategies, es-

pecially for the strategies that include enhancement of self-consumption. The

feed-in tariff shows a lower influence on the FRRO and dispatch strategies that

prioritize frequency restoration reserve provision for residential systems. For

commercial systems, an increase in feed-in tariff in the FRRO and PSC strategies

results in higher PI, whereas in the other strategies a reduction on PI is ob-

served. More details and explanations on the sensitivity of electricity tariffs and
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FRR prices are given in subsection 4.5.3.

The sensitivity of battery storage capacity and battery inverter rating are para-

meters that are highly affected by the used dispatch strategy. A reduction of bat-

tery storage capacity results in a larger decrease in self-consumption than in FRR

provision. The enhancement of self-consumption is the main objective in the PSC

strategy. Consequently, a larger impact of storage capacity than storage pack

cost is seen for this strategy. The other strategies show a larger impact of storage

pack cost. A decrease in inverter rating reduces the cost of an inverter, but also

reduces the FRR power that can be provided. In the SCO strategy, the benefit of

reduced inverter cost is higher than the loss of power provision. Strategies which

provide positive FRR provision show the opposite, especially visible for commer-

cial systems.

An increase in PV system size results in more excess PV production and con-

sequently more moments when the battery can be charged to enhance self-

consumption. Therefore the PI in the SCO strategy increases with larger PV sys-

tems. However, strategies that provide FRR show a reduction of PI with an in-

creased PV system. In these strategies, more storage capacity will be used to

store excess PV energy. Consequently, less storage capacity is available for FRR

provision which reduces the PI.

The operation and maintenance cost is the only parameter that has a similar

impact on the PI for all strategies. These costs are fixed for the system, there-

fore not dependent on the strategy used to charge or discharge the battery. The

influence of round trip battery efficiency and PV system degradation is found to

be minimal on the PI of the systems with all dispatch strategies. The impact of

calendric lifetime and the number of full cycle equivalents is also limited. More

details and clarifications on the sensitivity of battery degradation parameters are

given in subsection 4.5.4.

4.5.2 Storage capacity and inverter rating
The sensitivity of battery storage capacity and relative inverter rating was invest-

igated in detail using the reference scenario. We used contour plots to analyse

the combined effect of these influences on four dispatch strategies, presented in

Fig. 4.9. Storage capacities were varied with steps of 0.1 kWh and relative inverter

values with steps of 0.1 kW. Residential systems are shown in the top graphs and

commercial systems in the bottom graphs. The red points indicate the maximum

PI within the investigated range of battery storage and inverter ratings.

The SCO strategy shows only profitability indexes below 1 for residential and

commercial systems. The PI in the FRRO strategy is mainly depending on the

relative inverter rating. A higher inverter rating can deliver more power and thus
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Figure 4.9 ··· Influence of battery storage and relative inverter ratings of four strategies, indicated above
the graphs. Mean values of the residential systems are shown at top graphs (a, b, c& d, indicated with
Res.) and mean values of commercial systems are shown at the bottom graphs (e, f, g & h, indicated
with Com.). The red points indicate the maximum profitability index within the system values of the

sensitivity study. Other parameters are kept constant according to the reference PV-battery system

scenario.

increases the PI. The PSC dispatch strategy shows that a larger inverter does not

automatically increase the PI. A larger inverter can charge and discharge a battery

faster. Consequently, more energy can be delivered for the FRRmarket with equal

battery storage capacity. Yet, a reduction of PI is observed in the PSC strategy.

Larger inverter ratings will also increase the charged surplus PV electricity or the

discharged electricity to the building. Hence less battery capacity is available to

provide FRR and also the PI is reduced. The PFRR strategy shows a significantly

increase in PI for residential as well commercial systems. An increase in storage

size results only in higher PI if inverter ratings increase as well.

A lower inverter rating was found when no FRR was provided. The SCO shows

an optimal inverter size of 0.2 kW for residential systems and 0.3 kW for com-

mercial systems. The strategies that provide FRR have an inverter rating of 0.9

or 1. The optimal battery storage size is for each strategy 0.1 kWh per MWh of

electricity consumption, except for the commercial FRRO strategy. Commercial

systems can provide more positive reserves than residential systems due to the

lower price point used. Hence commercial systems benefit more from a larger

storage capacity.
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4.5.3 Electricity tariffs and FRR prices
Future electricity tariffs and frequency restoration prices are highly uncertain due

to changes in policy or technology. Therefore, the sensitivity of the annual price

variation on dispatch strategies was analysed using four price scenarios.

P1 Consumption tariff was varied, feed-in tariff and FRR prices were constant.

P2 Feed-in tariff was varied, consumption tariff and FRR prices were constant.

P3 Consumption and feed-in tariff were constant and FRR prices were varied.

P4 Both tariffs and FRR prices were simultaneously varied.

The sensitivity of dispatch strategies for each price scenario is presented in

Fig. 4.10. The annual variation was modelled between -2.5% and +2.5% in steps

of 0.1%/year.

Price scenario 1 shows an increase in PI for all strategies, except the FRRO

strategy. The value of self-consumed energy and consequently storage increases

with higher consumption tariffs. Residential systems have a higher initial con-

sumption tariff, thus a larger increase in absolute values and higher PI. Also the

price difference between consumption tariff and feed-in tariffs is larger for res-

idential systems than for commercial systems. Consequently, the impact of elec-

tricity price variation is higher for residential systems. A higher consumption tar-

iff results in reduced moments for feasible provision of positive FRR. The FRRO
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Figure 4.10 ··· Sensitivity of prices from electricity tariffs and secondary reserve provision for the four
price scenarios on the profitability index of four strategies (a, b, c & d,). The solid lines show the

average value of residential systems and the dotted line shows averages of commercial systems.
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strategy shows a steeper decrease of the PI for residential than for commercial

systems. This is a result of the larger absolute difference of price points for resid-

ential systems.

The P2 scenario shows a decreasing profitability index with increasing annual

variation of the feed-in tariff in all strategies except in the FRRO strategy and in

the commercial PFRR dispatch strategy. The increase of feed-in tariffs has two

main effects. First the difference between the consumption tariff and the feed-

in tariff is reduced. Consequently the value of self-consumed energy and stored

energy lowers, resulting in a reduced PI. Second, the increase of feed-in tariffs

leads to more moments when negative provision becomes feasible. Therefore,

less energy is bought with the consumption tariff, increasing the PI. Residential

systems have a larger difference between the consumption tariff and the feed-

in tariff than commercial systems. Also the feed-in tariff is larger for residential

systems. Hence, the first effect is larger for residential systems, and the second

effect is bigger for commercial systems. The commercial PFRR is the only strategy

in which the benefits of more negative FRR provision is larger than the loss in self-

consumption.

Price scenario 3 shows different trends between the dispatch strategies. The

PSC dispatch strategies show a decrease of PI with increasing annual variation.

Higher prices reduce the feasibility of negative FRR provision and more energy

must be bought from the grid to fulfil the local energy demand. The PSC strategy

has a lower battery storage use ratio due to the prioritization of self-consumption,

see Fig. 4.4. Hence, the likelihood to provide positive FRR is lower than to provide

negative FRR. Thus, the benefits of the higher positives FRR prices are lower than

the loss of the negative FRR prices. This results in a decrease of PI in the PSC

strategy. The FRRO and the PFRR show an increase in PI because more time mo-

ments occur when delivery of power for the FRR market becomes feasible. The

influence of the variation of consumption and feed-in tariffs is larger than the in-

fluence of the FRRmarket prices, thus P4 shows an increase in PI for all strategies.

4.5.4 Battery capacity degradation
A commonly heard concern is the influence of the calendric lifetime and the num-

ber of full cycle equivalents on battery capacity. Therefore, we assessed the influ-

ence of these parameters on the battery storage capacity that is remaining after

the economic lifetime of the systems expires, see Fig. 4.11. The number of full

cycles was varied with steps of 250 and the calendric lifetime with steps of 1 year.

Remaining parameters were kept constant according to the reference scenario.
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Figure 4.11 ··· Influence of the number of full cycle equivalent and the calendric lifetime on the remain-
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mean values of commercial systems (e, f, g & h, indicated with Com.). The green dot indicates the
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A larger range in storage capacity degradation is observed for the investig-

ated battery degradation parameters. Between 17.5% to 83.3% of the battery ca-

pacity remains after the economic lifetime. The impact of calendric degradation

decreases with a higher number of FCE. The economic lifetime of the commer-

cial systems is 5 years shorter than the residential systems. Consequently, the

reduction in storage capacity is more severe for residential than for commercial

systems.

When the reference battery degradation parameters would be changed to a

calendric lifetime of 5 years and 2000 FCE, than a substantial capacity reduction

would occur with all dispatch strategies. The remaining storage capacity in the

SCO strategy would decrease from 64.5% to 27.6% for residential systems and

from 71.6% to 37.2% for commercial systems. The revenue of storage decreases

even more due to the discounting of the future revenues. Therefore, the impact

of the battery degradation on the PI is less substantial than on capacity reduction.

The average PI decreases from 0.34 to 0.22 for residential systems and from 0.37

to 0.28 for commercial systems.

Similar reductions in battery capacity are observed for the FRRO strategy, with
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a decrease from 69.8% to 32.6% for residential and from 73.7% to 38.6% for com-

mercial systems. However, a smaller reduction in PI is observed, specifically from

1.19 to 1.14 for residential and 1.38 to 1.31 for commercial systems. Hence, the

battery degradation has a significant lower impact on the profitability of the FRRO

strategy than on the SCO strategy. Largest capacity reductions are observed for

the PFRR strategy, of -44.5% point for residential and -40.3% point for commer-

cial systems. Also a larger reduction is seen in PI of -0.24 for residential and

-0.13 for commercial systems. These results are in agreement with results on the

SUR presented in Section 6.3. The PSC strategy shows a small increase in PI for

residential systems (0.04) due to the increased FRR provision over the lifetime.

Commercial systems have a small reduction of -0.02 because of lower benefits of

negative FRR provision.

4.6 Discussion
This research assessed PV-battery systems that combine self-consumption en-

hancement with provision of frequency restoration reserves. We found that pro-

vision of FRR significantly increases storage revenues of PV-battery systems. The

minimum feasible price for positive FRR provision and maximum feasible price

for negative FRR provision show a large impact of the profitability on FRR provi-

sion.

4.6.1 Market assumptions
The largest uncertainty in our study is the use of historical negative and posit-

ive prices for frequency restoration reserve provision in our model. Perfect price

forecasting was assumed which led to optimal PV-battery system benefits. How-

ever, FRR prices are difficult to predict since this market is designed to handle

the unexpected variation between energy supply and demand
[130]
. This leads to

higher financial risks. Voluntary contribution to the FRR market would signific-

antly reduce these risks, but also reduces the obtained revenues. In our research

the consumption and feed-in tariff were selected as price points for FRR provi-

sion, yet different price points could increase the revenues from FRR provision.

Besides, positive and negative prices should always be selected in respect to each

other
[113]
. We recommend additional research on the impact of these points for

the profitability of FRR provision.

Future market prices could significantly change with a higher share of renew-

able electricity production. The increase in wind and solar electricity generation

result in larger power input fluctuation on the grid. As a result, it is expected that

demand for frequency restoration reserve will increase and a larger fluctuation of
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prices will occur
[131]
. This market behaviour could invite more actors to operate

on the balancing markets, especially with a reduction in battery storage cost
[132]
.

These new actors can cause an increase of FFR provision, which could eventually

lead to a decrease in FRR market prices. Modelling of market prices in not yet

studied in great detail because of the small number of actors and low revenues

on this market. Hence, one of the major challenges is to improve the current

models for FRR price and volume prediction.

The Dutch market size for providing positive FRR was 45.8 GWh and for negat-

ive FRR 167.7 GWh, for 2014
[133]
. This market size limits the number of PV-battery

storage systems that can provide FRR. We assessed the market potential by de-

termining the number of systems that can be installed before the market satur-

ates, for 2014. We used reference PV-battery system parameters (see Table 4.1)

and the median annual electricity consumption from the used demand patterns.

These are 3.3 MWh and 270 MWh for residential and commercial buildings, re-

spectively. The number of systems (in thousands) for positive and negative FRR

provision is shown in Table 4.2.

The number of systems that could provide positive FRR is an order of mag-

nitude larger than the number that could provide negative FRR. This difference

is related to the lower number of feasible moments to provide positive FRR.

More residential storage system can enter the market than commercial systems.

Around 300.000 residential PV systems were already installed before 2016 in the

Netherlands
[134]
. If a battery storage system of 1 kWh is added for each kWp of

installed PV system capacity, then themarket for negative provision is already sat-

urated. Therefore, it is important to take these limitations into account, especially

so with a growing number of installed PV-battery storage systems.

An increase in electricity market prices, additional taxes or grid fees results in

higher consumption tariffs for both residential and commercial systems. On the

other hand, the feed-in tariffs for residential systems are currently dependent on

Table 4.2 ··· Estimated number (in thousands) of reference battery systems participation before sec-
ondary reserve market saturation for residential and commercial systems for 2014.

Residential (·103
) Commercial (·103

)

Positive Negative Positive Negative

FRRO 732 168 4.22 0.98

PSC 28011 72 143 1.07

PSCN - 71 - 1.07

PFRR 787 24 4.11 0.29

PFRRN - 26 - 0.34
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subsidy policies for renewable energy generation. It is expected that these sub-

sidies will be abolished and that the feed-in tariffs will drop. This will increase

the value of self-consumed energy and benefits of energy storage. Other applic-

ations, such as electrical vehicles or heat pump systems could be used to provide

balancing services. These applications could influence balancing costs
[133,135]

.

European grid interconnections are increasing and cross border balancing mar-

kets are under development. This results in more connections between the inter-

national market and therefore a larger market is created for balancing reserves,

which influences prices
[136]
.

4.6.2 Implementation considerations
Normally, residential PV-battery storage systems are connected to a low voltage

grid. The total power that can be provided to this grid or subtracted from this

grid is limited by the capacity of the transformers connected to this grid. Aging

of transformers is enhanced when the substation transports power to higher

voltage networks
[22]
. Therefore, it is recommended to set limitations on the

power capacity that can be used for FRR provision within a low voltage grid. Flex-

ible limitations could be used when accurate knowledge about the power con-

sumption within the local grid is available. Furthermore, planning and commu-

nication between district system operators and the active actors of storage sys-

tems is advised to prevent problems related to grid and transformer capacities.

Research on the impact of providing FRR on the low voltage grid is recommended

as a possible next step.

This research provides a first estimate on the monetary benefits for individual

battery systems. However, the minimum bid size to trade on the frequency res-

toration reserve market is 4 MW currently. Battery systems must be pooled to

obtain the minimum bid size to comply with these market requirements. There-

fore, an aggregator is required to combine the individual battery storage systems

to comply with electricity balancing market rules. Larger pools provide more flex-

ibility to trade on the electricity balancing market, but the individual revenue of

the systems might decrease. Supplementary communication and battery man-

agement software can be required to deliver power to the market on the right

moment. This information consists of availability of the battery system, the BESS

state of charge and maximum inverter power. Aggregators could play an import-

ant role in providing this additional hardware and software. These communic-

ation requirements will add costs to a PV-battery system to be able to operate

on the balancing market. Therefore the presented revenues from FRR provision

could be overestimated. Besides, legal matters concerning battery ownership

and taxation of revenues should be investigated before entering the market.
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It is also possible to add a third application to the storage systems for even

higher profitability. For example, BESS could shift the peak demand and therefore

reduce the grid connection cost
[137]
. The benefits of each storage application and

there interaction is highly recommended as future research.

4.7 Conclusion
This work is a first indication on possible additional benefits that residential and

commercial PV-battery systems could have when they are combined to improve

self-consumption and provide frequency restoration reserve to the balancing

market. Six battery dispatch strategies were developed and assessed on tech-

nical and economic parameters. We used historical market prices data and en-

ergy consumption data of 48 residential and 42 commercial systems.

A small loss of 0.5% self-consumption rate is shown for strategies that prior-

itize self-consumption over provision of FRR, compared to strategies that provide

only self-consumption. Larger reductions of around 23% are seen when FRR pro-

vision is prioritized. The battery use is significantly increased when both applica-

tions are used and even doubled when FRR provision is prioritized. The dispatch

strategies have a minor impact on battery degradation. FRR provision as sec-

ondary storage applications increases annual revenue with ≈ e28 for residential
and ≈ e12 for commercial systems for each kWh of storage capacity. Strategies
that prioritize FRR provision before self-consumption enhancement have largest

revenues of ≈ e77 for residential and ≈ e50 for commercial systems.
Electricity and FRR prices show a high influence on the profitability of the stor-

age systems. Therefore developments in these prices should be estimated to ex-

amine an accurate profitability of BESS investments. The battery inverter ratings

should be optimized with the battery storage size and the dispatch strategy to

improve the profitability of the storage investment. Models to predict FRR prices

and volume need increased accuracy. Limitations concerning future market de-

velopments and current electricity infrastructure should be analysed as a next

research step.
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Abstract
Ground source heat pumps (GSHPs) have been suggested to replace gas-based

heating in urban environments to reduce greenhouse gas emissions and help to

comply with the Paris Agreement. The emission reduction from GSHP depends

on the carbon intensity of the electricity generation mix. Moreover, grid capacity

may be limiting the introduction of these high-electricity demand GSHP systems.

Photovoltaics (PV) systems help to provide additional emission reductions for res-

idential GSHP systems. Battery energy storage systems can reduce the peak de-

mand and allow for more GSHPs within the low voltage grid. We developed a

techno-economic and environmental assessment model to quantify this impact

of PV and batteries combined with residential GSHP systems. Measured demand

data of 16 dwellings with GSHP and PV systems from the Netherlands were used.

We show that PV can provide around 19% of the GSHP demand, while batteries

enhance this by 53% and reduce the peak demand by 45%. Greenhouse gas emis-

sion of a GSHP with PV is reduced on average with 73 tCO2-eq, corresponding to

a 80% reduction, over a 30-year lifetime. Dwellings with only a GSHP system have

a net present values increase of around e275 per tCO2-eq of avoided emission.

This is reduced to e230 per tCO2-eq when PV and storage is added to the system.

Nevertheless, investment in GSHP systems today is not economically attractive

for many dwellings. A sensitivity analysis showed that policies should focus on

increasing natural gas tariffs, carbon taxation, investment subsidies or combina-

tions of these routes to encourage sustainable heating.
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5.1 Introduction
In the European Union (EU), around half of the buildings are provided with heat

by fossil fuel boilers with an efficiency of 60% or lower and were installed before

1992
[138]
. For example, in the Netherlands, 93.7% of the dwellings is heated using

natural gas resulting in 11.1% of the total Dutch CO2 emissions
[134,139]

. In line with

the Paris Agreement, the Dutch government has set ambitious goals to phase out

gas boilers by 2050 and replace themwith other technologies to provide heat
[140]
.

Ground source heat pump systems (GSHPs), also known as ground coupled

heat pumps, constitute a promising technology to replace fossil based heating

systems
[141]
. GSHPs generate heat from electricity with high efficiencies and

are seen as best available technology, especially in combination with renewable

sources
[138]
. Emission reduction is largely dependent on the electricity genera-

tion mix in a specific country, GSHPs efficiencies and climate conditions
[142–145]

.

Moreover, GSHPs can deliver flexibility such as demand response services to the

electricity system
[146]
. These advantages led to policies that support investments

in GSHPs. For example, in the USA a tax credit of 30% of GSHP investment costs

presently exists
[147]
. In the Netherlands, a variable subsidy based on the installed

GSHP capacity can be obtained
[148]
. In Europe, around 100,000 GSHP units are

annually installed
[149]
. In the USA, over 560,000 units were installed by the end of

2014
[150]
.

Currently, the Dutch electricity generation mix is relatively carbon intens-

ive (490 gCO2-eq per kWh), which lowers the emission reduction potential of

GSHP
[151]
. Rooftop photovoltaic (PV) systems are a worthwhile option to lower

the electricity needs from the grid. Consequently, greenhouse gas (GHG) emis-

sions can be lowered by avoiding electricity generation from fossil based power

plants
[13]
. The direct use of PV electricity (referred to as self-consumption) is lim-

ited, due to a mismatch in time between PV production and electricity consump-

tion. This can be increased by using a stationary battery energy storage system

(BESS) that charges surplus PV electricity so that it can be used on later moments.

The electrification of heating and the use of energy storage are highly recommen-

ded technologies to allow for more intermittent renewable energy in the electri-

city system worldwide.
[4,29]

.

The implementation of GSHPs could be restricted by the capacity of exist-

ing low voltage utility grid, due to the larger peak demand of dwellings with

GSHP
[152]
. BESSs are suitable for peak shaving of the power demand and PV elec-

tricity production
[153]
. The latter application reduces potential energy losses due

to PV curtailment requirements
[154]
. Consequently, more PV systems and GSHP

systems can be installed on a local grid without expansion requirements. This re-

duces the societal grid costs and helps the profitability of BESSs
[108]
. Furthermore,
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less power generation capacity is required to meet peak electricity demand, es-

pecially for colder winter months. These associated benefits may result in a rapid

deployment and cost decline of BESSs
[39]
. However, BESSs have charging and dis-

charging losses that result in higher system emissions. These systems are only

recommended if the share of renewable electricity generation is a large share of

the total electricity generation
[155]
.

5.1.1 Literature review
Several studies assessed the technological, economical or environmental advant-

ages of GSHP systems combined with PV and storage. PV self-consumption

of dwellings with GSHP systems show a clear seasonal effect, with significantly

higher self-consumption in summer months than in winter months
[156]
. A GSHP

control algorithm that used weather forecasts showed a limited increase of 7% in

PV self-consumption for a Swedish building
[157]
. Another study using a residential

dwelling from Switzerland found that controlling a heat pump on the availability

of surplus PV power increases self-consumption with 1.5%
[158]
. Also, a few per-

cent lower self-sufficiency by PV electricity was found when a heat pump was

included for a residential dwelling in Germany
[159]
.

A German study developed a mixed linear programming model to optimize

size the PV system, thermal and battery storage for residential dwellings with a

heat pump
[160]
. It was found that the optimal battery storage size is mainly de-

termined by the electricity demand and hardly influenced by the PV system size.

Another study presented a multi objective model to reduce the GSHP consump-

tion peak, using thermal storage and demand response for residential buildings

in Belgium
[161]
. They found that the peak demand can be decreased with 2.5 kW

per building, at an estimated capacity cost of 25 e/kW related to a lifetime of 25

years.

Combining a GSHP with a PV system was found to be a preferred option from

an energy and economical point, then combining GSHP with a solar thermal col-

lector. This is mainly because for each kWh of PV electricity produced, a multifold

of heat can be produced with a GSHP system
[162]
. A study modelling residential

heating options for buildings in Belgium found that GSHP reduce annual emis-

sions with ≈ 1.5 tCO2. With the combination of a PV system, the annual emission

reduction was 0.6 to 0.9 ton higher
[163]
. Also, higher CO2 abatements cost were

found for GSHP than air source heat pumps
[145]
. When surplus PV electricity is

converted to heat using a GSHP and be exported to a district heating grid, then

larger PV system capacities are economic suitable
[164]
. Also conversion of surplus

PV electricity to heat was a better environmental option than exporting the elec-

tricity to the grid. This is related to the higher carbon intensity of district heating
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compared with the electricity generation mix
[165]
. A study conducted in the South

of Spain compared 4 systems for provision of cooling heating and power demand

to building. A system including an absorption chiller, an auxiliary heater, PV mod-

ules and solar thermal modules showed the best performance from an economic

and environmental perspective
[166]
. Another study conducted in Italy found a 70

- 80% reduction in primary energy when a GSHP system is coupled with a PV

system
[167]
.

The literature illustrates that GSHP systems combined with PV and storage

show great potential for emissions reduction. Most studies focus on a single or a

few research topics, and a broader integrated study combing technological eco-

nomic and environmental impact was not found. These multidisciplinary studies

are essential for a better understanding of the broader impact of PV and storage

on GSHP systems. Furthermore, almost all studies use building models to assess

the impact of these systems, since measurement data is difficult to obtain. If

measured data was used, than only a single or a few buildings were included in

the studies. Therefore the influence of real heating demand patterns is not well

known.

5.1.2 Research aim
In our study, we present a broader integrated techno-economic and environ-

mental impact for residential dwellings with a GSHP combined with PV and BESS.

While most studies solely used a single or modelled consumption timeseries, our

research used 16 measured residential electricity consumption and PV produc-

tion timeseries with duration of 2-years at a 15 min time resolution.

We assessed the impact of 5 systems architectures by comparing the systems

with a reference case over the 30-years lifetime. This reference case consists

of dwellings with a condensing gas boiler (CGB) and no PV or storage installed.

A battery control strategy was developed that aims to increase self-sufficiency

and reduction of grid impact simultaneously. The economic impact was assessed

and we provide policy options to increase the economic attractiveness of GSHP

systems.

Avoided life cycle GHG emissions and payback periods for GHG emissions

were determined for each system and compared with each other. The sensit-

ivity of the electricity carbon intensity on the avoided emissions was assessed.

Furthermore, we compared the results with surrounding western European coun-

tries. Consequently, our results could be used as an indication of emission reduc-

tion potential of GSHP combined with PV and batteries for these countries. The

obtained knowledge is valuable for a broad range of users, from system owners,

installers, distribution system operators and policy makers.
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5.2 Method
This research assessed the impact photovoltaic and storage on residential dwell-

ings using a techno-economic and environmental assessment model. First, elec-

tricity consumption and PV electricity production of 16 residential dwellings were

measured and selected based on data availability and reliability. Also remaining

model input parameters required were obtained from literature. Next, a battery

storage model was developed which increased PV self-consumption and reduced

the peak power on the local electricity grid. Then, technical, environmental and

economic performance of each system design was assessed over their lifetime.

We selected a 30-years lifetime based on the minimum expected lifetime or a

renovation cycle of a residential dwelling
[168]
. Replacement cost of system com-

ponents with a lifetime shorter than 30 years were also included. Finally, a sens-

itivity study on the input parameters was conducted. An overview of the used

input data and model steps with corresponding sections and chapters is shown

in Fig. 5.1.

5.2.1 Energy production and consumption time series
An overview of the PV electricity production and energy consumption data selec-

tion is provided in this section. Also, key parameters containing statistics of PV

electricity production and energy consumption from dwellings is provided. Fur-

ther insights on the time series and patterns are given in appendix 5.A.

Rooftop PV system production and residential electricity consumption

timeseries of 38 dwellings were measured in the Netherlands from 2013 until

2015. This was measured during the project called Your Energy Moment which

assesses the influence of dynamic tariffs on residential demand. Data of this pro-

ject has been validated and used in previous studies
[106,169]

. The electricity con-

sumption of the dwelling, the GSHP system and PV electricity production were

measured separately with a 15 min time step. The measured data from 1
st
of

July 2013 until 30
th
of June 2015 was selected to obtain a period of 2 years. Only

timeseries with a data availability of higher than 96%were selected. Furthermore,

time series were manually analysed on incorrect measurements which reduced

the dataset to 16 dwellings. Remaining missing data points were refilled using

data from a similar time moment of the first available previous day or following

day. As a result, each used timeseries contains 70,080 data points.

The dwellings are detached and semi-detached family houses, build in 2012,

with highly insulated roofs, walls and windows, which are representative for typ-

ically newly build houses in the Netherlands. They contain PV systems that are
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Inputs time series
(see Section 5.1 & Appendix 5.A)

GSHP demand

PV electricity generation 

Standby

DHW

Cooling

Space heating 

Non GSHP dwelling demand

Heat demand

Energy model algorithm (see subsection 5.2.2 & appendix 5.C)

Condensing gas boiler

PV system 

Battery energy storage system  

Inputs model parameters
(see Table 5.1 & Appendix 5.B)

Ground source heat pump 

Economic parameters

Environmental parameters

Results (see section 5.3. & appendix 5.D)   

 Calculation of techno-economic and environmental assessment  parameter (see 
subsection 5.2.3)

Sensitivity analysis (see section 5.4. & 
appendix  5.E) 

Figure 5.1 ··· Overview of the techno-economic and environmental assessment model input data and
model steps with corresponding sections and chapters.

oriented between 170° and 210° and have a module tilt of 10°. Further tech-

nical and environmental performance statistics of the PV systems are provided in

appendix Fig. 5.9.

Each dwelling holds a GSHP unit with a nominal output of 4 kW thermal. The

GSHP provided the dwellings with three services: space heating, domestic hot

water (DHW) provision and cooling. The GSHP system power requirements of

the space heating are 1.1 kW and 1.8 kW for DHW production. The heat pumps

are connected to a closed loop vertical soil heat exchanger that was designed

to achieve a relative high brine temperature of 4°C. Dwellings are heated using

low temperature floor heating (28°C). Combined with the high brine temperature,

this results in a coefficient of performances (COP) of 5.7 for space heating. DHW

production requires a higher temperature (60°C), which results in a lower COP of

1.9
[170]
. DHW is stored in 190 L storage tanks, which are refilled if reaching a lower

water level. The GSHP can also cool the inside temperature with a few degrees

123



55555

Combing GSHP with PV-battery systems

using the floor heating system. Therefore, cool water from the ground source is

circulated through the floor heating system. If cooling is applied, the GSHP uses

≈ 0.15 kW for the circulation pumps. In addition, the GSHP system uses electricity
for standby use.

The minimum and maximum GSHP power consumption for each time step

were measured. Consequently, we could separate the GSHP consumption time

series into four profiles for each function, based on the maximum energy con-

sumption measured for each time step. Electricity consumption below 0.08 kW

was allocated to standby usages. Consumption between 0.08 and 0.2 kW was al-

located to cooling use. The consumption between 0.2 and 1.4 kW was allocated

to heating and above 1.2 kW allocated to DHW production. The heat demand was

derived from the electricity demand required for space heating and DHW produc-

tion. The natural gas demand was determined from the heat demand using the

efficiencies of the condensing gas boiler, which can be found in Table 5.1.

Statistics of the residential electricity consumption and the share of the GSHP

functions are presented in appendix Table 5.2. Also the estimated natural gas

consumption statistics are shown in appendix Table 5.3. The two years measure-

ment period was scaled to a 30-years period by duplicating the 2 years period. We

assumed no future change in electricity consumption from the dwellings. More

details on the hourly, daily and seasonal fluctuation of the electricity consump-

tion are presented in the appendix with Fig. 5.10 & Fig. 5.11. The winter months

in the used time period (December, January and February) had higher temperat-

ures than the long term average of 3.4°C. The winter of 2013-2014 had an average

winter temperature of 6°C and the winter of 2014-2015 had an average temperat-

ure of 4.1°C. The overall temperatures for 2014 and 2015 were respectively 11.7°C

and 10.9°C compared to a long term-average of 10.1°C
[171]
. Solar radiation during

the used time periods was also a few percent higher
[90]
.

5.2.2 Model input assumptions and explanation
The model assumed input values to determine the technical, environmental and

economic performance of the assessed systems. An overview of the model input

assumptions for the various system components is shown in Table 5.1. A detailed

explanation of theses model assumptions is given in appendix 5.B.

The dwellings had no BESS installed, therefore we modelled the battery en-

ergy storage behaviour. An AC (alternating current) coupled lithium-based PV-

battery storage system was assumed. AC coupled systems are very suitable to

retrofit existing PV systems with storage, and are widely used in literature
[93]
. The
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Table 5.1 ··· System input assumptions used in this study. The PV system, battery energy storage
system, ground source heat pump system, condensing gas boiler, and remaining system input as-

sumptions are separated by dashed lines.

Parameter Value Unit Sources

PV system size 1 kWpPV/MWhdemand
[154]

PV system degradation 0.5 %/year
[96]

PV system cost 1200 e/kWp [172]

Annual O&M PV system 1 % of investement
[124]

PV inverter lifetime 15 year
[93]

Repl. cost PV inverter 100 e/kWp [172]

PV manufacturing emissions (made in China) 1590 gCO2-eq/WpPV
[173]

PV manufacturing emission (made in EU) 824 gCO2-eq/WpPV
[173]

Storage capacity 1 kWhBESS/MWhdemand
[93]

Battery inverter rating 0.5 kW/kWhBESS
[95]

# of full cycle equivalent 5000
[97]

Calendric lifetime 15 years
[97]

Round trip DCη loss 92.2 %
[95]

Storage pack cost 200 e/kWh [122]

BOS + EPC BESS 300 e/kW [123]

Annual O&M BESS system 1 % of investement
[124]

BESS system lifetime 15 year
[93,174]

Replacement cost storage pack 100 e/kWh [39]

Replacement cost battery inverter 100 e/kW [123]

Storage pack manufacturing emission 110 gCO2-eq/WhBESS
[175]

BOS BESS mfg emis. 124 gCO2-eq/WBESS cap
[173]

GSHP COP space heating 5.7
[170]

GSHP COP DHW 1.9
[170]

GSHP system investment 14000 e/unit [145,176]

GSHP investment subsidy 20 %
[148]

Annual O&M GSHP system 50 e [177]

Heat pump system lifetime 20 year
[145,177]

Replacement cost heat pump 3600 e/unit [145,178]

GSHP manufacturing emission 1760 kg CO2-eq/unit
[143]

CGB eff. space heating 95 %
[163]

CGB eff. DHW 85 %
[163]

CGB investment 1500 e/unit [140]

Annual O&M CGB 100 e [179]

CGB system lifetime 15 year
[140]

Replacement cost CGB 1500 e/unit [140]

CGB manufacturing emission 160 kg CO2-eq/unit
[180]

Discount rate 2 %/year
[125]

Natural gas tariff 21.84 e/GJ HHV [181]

Electricity cons. tariff 0.176 e/kWh [181]

Electricity feed-in. tariff var. e/kWh [182]

Annual change NG tariff 0.5 % /year
[183]

Annual change elec. tariff 0.5 % /year
[183]

Emis. electricity grid (2016) 490 gCO2-eq/kWh
[151]

Zero grid emissions in year 2050
[184]
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behaviour of the BESS was modelled using a novel algorithm aimed for two ap-

plications simultaneously: increase in self-consumption and reduction of grid im-

pact. Self-consumption was enhanced by storing surplus PV energy to use this on

later moments. Grid impact was reduced by peak shaving of the imported and

exported peak. The novelty of this algorithm is to predict the annual peak shaving

potential by including the expected self-consumption enhancement. This poten-

tial depends on the used battery capacity and battery inverter rating.

This algorithmwas written in Python (v3.5) and uses electricity production and

demand profiles of the dwellings. The battery charge and discharge flows were

simulated for 30 years using a time step of 5 min. This time step was used to ob-

tain a good accuracy of battery storage capacity degradation. Battery degradation

consists of cycle degradation and calendric degradation and was determined an-

nually. The diminished storage capacity was subtracted from the original storage

capacity for each year. After 15 years the battery storage is replaced and the ca-

pacity is set back to the full storage capacity. The used battery degradationmodel

is explained in detail in a previous study
[185]
. Perfect forecasts of the PV energy

production and the electricity consumption patterns were assumed. These were

used to predict the moments to charge or discharge the battery storage system

and consequently reduce the power impact on the local grid. An overview of the

energy model algorithm with the description and explanation of the model steps

is presented in appendix 5.C. Furthermore, the model is clarified using two days

as example, graphical supported by Fig. 5.12.

5.2.3 Calculation of assessed parameters
Calculation of self-sufficiency and grid impact
The self-sufficiency ratio was used to assess the impact of the PV self-

consumption. The self-sufficiency ratio indicates the share of electricity demand

(Pdemand) that is fulfilled by direct or indirect PV self-consumption. The direct self-

consumption consists of PV produced power which is directly used in the dwelling

(Pdirect SC). The indirect self-consumption contains power that is discharged from

the battery and delivered to the dwelling (PB discharge). The self-consumed power

is aggregated over the total lifetime of the system from the first time step of the

first year (t=1) until the last time step of the final year (tend), with a 5 min time step

see Eq. (6.2).

SSR =

tend∑
t=1

(Pdirect SC,t + PB discharge,t) ·∆t

tend∑
t=1

Pdemand,t ·∆t

(5.1)
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The specific self-sufficiency ratio (SSRspecific) indicates the share of electricity

consumption of each of the four GSHP functions that could be fulfilled by the

direct or indirect self-consumption. The GSHP self-consumed power was divided

into four temporal subsets (TTF), based onmoments with power demand for each

GSHP function. This self-consumed power was aggregated and divided by the

electricity consumption of each function (Pdemand,GSHP,t) see Eq. (5.2).

SSRspecific =

∑
t∈TTF

(Pdirect SC,t + PB discharge,t) ·∆t∑
t∈TTF

Pdemand,GSHP,t ·∆t
(5.2)

The impact of the grid was assessed using four parameters. The maximum

import power peak and export power peak to the grid (PG) over the lifetime of the

system was determined. This peak is a valuable indicator for distribution system

operators to assess the impact of the residential system on their network. The

other two parameters are the import peak to average ratio (IPAR) and export peak

to average ratio (EPAR). The IPAR is defined as the ratio between the maximum

import power peak and the average imported power from the grid. The export

peak to average ratio EPAR is defined as the maximum exported power to the

grid and the averaged exported power. These parameters are an indicator for

the variability and magnitude of the power flows on the network, see Eq. (5.3).

Import peak = Max(PG,t < 0) (5.3a)

Export peak = Max(PG,t > 0) (5.3b)

IPAR =
Import peak

1
n ·

n∑
t=1

(PG,t < 0)
(5.3c)

EPAR =
Export peak

1
n ·

n∑
t=1

(PG,t > 0)
(5.3d)

Calculation of investment attractiveness
The investment attractiveness of each system depends on the initial investment

cost of a system (Itotal) and the annual cash flows (CFs) over the lifetime of the

systems. The investment cost depends on the expenses for the heating system

(IHS), the cost of the PV system(IPV) and investment cost of the storage system

(IBESS), see Eq. (5.4). The cost of the PV and storage systems depends on the

installed system capacities.

Itotal = IHS + IPV + IBESS (5.4)

The total cash flow depends on the annual (y ) energy cost from natural gas

and electricity. The cash flow from natural gas (C FNG) depends on the imported
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natural gas (NGimport) and the natural gas tariff (πNG). The cash flow of electricity

(C FElec) depends on the imported electricity (E lecimport) and exported electricity

(E lecexport) and the consumption tariff (πcons) and the feed-in tariff (πfeed-in). The

operation and maintenance (O&M) cost contain the cost of maintaining the in-

stalled heating system (O&MHS), PV system (O&MPV), and battery storage system

(O&MBESS). We assumed a constant O&M cost factor over the lifetime. The total

annual cash flow is the energy cash flows plus the O&M cash flow, see Eq. (5.5).

E lecimport =

tend∑
t|PG,t<0

PG,t (5.5a)

E lecexport =

tend∑
t|PG,t>0

PG,t (5.5b)

C FNG = NGimport, y · πNG, y (5.5c)

C FElec = (5.5d)

(E lecimport, y · πcons, y)− (E lecexport, y · πfeed-in, y)

O&M = O&MHS + O&MPV + O&MBESS (5.5e)

C F , y = C FNG + C FElec +O&M (5.5f)

The attractiveness of the investment in the system architectures was evalu-

ated using the net present value (NPV), cost reduction, internal rate of return

(IRR) and discounted payback period (DPBP), defined according Eq. (5.6). The

NPV gives a perspective of the current value by including the future risk and re-

turns of the investment. The NPV provides an absolute number that can help

in the decision process for the system selection of dwelling owners. A positive

NPV represents a feasible investment, while a negative NPV shows an unwise in-

vestment. The future risk and return is included with the discount rate (r ) and

used to calculate the diminishing value of future returns over the economic life-

time (Lecon) of the system. The NPV was calculated by subtracting the reference

NPV (NPVreference) minus the actual NPV (NPVactual). The reference NPV included

cash flows and investment cost from the reference case, and the actual NPV in-

cluded the cash flow and investment cost of the analyzed system architecture.

The cost reduction (Creduction) is the relative reduction in NPV of the actual sys-

tem compared cash flow to the reference system. The IRR gives an indication of

the discount rate required to obtain a feasible investment. This was obtained by

solving the discount rate with an NPV identical to zero. Thus the IRR shows the

influence of the discount rate on the investment. The DPBP presents the time

period until an economic investment is recovered. This was found by solving the

year in which the NPV is identical to zero. System payback periods are frequently
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used in the residential PV and GSHP market, therefore DPBP was selected as an

economic indicator. A maximum lifetime of 50 years was included in the math-

ematical solver. We included lifetimes longer than the economic lifetime of the

systems to give a clear depiction of the DPBP diversity.

NPVreference &NPVactual =
Lecon∑
y=0

C F , y

(1 + r) y
− Itotal (5.6a)

NPV = NPVreference − NPVactual (5.6b)

Creduction =
NPVreference − NPVactual

NPVreference
(5.6c)

IRR =
{

r where NPV, r == 0 (5.6d)

DPBP =
{

y where NPV, y == 0 (5.6e)

Calculation of avoided GHG life cycle emissions
The life cycle emissions of each system mainly depends on two emissions cat-

egories. The first category are emissions released during manufacturing and

installation of the specific system components (G HGmfg). These emissions are

from the heating system (G HGmfg HS), PV system (G HGmfg PV), and battery storage

system (G HGmfg BESS). Emissions from PV systems manufactured in China were

selected since more than half of PV module globally are currently produced in

China
[6]
. The emissions from the heating system are per unit, emissions from PV

per kWp capacity and BESS per kWh storage capacity, see Eq. (5.7).

G HGmfg = G HGmfg HS + G HGmfg PV + G HGmfg BESS (5.7)

The second category contains emissions associated with the imported energy

(GHGE import) and potential avoided emissions due to the exported energy

(GHGE export). The emissions associated with imported energy consist of the

emissions from electricity imported and emissions from natural gas combustion.

Emissions from imported and exported electricity are calculated by multiplying

the annual electricity import and export with the average annual emission factor

of electricity (EFE). An annual linear reduction from the current emission factor to-

wards zero for a certain future year was assumed. The emissions associated with

exported electricity depend on the exported electricity multiplied by the annual

emission factor, see Eq. (5.8). Emissions from the natural gas consumption were

included when a system contained a CGB to provide space heating and DHW. A

emission factor of 50.93 kg CO2/GJ HHV was used to obtain the emissions from

natural gas consumption.
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G HGE import =

yend∑
y=1

E lecimport, y · EFE, y (5.8a)

G HGE export =

yend∑
y=1

(E lecexport, y · EFE, y) + (NGimport, y · 50.93) (5.8b)

A larger share of renewable PV production capacity could result in PV feed-

in limitations. Moreover, exported PV produced by the dwellings could replace

other renewable sources and these future marginal GHG emissions of the elec-

tricity systems are difficult to predict. Therefore, we assessed the avoided life

cycle GHG emissions using two system boundaries: from an electricity system

perspective (G HGsystem) and from a dwelling perspective (G HGdwelling). In the first

perspective, all exported PV electricity is allocated to replace emissions from elec-

tricity generated by other sources. From the dwelling perspective, exported PV

electricity does not account for additional avoided emissions, see Eq. (5.9).

G HGsystem = G HGmfg + G HGimport − G HGE export (5.9a)

G HGdwelling = G HGmfg + G HGE import (5.9b)

The avoided emissions (G HGavoided) are defined as the difference in emissions

of the reference system (G HGreference) and the actual system (G HGactual) architec-

ture. The reference system contains a CGB for heating demand that has similar

standby consumption as the GSHP. Also the reference system included the emis-

sions from import electricity and natural gas. The reduction is defined as the ratio

between the avoided emissions and the reference emissions, see Eq. (5.11).

G HGavoided = G HGreference − G HGactual (5.10a)

G HGreduction =
G HGavoided

G HGreference
(5.10b)

The GHG payback period (GHGPBP) is an indication of the time period to offset

the additional emissions from manufacturing and installation of the actual sys-

tem (G HGmfg actual) compared to the reference system (G HGmfg ref ). The avoided

emissions excluding the emissions from manufacturing (G HGavoided ex) from the

reference system and the actual system were determined for each year. These

were calculating according to Eq. (5.8) and Eq. (5.9), excluding the emissions from

manufacturing. The GHG payback period was found by selecting the time step

for which the cumulative avoided emissions excluding manufacturing (CAE) are

identical to the extra emissions due to manufacturing, according Eq. (5.11).

CAE, y =
∑y=end

y=0
G HGavoided ex − (G HGmfg actual − G HGmfg ref) (5.11a)

GHGPBP =
{

y where CAE, y == 0 (5.11b)
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5.3 Results
This section provided the technical, economic and environmental impact of the

GSHP systems combined with PV and storage. The results of each individual sys-

tem was visualized using violin plots
[65]
. This type of graphical illustration gives

a quick indication of the distribution of results obtained from each dwelling and

system. The results are presented for normalized PV system capacities of 1 kWp

for each MWh of annual electricity consumption and battery storage capacities

of 1 kWh per MWh annual consumption. Technical, economic and environmental

impact of smaller and larger PV system sizes and battery storage capacities are

presented in in appendix 5.D.

5.3.1 Self-sufficiency ratio and grid impact
SSR distributions of dwellings and their specific GSHP functions are visualized

using violin plots in Fig. 5.2 (a & b). PV systems with GSHP show an average SSR

of 25%, with a range between 21% and 31%. Adding BESSs increases this SSR on

average with 18% point, ranging from 39% until 49%. Dwellings without GSHP

show a higher SSR of 31% on average for PV only and 49% with BESS. Clearly,

adding a GSHP reduces SSR. This is simply due to the fact that PV production

occursmainly in the summermonths, whereasmost GSHP demand consumption

occurs during colder winter months (see appendix Fig. 5.10 & Fig. 5.11).

Each of the specific heat pump functions shows a different contribution to the

SSR (Fig. 5.2 (b)). Cooling demand shows the largest specific SSR of which 53%

directly is provided by the PV system. This number can be increased to 94% when

a storage system is added. The SSR of space heating is limited to 9% in case of

PV only and 14% when a storage system is used, since most space heating occurs

during colder winter months. DHW is temporarily stored in a tank and therefore

DHW production has a demand side management potential. The average SSR of

DHW increased by 12% with storage and by 23% with twice the storage capacity,

see appendix Fig. 5.14. Based on these numbers, we estimated that a quarter

of DHW production has the potential to be shifted to moments with excess PV

electricity. This will increase the direct self-consumption of DHW production and

reduce the storage requirements for batteries. In total, 19% of the GSHP con-

sumption can be provided by direct PV electricity and an additional 10% by BESS.

The influences of the systems on the electricity grid are presented in Fig. 5.2 (c

to f). Dwellings with GSHP have an average 0.8 kW higher import peak than dwell-

ings without GSHP, however the maximum peak demand of the GSHP system is

1.8 kW. Hence, power peaks from GSHP are not occurring at the same moment

as power peaks of remaining dwelling appliances. Deploying BESS systems leads

to an average reduction in import peak of 45% for dwellings with GSHP and of
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Figure 5.2 ··· Distribution of the self-sufficiency ratios for the four system configurations (a) and distri-
butions of specific self-sufficiency ratios for each of the heat pump functions (b). The impact of power

flows from the electricity grid is shown by the import peak distributions (c) and the import peak to

average ration (d). The impact of power flows to the grid is presented by the export peak (e) and the

export peak to average ratio (f). The left part of the violin plot shows the distribution of a PV system

only and the right part of the distribution with a storage system. Distributions are shown for a 30-year

lifetime. Mean values of distributions of the 16 dwellings are indicated by solid lines, and the 25% and

75% percentiles by dotted lines.

30% for dwellings without GSHP. Dwellings with GSHP systems show an average

reduction of import peak to average ratio from 15 to 11 when BESS are used. The

reduction of exported peak PV power is around 38% for both dwellings with and

without GSHP. Export peak to average ratio are reduced from 3.3 to 2.1 when stor-

age was included in the system. Larger storage capacities lead to larger reduction

of the import and export peaks, see appendix Fig. 5.15. Also shown here is that

on average 0.09 % of the total charged energy was pre-charged to reduce peak
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demand and only 0.04% of discharged energy was pre-discharged to store future

PV peaks. Furthermore, SSR are 0.07% lower due to the peak shaving application.

Moreover this figure shows the impact of three potential PV feed-in limitations.

These results show that BESS have a large potential in enabling more GSHP and

PV systems on existing low voltage grids.

5.3.2 Investment attractiveness
The investment attractiveness for 16 dwellings and 5 systems architectures is

presented in Fig. 5.3. A large distribution range in net present value is shown

for dwellings with a GSHP, highly influenced by the dwellings heat consumption.

The GSHP system shows a net present value range from e−1.6 · 103
to 6 · 103

,

with a mean of ≈ e1100. 7 of the 16 dwellings with solely a GSHP system have
a negative NPV. A PV system combined with GSHP results in a positive average

NPV of e5.7 · 103
. A BESS reduces the average NPV around e1100, showing that

investing in storage is not profitable.

The average cost reduction of a PV system with GSHP is larger than for only

a PV system. However, highest internal rate of returns are shown for PV systems

only, with an average of 7.5%. The investment in a GSHP system is two to three

times larger than the investments in a PV system. Consequently, the internal rate

of return is higher for solely a PV system than for a PV system with GSHP. The

GSHP systems show an average IRR of 2.6% andGSHP systemswith PV an average
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Figure 5.3 ··· Distribution of net present value (a), cost reduction (b), internal rate of return (c) and
discounted payback period (d) for 16 residential systems. Five system configurations are presented,

explained in the figure legend. Mean values of distributions are indicated by solid lines and the 25%

and 75% percentiles are indicated by dotted lines.
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of and 4.2%. Discounted payback period of GSHP systems are between 18 to 37

years, whereas solely PV systems show an average of 12 years. Distribution range

for DPBP by only GSHP is substantially larger than the distributions seen from

only a PV system. The revenue of GSHP is caused by the avoidance of natural gas

consumption and is highly dependent on the occupancy and behaviour of the

residents as well as the dwelling properties. The DPBP decreases with larger PV

system or BESS capacities (see appendix Fig. 5.16.)

5.3.3 Avoided life cycle GHG emissions
Distributions of avoided life cycle GHG emissions, GHG emission reduction and

GHG payback periods are presented in Fig. 5.4. Avoided emissions from an elec-

tricity system perspective show a relative large distribution spread, especially for

systems with GSHP. Avoided emissions of GSHP systems are between 30.6 and

59.2, with an average of 42.4 tCO2-eq for the 16 dwellings. Systems with PV have

an average of 72.7 tCO2-eq, demonstrating that PV systems contributes with 30.3
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Figure 5.4 ··· Distribution of avoided life cycle system emissions (a& b), emission reduction (c& d) and
GHGPBP (e& f) for 16 residential systems. The left columns shows the distribution from an electricity
(Elec.) system perspective and the right columns show the distribution from a dwelling perspective.

Mean values of distributions of the 16 systems are indicated by solid lines, and the 25% and 75%

percentiles are indicated by dotted lines.
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tCO2-eq on average of avoided emissions. Avoided emissions are larger for dwell-

ings which include a GSHP due to the larger PV capacities. BESS systems lower

the avoided emissions from an electricity system perspective, mainly caused by

charge and discharge losses. The higher avoided emissions by storage are caused

by the higher SSR of 10%. Larger PV system capacities have more avoided emis-

sions from an electricity system perspective, see appendix Fig. 5.17. Emissions

are reduced by 47% using a GSHP and 80% with the use of a PV system. GHGPBP

are lowest for a GSHP system only with 2.5 years of time required to offset the

emissions from manufacturing and installation. All system configurations have

an average GHGPBP below 6 years from a system perspective.

Avoided emissions were also determined from a dwelling perspective, which

only includes emissions avoided within a dwelling. This perspective is currently

not realistic since surplus PV electricity can be exported to the grid without limit,

and is shown purely as a theoretical indicator. Avoided emissions show an aver-

age of 44.3 tCO2-eq for GSHP with PV, and an additional 7.3 tonne when storage is

included. The higher avoided emissions by storage are caused by the higher SSR

of 10%. Larger PV system capacities havemore avoided emissions from an electri-

city system perspective, but less avoided emissions from a dwelling perspective,

see appendix Fig. 5.17. Also, the GHG reduction from the dwelling perspectives

are lower and the GHGPBP from this perspective higher.

5.3.4 Techno-economic correlations with avoided emissions
Observable correlations between technological or economic parameters with the

avoided life cycle GHG emissions parameters are given in Fig. 5.5. The contribu-

tion of the PV system to the avoided life cycle GHG emissions from a dwelling per-

spective is shown using the self-sufficiency ratio. A clear linear trend is observed

between the SSR and the avoided GHG emissions by a PV system. A minimal SSR

of 22% is required to obtain net positive emissions. For SSR >22%, avoided emis-

sions from a dwelling perspective increase with ≈ 80 gCO2-eq per Wp for each

percentage point SSR.

Another clear correlation is shown between the net present value and the

total avoided emissions from a system perspective. The NPV increases with ≈
e275 for each additional ton of avoided tCO2-eq. Around 40 tCO2-eq should

be avoided to obtain benefits from emissions reduction. Dwellings with a GSHP

system plus PV and storage show an NPV increase of around e230 for each ad-

ditional ton of avoided tCO2-eq. Complementing these dwellings with storage

shows a comparable slope. Dwellings with PV show a NPV increase of ≈ e180
for each ton of avoided emissions. This is decreased to e170 when storage is ad-

ded. These numbers show that avoiding emissions with PV systems obtain lower
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Figure 5.5 ··· Correlation of self-sufficiency ratio on the avoided life cycle GHG emission by PV sys-
tems from a dwelling perspective (a), and correlation of net present value (b) and discounted payback

period (c) on the total avoided emissions from a system perspective. Correlations are shown for 16

residential dwellings. Note that a similar horizontal axis is used for subplot (b) and (c).

benefits as avoiding emissions using GSHP systems per tCO2-eq. However, PV

systems show only positive NPV values, whereas GSHP system needs a minimum

of avoided emissions to obtain a positive NPV number.

Discounted payback periods are decreasing with avoided emissions. Dwell-

ings with GSHP systems only show a decrease of 0.7 year for each tonne. The

dwellings with the largest avoided emissions of 58 tCO2-eq show the lowest DP-

BPs of 18 years. GSHP systems with PV and storage have a DPBP reduction of ≈
0.25 year per tCO2-eq. Dwellings with PV only show a decrease in DPBP of 0.03

year per ton tCO2-eq, or 12 days.
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5.4 Sensitivity analysis
5.4.1 Discounted payback period sensitivity
A sensitivity analysis of five input parameters on the DPBPs of GSHP systems

and GSHP with PV and with PV + storage is presented in Fig. 5.6. Dwellings with

only a GSHP system need an increase of 1.2% per year in natural gas tariff to

obtain DPBP <30 years for all dwellings. Higher electricity tariffs lead to higher

DPBP and are even sharply increase when these changes are above 2%. Yet, the

impact of higher electricity tariffs is greatly reduced when a PV system is added to

the dwelling. The value of self-consumed energy increases with higher electricity

tariffs, therefore PV systems obtain more revenue. This is even more reduced

when a battery storage system is added due to the increased self-consumption.
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Figure 5.6 ··· Impact of increase in natural gas tariff (a, f & k), increase in electricity tariff (b, g & i) CO2

taxation (c, h & m) GSHP investment subsidy (d,i & n) and discount rate (e, j & o) on the discounted
payback period of the 16 residential systems. The impact of solely GSHP systems are shown in the

top row, GSHP systems with PV system in the middle row and with storage in the bottom row. Mean

values of distributions are indicated by solid lines and the 25% and 75% percentiles are indicated by

dotted lines. The markers indicate the reference scenario values.
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Consequently, the DPBP of GSHP with PV and BESS are only slightly increasing

with higher electricity tariffs.

A CO2 taxation on the used electricity and gas consumption of around e70

per tCO2 reduces the DPBP <30 year for all dwellings. An additional 11% cost

reduction results in similar DPBP. This is a realistic cost reduction for the future

GSHP mass market scenario
[178]
. Yet, an increase in the discount rate, from 2%

to 3%, results in an average DPBP to 33 years. In general, the PV and PV battery

systems decrease the DPBPs of the overall system.

Two extended sensitivity analyse on the DPBPs are given in appendix 5.E. First,

the combined impact of natural gas tariffs and electricity tariffs is presented. For

example, it is shown that for dwellings with a GSHP, a 1% increase in both elec-

tricity tariff and natural gas tariff will keep the average DPBP between 25 and 30

years. Furthermore, lower electricity tariff are positive for GSHP payback periods

but negative for PV and battery storage payback periods. Consequently, GSHP

combined with PV and storage level out the influences of higher or lower electri-

city tariffs. Second, the combined impact of a change in GSHP investment sub-

sidies with a change of natural gas tariff, electricity tariff, CO2 taxation or discount

rate is shown. This shows that a combination of GSHP investment subsidy with a

decreasing natural gas tariff, or increasing CO2 taxation shows a steep reduction

in DPBP. For example, an additional 10% additional subsidy and ae65 /tonne CO2

will reduce the average DPBP for GSHP systems to 20 years.

5.4.2 Avoided life cycle GHG emissions sensitivity
Avoided system emission depends on the carbon intensity of electricity from the

grid. This intensity is expected to decrease in the next decades due to a lar-

ger share of renewable electricity generation capacity. Yet, the gradient of this

decrease depends on policy and technological development. We assessed the

impact of this reduction by assuming a linear reduction of 2016 GHG emissions

to zero emissions for a given year, presented in Fig. 5.7. A faster decrease in

emission intensity results in lower avoided emissions by PV and BESS, but more

emissions are avoided using a GSHP. From a dwelling perspective, the emissions

due to manufacturing of solely a PV system are not recouped before 2040. A

sixth scenario was added which presents the impact of a PV system made in the

EU. In this case, the emissions due to PV system manufacturing are already re-

covered by 2029, caused by the lower emissions during production of PV in the

EU compared to China
[13]
.
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Figure 5.7 ··· Avoided life cycle GHG emission averaged over the 16 dwellings of an electricity system
perspective (solid lines) and dwelling perspective (dotted lines), depended on the year in which the

GHG electricity reach zero and assuming a linear reduction from 2016 onwards. The top horizontal

axis shows the corresponding average annual emission reductions in percentage. A sixth option (PV

made in EU) was added to visualize the impact of PV manufactured in the EU. The markers indicate

the reference scenario values.

5.5 Discussion
This research assessed the techno-economic and environmental impact of GSHP

systems combined with PV and storage. We showed that PV systems contribute

to one fifth of the total GSHP electrify demand. Battery energy storage reduces

the GSHP impact on the local grid. Also GSHP systems can greatly reduce the life

cycle GHG emissions of dwellings by replacing natural gas-fired boilers.

5.5.1 Comparison with previous studies
PV self-sufficiency ratios are comparable as found in previous studies

[39,103,155]
.

Thus, the models used in these studies are representative for real applications.

We found that investment attractiveness of systems is highly dependent on the

total avoided life cycle GHG emissions. An NPV increase of e275 per tCO2-eq was

observed for GSHP systems, which are in a similar range as found previously
[145]
.

At least 40 tCO2-eq of life cycle GHG emission should be avoided to obtain a pos-

itive NPV for these systems. With a PV and storage system, the NPV decreases

to e230 per tCO2-eq. No comparable studies were found which assessed this

combined influence.

Results on the environmental impact are comparable with previous studies

that investigated avoided emissions using GSHP systems from German, Belgium

or the UK. These countries have similar climate and dwelling conditions as the
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Netherlands. We found that GSHP systems reduce life cycle GHG emissions

between 18 and 56% compared to a natural gas boiler. This corresponds to

annual avoided emissions ranging between 1 and 2 tCO2-eq for GSHP systems.

These results are comparable with previous studies that investigated savings for

Germany, Belgium or UK
[142,143,145]

. If PV is added to the systems, than an addi-

tional 1 ton of avoided CO2-eq emissions can be achieved, similar as found before

for Belgium
[163]
.

We did not find studies that assessed emission reductions from GSHP sys-

tems combined with PV and storage. A large share of heat demand in dwellings

is provided by fossil fuels in France, Germany and United Kingdom. This heat

demand can be fulfilled by GSHP systems
[138]
. Therefore we provide a first in-

dication of this potential for these countries, shown in Fig. 5.8. This shows that

United Kingdom and France would have respectively 22% and 45% more avoided

emissions for GSHP systems respectively, compared to the Netherlands.

Yet the impact of solely PV is lower, with even negative emissions for France

due to the large share of nuclear electricity generation. However, if we would

assume that PV systems were produced in Europe, then the PV system footprint

per kWh would be almost similar as the emission factor of France, see appendix

Fig. 5.9. Consequently, negative emissions would be reduced to -1.1 tonne of

CO2-eq. Moreover, Germany has a higher electricity tariff of ≈ 0.30 efor each
kWh

[186]
. This results in higher electricity costs for GSHP but also larger revenues

from PV and BESS systems. We analysed the impact of this tariff and found that

a solely GSHP system would be far from profitable. However, GSHP with PV and

storage would have a lower DPBP than presented in our research.
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Figure 5.8 ··· Avoided life cycle emissions using electricity grid emissions factors of four Western
European countries. Light colours represent avoided emissions from the dwelling perspective and

darker colours from a system perspective. Used emission factors for Germany, United Kingdom and

France are 514, 275 and 38 gCO2-eq for each kWh respectively
[187]

. Also, we assumed a 10% larger PV

production for France and kept remaining model parameters similar
[27]
.

140



55555

5.5 · Discussion

5.5.2 Implementation challenges
Dwellings used in this study use low temperature floor heating, resulting in highly

efficient GSHP operation and thus avoid more emissions compared to using a

conventional dwelling heating system. Existing dwellings must be renovated and

insulated to a certain level to effectively use a GSHP system
[188]
. Sufficient ground

area and proper subsurface characteristics should be available for the ground

heat source
[189]
. As a result, for densely populated urban areas, other heating

systems could bemore beneficial from an environmental and economic perspect-

ive. For example, heating using solar water heating, bio gas combustion or dis-

trict heating systems are excellent alternatives
[190]
. Moreover, sufficient roof area

should be available to install the PV system. The assumed PV systems sizes for

the dwellings with GSHP are between 3.5 and 7.8 kWp. Assuming a 0.2 Wp/m
2
ca-

pacity factor, the required roof area are between 17.5 m
2
and 39 m

2
. This could

be a limitation in densely populated areas. Nevertheless, 2 million dwellings in

the Netherlands are detached or semi-detached, that have a high prospective to

install GSHP with sufficient roof space for a PV system. The annually avoided

emissions for all these dwellings would be 4.8 Mt, reducing the total annual CO2

emissions with 2.9% in the Netherlands
[139]
.

Other cost reduction options excluded in this research are also available. The

decrease of power flows by BESS could potentially reduce grid connection cost,

yet a flexible or dynamic capacity tariff structure should be available to obtain

monetary benefits
[137]
. In addition, BESS revenues can be increased by provision

of energy arbitrage or frequency control restoration
[38]
. Also, collaborative plan-

ning and investing in PV, storage and GSHP systems is highly recommended to

decrease cost.

5.5.3 Limitations and further research
Our research has several limitations that could affect the findings. We used

data of 2 years thereby including the relative colder winter period of the begin-

ning of 2015. However, future winters are expected to be warmer due to global

warming
[191]
. This would lower heating demand, and therefore slightly reduce the

investment attractiveness of GSHP systems. Moreover, annual electricity prices

and emission factors were assumed, but future residential energy tariffs could

change every 15 min due to an increased share of variable renewable energy

generation.

It is expected that emission factors from power generation will have a higher

variability due to the larger share of renewables. Avoided emission of PV sys-

tems could be lower when power of these systems will not replace fossil fuels.

Consequently, storage is required to keep avoiding emissions, and could even
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increase avoided emissions. Especially, when battery storage systems could dis-

charge energy to the dwelling on moments when a large share of fossil fuel fired

power plants are in the power generation mix. Therefore new battery control

strategies should be developed that include the marginal emissions factors. Fu-

ture research should focus on the role of marginal emissions factors and dynamic

tariffs.

5.6 Conclusion
This study assessed the technical, economical and avoided life cycle GHG emis-

sions of GSHP systems with PV and battery energy storage. We used measured

data of 16 dwellings and assessed the performance over a 30-year lifetime.

Dwellings with a PV system show a SSR of around 31%, while the use of a

GSHP system reduces this to 25%. PV can supply 19% of the total GSHP demand,

while this can be increased to 29% using battery energy storage. Moreover, stor-

age reduces the peak demand with 45% of dwellings with a GSHP, which enables

more GSHP systems on the low voltage grid. The investment attractiveness for

dwellings with a GSHP shows DPBPs between 19 and 34 years. PV and storage

have significant lower DPBPs helping to reduce the overall systems DPBP.

Avoided life cycle GHG emissions from GSHP systems are between 31 and 59

tCO2-eq for the 16 dwellings. The NPV increases with e275 per tonne of avoided

emissions. Adding a PV system to the dwelling increases the average avoided

life cycle GHG emissions with 30 tCO2-eq. Also, this lowers the NPV increase per

tonne of avoided emissions to e230. Battery energy storage only avoids emis-

sions from a dwelling perspective. Therefore, storage is currently not recommen-

ded to reduce emissions since all PV electricity can be exported.

The sensitivity study provides recommendations to improve the investment

attractiveness of GSHP systems. Policies should focus on higher natural gas tariffs

or include CO2 taxation to encourage less natural gas use and switch to GSHP sys-

tems. Also, additional GSHP investment subsidies combined with these policies

show promising results to obtain economic feasibility investments in GSHP sys-

tem.
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Appendices
5.A Input time series statistics
Technical and environmental performance statistics of the PV systems over the

assessed lifetime are shown in Fig. 5.9. Used PV system capacities for dwellings

without a GSHP have an average capacity of 3.3 kWp, varying between 1.7 and

4.9 kWp. Dwellings with GSHP have an average capacity of 5.9 kWp. The annual

specific yield of the systems ranges between 791 and 886 kWh per kWp, with an

average of 853 kWh per kWp. Note that this performance includes a 0.5% annual

degradation. The PV systems show a good performance which is comparable with

other Dutch PV systems
[27]
. GHG emissions are on average 67 gCO2-eq per kWh

for PV modules manufactured in China and 37 gCO2-eq per kWh for PV modules

manufactured in Europe.

Statistics of residential electricity consumption and contribution of the GSHP

functions are given in Table 5.2. Annual average electricity consumption without

GSHP is 3139 kWh, which corresponds to the average consumption of Dutch

households
[192]
. The electricity consumption shows a relative large range,

between 1557 kWh and 4727 kWh. This is mainly influenced by the household

appliances and composition. Dwellings with GSHP show an average electricity

consumption of 5920 kWh. The contribution of a GSHP shows a more narrow

distribution, from 1933 kWh to 3760 kWh. GSHPs contribute to an average of

48% of the total electricity demand, ranging between 35% and 60%. The largest

share of the GSHP consumption is used for space heating with an average of

27%. Cooling and standby consumption shows smallest shares of respectively

1.7 and 2.6%. The GSHP consumption is mainly influenced by space heating con-

sumption, which has the largest range between a minimum share of 17.1% and a
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Figure 5.9 ··· Technical and environmental statistics of the PV systems used in our study. The distribu-
tions show the PV system sizes for dwellings without a GSHP (a) and with a GSHP (b) using bins of 0.5

kWp. Distributions of annual average specific yield over a 30-year lifetime of the systems are shown

in (c) with bins using bins of 25 kWh per kWp. Distributions of GHG footprint of PV systems are given

for systems made in China (d) and PV made in EU (e) using bins of 1 gCO2-eq per kWh.
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Table 5.2 ··· Annual electricity consumption statistics of the 16 dwellings included in this study. The
absolute values are given in the left columns and the shares of the total is given in the right columns

Average Min Max

[kWh] [%] [kWh] [%] [kWh] [%]

No ground source heat pump 3139 52.4 1557 39.8 4727 65.4

Standby 150 2.6 97 1.2 212 4.1

Cooling 97 1.7 1 0.0 200 3.8

Domestic hot water 910 15.1 434 11.2 1944 24.8

Space heating 1623 28.1 1223 17.1 2270 41.1

Ground source heat pump 2780 47.6 1933 34.6 3760 60.2

Total 5920 100.0 3491 100.0 7824 100.0

maximum share of 41.1%.

The estimated natural gas consumption for DHW production and space heat-

ing is shown in Table 5.3. 17% of the natural gas consumption is used for DHW

production and 83% for space heating. The total annual natural gas consumption

is between 30 and 58 GJ, with an average of 42 GJ. This corresponds to an an-

nual natural gas demand of 1490 m
3
, which agrees with the average natural gas

consumption of Dutch households
[192]
.

The average stacked daily energy consumption of the 16 residential dwellings

is shown in Fig. 5.10. The conventional electricity consumption is relative con-

stant with an average of ≈ 9 kWh. The energy consumption for space heating
shows a high volatility, related to the outdoor temperature. Cold winter days

have the most significant impact on the variation in daily electricity consumption

of the dwellings. Besides, the winter months of 2015 required more space heat-

ing than the winter months of 2014, due to lower temperatures. This shows the

relevance of using multiple year consumption data for this type of research.

Distributions of hour of the day and monthly electricity demand from the 16

dwellings and from the specific GHSP functions are shown using a violin plot in

Fig. 5.11. Conventional electricity consumption shows a clear trend with higher

consumption during daytime and peaks between 5 until 6 pm. The consumption

Table 5.3 ··· Annual natural gas consumption statistics for the 16 dwellings used in this study. The
absolute values are given in the left columns and the shares of the total is given in the right columns

Average Min Max

[GJ] [%] [GJ] [%] [GJ] [%]

Domestic hot water 7.3 17.3 3.5 11.5 15.6 35.1

Space heating 35.1 82.7 26.4 64.9 49.0 88.5

Total 42.4 100.0 30.4 100.0 58.1 100.0
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Figure 5.10 ··· Average stacked daily energy consumption of the 16 dwellings. The daily energy con-
sumption of the 16 dwellings was selected from 1

st
of July 2013 until 30

th
of June 2015. The ground

source heat pump consumption is separated into space heating, domestic hot water production, cool-

ing and standby consumption.

of the GSHP shows a clear increase of consumption over all hours. The average

standby consumption shows a small increase during daytime, indicating that the

GSHP is less used for other functions during these moments. The cooling de-

mand shows a decrease during daytime, and increases during night-time when

residents are sleeping. Also, the dwellings are highly insulated and therefore the

heating of the dwellings by the environments encounters a time lag. DHW and

space heating have an order of magnitude higher demand than the standby and

cooling consumptions. DHW electricity demand shows a low consumption dur-

ing the night, and peaks in the morning and evening hours, mainly caused by

showering. Space heating shows high demand during the night and decreases

and low during daytime. The distribution range of electricity consumption for

space heating and DHW is highly dependent on the dwelling and its residents.

The conventional consumption is quite constant over the months, whereas

the heat pump consumption shows a seasonal effect. Higher consumption is

seen by the cooling demand in the summer months, whereas space heating

shows peaks in winter months. Standby consumption shows a small increase

in the summer month, caused by the lower utilization of the heat pump system

for other functions. The DHW demand shows a small increase of demand during

winter months. The majority of electricity demand is caused by space heating

which increases the overall demand of GSHP system in winter months.
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5.B Explanation model input assumptions
This section provided an additional explanation of the input parameters used,

also shown in Table 5.1.

PV system assumptions
Currently, net-metering policy is in place for residential PV systems. This policy

enables system owners to offset the cost of electricity from the utility with their

own generated PV electricity. Consequently, most system owners installed a PV

system capacity that is able to cover the annual electricity consumption. There-

fore, the installed PV system size was set to 1 kWp for each MWh of annual elec-

tricity consumption
[154]
. The electricity production of the PV system was reduced

with 0.5% per year by PV system degradation
[96]
. PV system costs of 1500 e/kWp

were assumed, including all components and installations
[172]
. In the Nether-

lands, value added tax (21%) of the PV system investment can be reclaimed, which

results in a net investment cost of 1200 e/kWp. Annual maintenance cost (O&M)

were set to 1% of the PV system investment costs
[124]
. The PV inverter is replaced

after 15 years
[93]
. Replacement cost of the PV inverter are 100 e/kWp[172]. Emis-

sions from manufacturing PV systems with multi crystalline silicon modules were

expected to be 1590 gCO2-eq for each Wp when made in China, and 824g CO2-eq

for each Wp when made in Europe
[173]
. Emissions from PV produced in Europe

are significantly lower due to lower emission intensity of the European (ENTSO-E)

electricity mix.

Battery energy storage system assumptions
The battery energy storage capacity was set to 1 kWh for each MWh of annual

electricity consumption, based on previous research on optimal storage system

designs for residential dwellings
[93]
. A commonly installed battery inverter rat-

ing of 0.5 kW per kWh of storage capacity was used
[95]
. Thus, two hours are

required to completely charge the battery capacity from 0% until 100%. The bat-

tery state of charge (SOC) range was set between 0% and 100% of the battery

storage capacity, so the full capacity potential could be assessed. A constant bat-

tery (direct current) DC-DC efficiency of 96% was assumed for battery charging

and discharging, almost similar as the commercial available Tesla Powerwall
[95]
.

The battery inverter efficiency curve from SMA Sunny Boy Storage was used to

model the AC-DC and DC-AC conversion
[94]
. A BESS standby consumption of 0.1%

of the rated inverter power was assumed. A battery cycle lifetime of 5000 full

equivalent cycles and a calendric lifetime of 15 years were used based on a pre-

vious study
[97]
. We expected battery storage pack cost of 300 e/kWh and storage

balance of system (BOS) and EPC (Engineering, Procurement, and Construction)
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costs of 200 e/kW[122]. Annual maintenance cost (O&M) were set to 1% of the

investment cost of battery energy storage system
[124]
. The battery inverter and

battery cells are replaced after 15 years
[93]
. Replacement cost of the battery in-

verter is assumed 100e/kW[172]. Replacement cost for the battery energy storage

pack are 100 e/kWh, based on learning curves[39]. For the production of Li-Ion

battery energy storage systems 110 gCO2-eq for each Wh of Li-Ion storage was

selected
[175]
. 124 gCO2-eq was used for the production for each W of battery

inverter, based on production requirements for a PV inverter
[173]
.

Ground source heat pump system assumptions
A constant coefficient of performances was assumed based on the relative con-

stant temperatures of the ground sources. A COP for space heating of 5.7 and

a COP of 1.9 were assumed based on the technical specification of the heat

pump
[170]
.The largest cost component of a 4 kW GSHP is the drilling and installa-

tion of the vertical ground loop, which is estimated at e6000[176]. The EPC cost is

expected to be e4000. The cost for the heat pump are estimated e1000 for each

kW of nominal thermal output, thus euro 4000 for a 4 kW thermal unit
[145]
.This

results in a total of a GSHP of e14000 for the 4 kW unit. Heat pump systems

in the Netherlands are subsidized depending on the thermal power and sys-

tem type
[148]
. The investment subsidy for this system is e2800, which is similar

to an investment subsidy of 20% of the total GSHP investment. Annual main-

tenance costs for GSHP are estimated 50% lower than the maintenance cost of

CGB systems, specifically 50 e[177]. The lifetime of the heat pump is expected 20

years
[145,177]

. We expect that future heat pump costs will be reducedwith 10% and

that no subsidies can be used for the replacement of a heat pump. This results in

heat pump replacement costs of 3600 eper unit[178]. Emissions for manufactur-

ing, transportation and installation of the 4 kW GSHP are estimated to be 1760 kg

of CO2-eq per unit
[143]
.

Condensing gas boiler assumptions
The efficiency of the condensing gas boiler depends on the required temperature

of the heated water. These requirements are set similar as the temperatures

delivered by the ground source heat pump system, specifically 28°C for space

heating and 60°C for domestic hot water. Corresponding efficiency are 95% for

space heating and 85% for domestic hot water
[163]
. The efficiencies are based

on a higher heating value of Dutch natural gas of 35.17 MJ/Nm
3[193]

. The cost

of the reference residential CGB are e1500[140]. CGB have a lifetime of 15 years

and a similar replacement cost of e1500 was selected. The CGB requires annual
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services cost of e100 which is estimated based on the average service contract in

the Netherlands for 2015
[179]
.

Remaining systems assumptions
Costs of replacing components that are not mentioned above were included in

the maintenance costs, as well as the EPC cost of replacing components. We as-

sumed no salvage value for the system components. Also, we expect that emis-

sions frommanufacturing are 25% lower for the replaced components, except for

the GSHP system. For this component we assumed 440 gCO2-eq per unit since

only the heat pump is replaced.

A discount rate of 2% was selected based on the currently low interest

rates
[125]
. The consumption tariff was set to 0.178 e/kWh, based on the average

household retail prices for electricity from 2014 until 2016
[181]
. The net metering

policy in the Netherlands is currently in place and probably will be replaced with

a feed-in premium by 2020. This feed-in premium will be gradually reduced from

0.12 e/kWh in 2020 to 0 e/kWh by 2036[182]. Next to the feed-in premium, resid-

ential consumers will receive a fee based on the wholesale electricity price. We

assumed that this is similar as the expected wholesale electricity price. A linear in-

crease from 0.032 e/kWh in 2020 until 0.044 e/kWh in 2030 was assumed, based

on the wholesale market prices projections for 2030 in the Netherlands
[194]
. From

2030 onwards, we assumed a 0.5% increase for this wholesale electricity price.

The natural gas consumption price was set to 21.84 e/GJ based on the average

household retail prices for natural gas from 2014 until 2016
[181]
. An 0.5 % in-

crease in gas and electricity tariffs was selected due to additional energy taxes

for supporting investments of renewable energy generation
[183]
. An average CO2

emissions intensity factor of 490 gCO2-eq per kWh for 2016 was used
[151]
. A linear

reduction of CO2 emissions to zero in the year 2050 was assumed based on the

Dutch energy agreement for sustainable growth
[184]
. The emission factor for nat-

ural gas is 56.6 kg CO2/GJ using a low heating value of 31.65 MJ/Nm
3[195]

. In this

research we used the high heating value, thus the emission factor was converted

to correspond with the HHV. This results in an emission factor of 50.93 kg CO2/GJ.

5.C Detailed energy model algorithm explanation
The used energy model algorithm is explained with a schematic overview, shown

by Fig. 5.12. Before the model algorithm is executed, the power export limit (PEL)

and power import limit (PIL) were defined. These are pre-defined limitations for

exporting and importing power respectively to and from the grid. These limits de-

pend on themaximum peak shaving capacity of the battery storage systems. This

depends on the used battery inverter rating and the battery storage capacity. The
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Figure 5.12 ··· Schematic overview of the energy model algorithm and the battery storage model steps.

inverter rating determines the maximum height of the peak that can be shaved.

The storage capacity determines the maximum duration of the peak that can be

shaved. The PV peak power and peak demand that could be stored by BESS was

calculated for each day of a year. This calculation included pre-charging of en-

ergy to the battery to shave the demand power peak on a later moment. Also

pre-discharging of energy to shave the PV production power peak was included.

The power export and import limits were determined from themaximumPV peak

and peak demand that could be stored.

Each model time step starts with the assessment or surplus of PV power is

available or power demand from the building is requested, see grey rectangle

with dashed lines. The difference between PV power and electricity demand is

given by (∆P). If more PV electricity is produced than consumed in the dwelling,

then the power difference will be compared with the power export limit. When

the power difference is larger than the export limit, then the potential SOC for the

next time step (EB pot) is determined. This depends on the current and expected

charge potential for the next time step. The potential battery SOC is compared

with the battery SOC reserved to charge the PV peak power that is larger than

the export limit (EB REL). The reserved amount of charged or discharged energy is

limited by the maximum battery SOC (EB max) and minimum SOC (EB min), as well

by the battery inverter rating.

If the potential SOC is higher than the reserved SOC for PV peak charging, then

the battery will only charge the PV peak difference. Else, the battery inverter will
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charge all surplus PV electricity. If ∆P is smaller than (PEL), then the battery SOC

reserved for PV peak charging is compared with the current SOC (EB cur). When

the current SOC is larger, then the battery is discharged until the current SOC is

similar as the reserved SOC for PV peak charging.

When more electricity is consumed than produced by the PV system, then∆P

is compared to the power import limit (PIL). When this limit is smaller, then the

potential SOC for the next time step is determined, which in this case depends

on the current and expected discharge potential. The potential SOC is compared

with the battery SOC reserved to discharge the peak demand (EB RIL). If the po-

tential SOC is lower than the revered SOC, then the battery will only discharge the

peak demand. Else, the battery inverter aims to discharge all required electricity.

If Ppot is smaller than PIL, then the battery SOC reserved for load peak dischar-

ging is compared with the current SOC EB cur. When the current SOC is below

the reserved SOC level, then the battery is pre-charged until the reserved SOC is

reached. If the current SOC is larger than the reserved SOC level, then the model

assesses or pre-discharging is required to charge PV peaks on later moments.

This is conducted when the solar elevation (Gelv) is >0° and if the current SOC is

larger than the revered SOC for PV peak charging EB REL. The model time step

ends with an action to charge, discharge or do nothing. Afterwards the algorithm

continues to the next time-step, back to the assessment of Ppot.

The model behaviour for a summer and a winter day is graphically explained

in Fig. 5.13. The 13
th
of June has a larger forecasted PV production than a forecas-

ted electricity consumption. Consequently, battery storage capacity is reserved

to charge the excess PV power peak, visualized by the reserved capacity to re-

duce the exported peak power (EB REL). To obtain this reserved capacity, a small

amount of storage is discharged to the grid in the early morning around 6.00.

Consequently PV peak production is used for charging and stored in the bat-

tery. The battery is fully charged at 15.00, and discharged later in the evening

and night. The 14
th
of June has less PV production forecasted, therefore a lower

amount of capacity is reserved for PV peak shaving. No electricity from the grid

was used during these two summer days.

The winter days show a different consumption pattern with significantly

higher electricity consumption by the GSHP, mainly used for space heating. A

demand power peak is forecasted around 12.00 on 14
th
of December. Con-

sequently, battery energy storage is required to supply this demand peak. The

battery storage is pre-charged on 13
th
of December to provide the peak demand

of the next day. The small amounts of PV produced electricity are directly used or

stored.
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5.D Impact of PV and storage capacity
Self-sufficiency impact
Self-sufficiency ratios and specific self-sufficiency ratios for smaller and larger PV

systems and storage capacities are shown in Fig. 5.14. Self-sufficiency ratios are

increasing with larger PV system capacities. A higher SSR is observed for dwell-

ings without a GSHP than dwellings with a GSHP. The influence of the individual

demand pattern on the SSR decreases with larger PV system capacities. Further-

more, the distribution range increases due to the larger influence of the demand

patterns on the SSR. Battery energy storage results a larger increase in SSR for

bigger PV systems than for smaller PV systems. A 1 kWh storage system increases
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Figure 5.14 ··· Distribution of the impact of PV and battery energy storage on the self-sufficiency of
the dwellings and the specific GSHP functions, shown using a violin plot.The distributions of dwellings

without a ground source heat pump and with ground source heat pump are shown in the top row (a,

b & c). The distributions are shown for three PV system sizes, and scaled with the annual electricity
consumption. Specific self-sufficiency ratios are given for the domestic hot water and space heating

(d, e & f) and for standby, cooling and the total GSHP consumption (g, h& i). Mean values of distri-
butions of the 16 systems are indicated by solid lines, and the 25% and 75% percentiles by dotted

lines.
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the SSR with 14% for a 0.5 kWp PV system with GSHP. This increase is 20% in SSR

for a 1.5 kWp PV system with GSHP. Larger storage sizes, of 2 kWh per MWh of

annual demand, increase only the SSR of PV systems with a capacity of 1 or 1.5

kWp.

The specific self-sufficiency ratio of space heating is relatively low compared

to the other GSHP consumption components. PV production occurs mainly in

the summer months, whereas most space heating demand request occurs in the

winter months (Fig. 5.11). A 1 kWh storage system does not show a slightly im-

provement of the SSR. Specific SSRs for domestic hot water are significant larger

than space heating and go up to 58% with a 1.5 kWp PV system and a 2 kWh stor-

age system. DHW production occurs largely during evening hours, which makes

storage ideal to improve SSR. Cooling demand occurs in the summermonths, and

thus shows the highest specific SSR. Also, cooling reaches the highest specific SSR

when storage is deployed.

Grid impact
The impact of smaller and larger storage capacities on themaximum import peak,

maximum export peak, import peak to average ratio and export peak to aver-

age ratio are shown Fig. 5.15. Also three other indicators are presented. The

pre-charged percentage shows the ratio of energy that is charged in the battery

used for demand peak provision to the total charged energy. The pre-discharged

percentage shows the ratio of energy used to discharge the battery for PV peak

storing to the total discharged energy. The curtailment loss ratio (CLR) is an in-

dicator of the share of PV energy which cannot be exported due to a potential

future feed-in limit. This is the PV energy above a certain feed-in limit divided

by the total produced PV energy. The PV feed-in limit is given in kW per kWp of

installed PV capacity.

With a 2 kWh storage capacity, the import peak for dwellings without GSHP is

reduced to an average of 2.8 kW and with a GSHP to 3.1 kW. The reduction using

a 1 kWh storage capacity is larger for dwellings with GSHP than dwellings without,

yet the opposite is shown for smaller and larger storage sizes. For smaller stor-

age sizes, the absolute storage size for systems with a GSHP are larger, hence

more peak demand can be shaved. For larger storage sizes, the peak demand

reduction of dwellings with a GSHP is already reaching a limit. This limit is due

to the width of the peak, which is increasing significantly when the peak is fur-

ther reduced. IPAR for dwellings without a GSHP is greatly reduced with storage,

from 15.0 with no storage to 8.1 with 2 kWh of storage. Dwellings with a GSHP

show a smaller reduction, from 8.1 to 3.8. The pre-charged distribution shows an

average value of around 0.3% for a 2 kWh storage capacity.
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Figure 5.15 ··· Distribution of the influence of battery storage capacities on lowering demand power
peaks from the grid and reducing PV peaks to the grid. The reduction of the demand peak on the grid

is given by the import peak (a), import peak to average ratio (b), pre-charged ratio (c). The reduction

of the PV system peaks on the grid is shown using the export peak (d), export peak to average ratio

(e), pre-discharged ratio (f). The impact of storage on the curtailment loss ratios for potential feed-

in limitations are shown for a 0.1 kW/kWp feed-in limit (g), a 0.2 kW/kWp feed-in limit (h) and a 0.5

kW/kWp feed-in limit (i). Distributions are shown for dwellings without and with a heat pump. A

normalized PV system size of 1 kWppv for eachMWhdemand was selected. Note that the battery storage

capacities are not equally dispersed.

The export peaks are reduces in a similar way for both dwellings without and

with a GSHP. A remarkable increase in EPAR from a 1 kWh battery to a 2 kWh bat-

tery is observed for dwellings without GSHP. Larger storage capacities reduce the

peak PV power, but also reduce the average exported power, since more electri-

city is used for self-consumption. If the average power is reduced more than the

peak power, then a higher EPAR occurs. A significantly higher percentage of a 2

kWh battery storage capacity is pre-discharge for dwellings with GSHP than dwell-

ings without GSHP. Dwellings with GSHP have a relative higher storage capacity

since their electricity consumption is larger. Consequently, more energy is still

stored in the battery before the next morning, especially in the summer months

with relative low night consumption from the GSHP. As a result, more electricity

155



55555

Combing GSHP with PV-battery systems

is pre-discharged which is required to obtain empty storage capacity for PV peak

charging.

The curtailment loss ratios are shown for three potential PV feed-in limita-

tions. CLR are higher for dwellings with a GSHP then systems without. The

most restricted feed-in limit (0.1 kW/kWp) shows an average PV energy loss of

40% without GSHP and 45% with a GSHP. With a 2 kWh storage capacity, this can

be reduced to 17% and 22% for respectively dwellings without and with a GSHP.

Moreover, with a feed-in limit of 0.5 kW per kWp, a 2 kWh storage capacity can

almost completely abolish the potential curtailment losses.

Impact on discounted payback periods
The impact of smaller and larger PV system and battery storage capacities on

the discounted payback periods is presented in Fig. 5.16. DPBPs for dwellings

without GSHP are in increasing with PV system size when no storage is used.

Dwellings with GSHP show a slight reduction in average DPBP with an increase of

PV capacity. The results also show that storage systems are not profitable under

all scenarios. If a storage system is added, then it should be designed based on

the installed PV capacity. If the PV system size is relative small, then an oversized

storage capacity will greatly increase the DPBP.
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Figure 5.16 ··· Distribution of the impact of PV system capacity and battery energy storage capacity on
the discounted payback periods of 16 dwellings.
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Impact on avoided life cycle GHG emissions
The avoided life cycle GHG emissions from an electricity system perspective and

dwelling perspective for smaller and larger PV system and storage capacities are

presented in Fig. 5.17. Avoided emissions from an electricity system perspective

increase linearly with larger PV system capacities, but also show a small decrease

with bigger storage capacities. Emissions from a dwelling perspective show a dif-

ferent behaviour. When no storage is included, then larger PV systems lead to a

reduction of avoided GHG emissions. With storage, the largest emission reduc-

tions are obtained with a 1 kWp PV system. This is especially visible for a 2 kWh

storage capacity per MWh demand. Smaller PV systems have a higher direct self-

consumption, therefore the avoided emissions with self-consumption by storage

are lower. Larger PV systems have much more electricity production resulting

in more storage and avoided emissions. However, these larger PV systems (2

kWp) also have higher emissions from manufacturing, which results in lower net

avoided emissions compared to a 1 kWp PV system.
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Figure 5.17 ··· Distribution of the impact of PV and battery energy storage on the avoided life cycle
GHG emissions from an electricity system perspective (a, b & c) and from a dwelling perspective (d,
e & f) of the 16 dwellings. The distributions include 16 dwellings and are shown for three PV system
sizes, and scaled with the annual electricity consumption.
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5.E Extended sensitivity analysis on the discounted payback period
The combined impact of a change in natural gas tariff and a change in electricity

tariff is presented in Fig. 5.18. A combined increase in electricity tariff and de-

crease in natural gas tariff results in a rapid increase of DPBP. An annual increase

of 1.4% in electricity tariff shows an average DPBP of the GSHP of 35 years. Yet,

a 2.2% annual increase in natural gas tariff decreases the average DPBP of the

GSHP of 20 years. The change in electricity tariff has a lower influence on dwell-

ings with only a PV system than for dwellings with PV and storage. The average

DPBP of the latter system will be lower than 15 years with an electricity tariff

increase of 2.9% per year. The value of self-consumption increases with higher

electricity tariffs, thus the revenues of storage are higher. Lower electricity tariff

are positive for GSHP payback periods, but negative for PV and battery storage

payback periods. Consequently, GSHP combined with PV and storage level out

the influences of higher or lower electricity tariffs, as can be seen in subplot (c).
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Figure 5.18 ··· Extended analyses on the impact of electricity consumption tariff and the natural gas
tariff on the average discounted payback period of the 16 dwellings for 5 system configurations. The

red dot indicates the reference scenario value.
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The influences of a higher GSHP investment subsidy combined with four other

parameters are shown in Fig. 5.19. The combination of a higher GSHP investment

subsidy and a decrease in natural gas tariff show a strong reduction in DPBP. For

example, a 10% increase in subsidy combined with a natural gas tariff increase of

1.3% results in average DPBP of 20 years. Also, the combination with CO2 taxa-

tion is promising to obtain lower DPBP. With a significantly increase in investment

subsidies, higher discount rates and electricity tariffs become feasible to obtain

DPBP below 25 years.
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Figure 5.19 ··· Extended analyses on the impact of the GSHP investment subsidy combined with the
impact of the natural gas tariff (a), the electricity gas tariff (b), the CO2 taxation (c) and the discount

rate (d) on the average discounted payback period of the 16 residential dwellings with a GSHP system

only. The red dot indicates the reference scenario value.
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Abstract
Cities have a significant potential to host residential photovoltaic systems (PV).

The direct consumption of PV generated electricity reduces the need for electri-

city import, while excess PV electricity production can be stored for later usage

or can be used directly to charge electric vehicles (EVs). In this way, more energy

is locally consumed, greenhouse gas emissions are reduced, and self-sufficiency

of cities can be increased. In this paper, we present a spatio-temporal frame-

work to evaluate the electricity demand that can be fulfilled by PV energy. We

assess the impact of penetration of EVs and the influence of battery energy stor-

age. We demonstrate the usefulness of this framework for 88 neighbourhoods

in the city of Utrecht, the Netherlands. Spatial mapping was used to identify

areas with high potential for EVs and storage. Results shows that direct PV self-

consumption ratios vary between 34% and 100%. When EVs charging is included

in the neighbourhoods, then self-consumption is increased on average by 12%.

Battery energy storage increases self-consumption on average by 25%. The self-

sufficiencies due to direct PV energy consumption are between 6% and 40% in

the neighbourhoods. These are decreased by EVs with an average of -0.6%, and

increased by battery energy storage with an average of 14%. Avoided life cycle

greenhouse gas emissions over a 30-year period are on average 12 tCO2-eq per

address. The large variation in results between neighbourhoods indicates that

area dependent investments and supporting policies could improve the PV power

integration in cities. Our developed framework can be easily adapted and used

for other cities. Moreover, our results are useful for local governments to guide

and design effective policies to accelerate the transition to more sustainable cit-

ies.
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6.1 Introduction
Currently, cities host more than 50% of the global population and account for 70%

of the global greenhouse gas (GHG) emissions
[196]
. One of the solutions to reduce

CO2 emissions from cities is the deployment of residential solar photovoltaic (PV)

systems. Yet, PV system installation may be limited due to lack of suitable space.

An added difficulty is the daily power fluctuation of the solar resources. This res-

ults in export of surplus PV electricity during daytime from cities and requires

import of electricity during night time. Shifting energy demand to daytime res-

ults in higher PV self-consumption within cities and reduces CO2 emissions from

fossil-based backup power generation
[13]
.

The use of battery energy storage systems (BESSs) allows storage of surplus

PV electricity to be used at later moments. The cost of BESSs is rapidly decreasing

due to their increasing deployment
[39]
. Currently, the number of electric vehicles

(EVs) is rapidly increasing in the Netherlands, which increases the electricity de-

mand within cities
[133,197]

. BESS and EVs are becoming more economically at-

tractive, especially due to cost reduction of Li-ion storage technology
[198]
. Fur-

thermore, EV costs are decreasing as a result of economic scaling effects. A shift

from a gasoline-based car fleet to electric vehicles reduces emissions and air pol-

lutants considerably, thereby contributing to improve air quality and quality of life

in cities
[30,199]

.

Due to increased deployment of PV, EVs and domestic electric heating, it is

expected that more overloading will occur on the medium voltage grid than on

the low voltage grid,
[200]
. Consuming more PV generated electricity in the city

can lower medium voltage distribution grid losses and reduces investments in

cables and transformers. Smart EV charging and battery energy storage help to

increase urban PV self-consumption
[201]
. For all these benefits, enhancement of

PV self-consumption is seen as an important accelerator to reach a higher share

of domestic PV installations and at the same time contribute to a reduction in

greenhouse emissions
[47]
.

6.1.1 Literature review
Commonly, spatio-temporal PV potential in urban areas is assessed using geo-

graphic information systems (GIS) combined with numerical solar irradiation

algo-rithms
[202,203]

. PV integration studies focus mainly on using the generated

PV electricity directly within the buildings or on community scale
[103,204]

. Some

studies combined the PV integration assessment with local or regional energy

demand. Most of these studies assessed the provision of the net electricity con-

sumption on an annual basis. A study assessed the potential of PV systems on

rooftops and facades of 27 European countries. They found that the produced
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PV energy could provide in 22% of the projected 2030 annual electricity demand

for these countries
[205]
.

A spatial model concluded that 2/3 of the current electricity demand could be

covered by PV production for a small city in eastern Slovakia
[206]
. Of all the mu-

nicipalities in Germany, 30% could be net self-sufficient when the full residential

roof potential was used
[207]
. In another study involving 34 German municipalit-

ies, it was found that 77% of the net electricity consumption could be provided by

PV
[208]
. Furthermore, rooftop PV systems could provide 25% of the total annual

electricity demand in Switzerland
[209]
. A study including a municipality in Sweden

found that 88% of the annual demand can be provided with PV. Yet over 3000

hours a year have more PV production than demand
[210]
. A study of a city in

Chile found that 24% of actual demand could be provided by PV, with the main

limitation being the infrastructure of the grid
[211]
.

Few studies included temporal (hourly, daily) factors to assess the spatial po-

tential of PV systems. A real-time platform containing a PV simulator and a distri-

bution network simulator was presented and tested for the city of Turin, Italy. It

was found that the actual distribution grid was not adequate to accommodate all

PV generated electricity, if the available rooftop surface would be fully used
[212]
. A

PV penetration level of 40% was found for a German rural municipality to achieve

a high PV self-consumption level
[213]
. Another spatio-temporal model analysed

the impact of electric vehicles on the urban distribution network. This model

provided insights in the critical local grid components that require upgrades for

larger shares of electric vehicles
[214]
. Only 27% of the electrical vehicles that are

not in transit, are required to store excess PV produced power produced for the

city of Yokohama, Japan
[215]
.

6.1.2 Research aim
A limited number of studies are available that include both spatial and temporal

effects of PV system integration. Furthermore, no research was found that as-

sessed the spatial and temporal influence of electrical vehicles and storage on

the PV self-consumption and PV self-sufficiency, except for a Dutch study with

very coarse spatial resolution
[197]
.

Therefore, this research aims to assess the role of EVs and BESSs for the PV

self-consumption potential of a city. We developed a spatio-temporal framework

that uses models to estimate the potential of PV yield, battery storage systems

and electric vehicles. We demonstrate the framework using the city of Utrecht

(the Netherlands) as a case study. The PV yield potential was assessed using

the rooftop area of all residential buildings of this city. A time resolution of 5

min was used to assess the self-consumption and self-sufficiency potential at a
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neighbourhood level, over a 30-year lifetime. Neighbourhoods were identified

that have surplus PV production to store in BESSs or charge EVs, or have limited

PV yield production due to roof space limitations. Furthermore, we estimate the

avoided life cycle GHG emissions due to PV electricity from two perspectives.

This study also includes socio-economic factors, e.g. household statistics and

current number of cars in a neighbourhood. Two EV charging algorithms were

incorporated, i.e., normal (uncontrolled) charging and smart solar charging. The

latter charging method aims to charge EVs at moments with surplus PV power

enhancing PV self-consumption. The results on each neighbourhood give inform-

ation on the potential usage of the transformers within these neighbourhoods.

The area of buildings connected to the transformers usually does not cross the

borders of the neighbourhood. As a consequence, obtained results are valuable

for distribution system operators (DSOs) to plan grid extensions and EV charging

infrastructure. Furthermore, the results help local governments to design realistic

and effective policies to develop carbon-neutral cities. The developed methodo-

logy can be modified and used for other cities and regions.

This study is arranged as follows. Section 6.2 explains the spatio-temporal

framework and the used technical and environmental performance indicators.

Section 6.3 presents the spatial results for the 88 neighbourhoods using maps of

the city of Utrecht, the Netherlands. Section 6.4 assesses the sensitivity of the

rooftop utilization rate, EV smart solar charging shares and battery storage capa-

cities. Limitations concerning assumption, data availability and implementation

challengers are discussed in section 6.5 and the paper finalises with key conclu-

sion in section 6.6.

6.2 Methods
6.2.1 Spatio-temporal framework
A spatio-temporal framework was developed to combine spatial and temporal

parameters. An algorithm was developed that combines time and location of PV

production with time and location of electricity demand in the city. The main

inputs of this algorithm are two time series for each neighbourhood: PV yield

and total electricity consumption. The latter time series consists of the electricity

consumption profile of buildings, with and without the consumption profile of

electric vehicles. Both PV production and consumption time series are used in al-

gorithms that determined self-consumption ratios and self-sufficiency ratios over

a lifetime of 30 years. An EV charging algorithm and BESS charging algorithm are

used to assess the impact of EV and storage. An overview of the spatial level of
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the input data and model steps is shown in Fig. 6.1. We used reference paramet-

ers to compare the spatial self-consumption and self-sufficiency influence of the

neighbourhoods, see Table 6.1. Also, the avoided life cycle GHG emissions from

the PV systems are determined.
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Figure 6.1 ··· Overview of the input data and model steps with corresponding spatial level to model
the self-consumption ratios, self-sufficiency ratios and avoided life cycle greenhouse gas emissions

for four scenarios

Table 6.1 ···Main reference model input parameters.
Reference parameter Value Unit

PV capacity 200 Wp/m
2

Rooftop utilization factor 50 %

EV constant charging share 75 %

EV smart solar charging share 25 %

Relative battery storage size 1 kWhBESS MWhdemand
−1

Relative battery inverter rating 0.5 kW/kWhBESS MWhdemand
−1
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The impact of the PV system potential on these parameters was assessed us-

ing four scenarios in the following sections:

• Neighbourhoods with PV systems only

• Neighbourhoods with PV systems and EVs

• Neighbourhoods with PV systems and BESS

• Neighbourhoods with PV systems, EVs and BESS

The framework was implemented using the city of Utrecht in the Netherlands.

This city (latitude 52°05'38" North, longitude 5°05'12" East) is the fourth largest

city in the Netherlands with 340,000 inhabitants. The city of Utrecht consists of

10 districts which make up 99 neighbourhoods. Neighbourhoods with 250 ad-

dresses or less were excluded from the analyses since these are mainly industrial

or rural areas. As a result, 9 districts and 88 neighbourhoods were selected for

the study. Each neighbourhood is made up of smaller areas that are specified by

a postal code 6 (PC6) level. A total of 63,494 buildings containing 132,671 residen-

tial addresses were used in the study. The distribution of buildings per PC6 area

and within each neighbourhood is shown in Fig. 6.2. The majority of PC6 areas

consist of a single building. The number of buildings within each neighbourhood

shows a large variation.

6.2.2 PV yield potential
Roof statistics
The first step to assess the PV potential is the calculation of the roof statistics for

each of the 63,494 buildings. The rooftop statistics consist of the roof area, ori-

entation (azimuth and tilt) and the incoming plane of array (POA) irradiance. The
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Figure 6.2 ··· Distribution of buildings containing residential addresses within each postal code 6 areas
(a) and distribution of these buildings within each neighbourhood (b), both shown using a histogram.

Mean values of the distribution are indicated by the dashed lines. Histogram bins of 1 building per

postal code 6 and 100 buildings per neighbourhood were used. Note that 50 postal code 6 areas have

more than 40 buildings and are not shown in histogram (a).
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incoming POA irradiance was determined using the Area Solar Radiation Tool of

the ArcGIS Spatial Analyst
[216]
. The Area Solar Radiation tools calculated the POA

irradiation across areas based on the hemispherical viewshed algorithm. These

tools were developed by
[217]

and further refined by
[218]
.

The Area Solar Radiation tools calculations require a building footprint layer

and a digital elevation model (DEM). The building footprint layer for the city of

Utrecht was obtained from the Basisregistratie Adressen en Gebouwen (BAG)

provided by the Dutch Cadastre, Land Registry and Mapping Agency
[219]
. The

DEM was derived from high resolution elevation data, which was obtained from

the Actueel Hoogte Bestand Nederland
[220]
. The DEM has a spatial resolution of

50 cm and was used as main input in the solar radiation tools. The roof area,

slopes and azimuths for each rooftop were calculated in GIS based on the DEM.

The default settings of the Area Solar Radiation Tool model were used con-

taining the following default settings
[216]
. The latitudes for the buildings were

calculated automatically based on the DEM metadata. Skysize was set to 200

and proved to be sufficient for time interval of 14 days. Horizon angles (number

of calculation angles) are set to 32 which is adequate for complex topography.

Diffusivity was set at 0.3 and transmissivity at 0.5 which is an indication of gener-

ally clear sky conditions. Using a fixed atmospheric value does impact the irradi-

ation output on a smaller time scale (days or weeks). We observed that standard

factors were sufficient to achieve a good fit with the measured values from the

closest meteorological station (Royal Netherlands Meteorological Institute KNMI

in De Bilt, The Netherlands).

The calculation took into account the effect of shadow due to nearby build-

ings, trees, and other roof obstacles like chimneys or gable style roofs. The digital

surface model has been used as input for these calculations. The POA irradiation

for each roof surfaces was calculated for the year 2015, with a 14 day interval.

This time interval is used to calculate the sky sectors for the sun map (the sun’s

position in the sky across a period of time). These maps are used to calculate the

total POA irradiance for a particular roof.

PV yield time series
The second step to determine the PV yield potential was to create a PV yield time

serie for each of the assessed rooftops. Buildings with addresses that have a

residential function were selected from the building footprint layer. If a building

contained only residential users than the full roof area was selected. However,

some buildings have addresses with different functions, for example an office,
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shop or residence. For these buildings, the share of used surface for each func-

tion was obtained from the BAG dataset. The residential rooftop share was mul-

tiplied with the total roof area to define the roof area allocated for residential PV

systems. We assumed that a maximum of 200 Wp/m
2
could be installed, based

on a commercial available 320 Wp module with a dimension of 1.6 m by 1 m.

The PV yield timeseries was created using the open source Python package

PVLIB
[61]
. The roof surface azimuth and tilt angles from the GIS model were

binned to obtain 35 different combinations of roof slope and orientations. The

roof surface azimuth angles were binned in steps of 45°, and roof slope angles in

bins steps of 20°. A maximum tilt angle of 82.5° was selected. Facades were not

included in our study. Furthermore, we assume that flat roofs will have a dual-tilt

(or east-west) designed PV systems with a slope of 10°.

Radiation, wind speed, pressure and temperature data were obtained for

2015 from the Royal Netherlands Meteorological Institute KNMI in De Bilt, The

Netherlands. The measurement intervals of radiation were 10 min and one hour

for remaining weather parameters. The weather data is linearly interpolated to

5 min interval and used as input for the PVLIB model. Furthermore, the module

parameters of the Sanyo HIP-225HDE1 PV module are used to model the direct

current (DC) PV yield time series
[62]
. This module has a relative low temperature

coefficient temperature thus reducing the influence of temperature in the model.

The DC time series were converted to alternating current (AC) time series using

the efficiency parameters of the Enphase Energy M210 inverter
[63]
. The AC time

series were linearly scaled to obtain a performance ratio of 85%, which is consist-

ent with well performing PV systems in the Netherlands
[27]
.

Also, the PVLIB model calculate the total POA irradiance from the solar radi-

ation data (no shading conditions). This number is used to determine the shade

loss factor for each rooftop. This is the POA irradiance with shading (determined

by the Area Solar Radiation tools) divided by the POA irradiance on a surface with

no shading (determined using PVLIB). An average shade loss factor of 83% was

found for all residential buildings. The shade loss factor was multiplied with the

AC PV yield time series to determine the PV yield under shaded conditions.

Finally, the PV yield time series were scaled using a rooftop utilization rate.

Only a certain part of the roof area can be used for PVmodules due to constraints

from other roof structures (chimneys, ventilation systems or dormers). We used a

50% roof utilization factor for PV systems, based on a previous study
[207]
. The PV

yield time series for each neighbourhood was created by aggregation of PV yield

profiles for all buildings in that neighbourhood. The annual PV yield is reduced

with 0.5% per year to account for PV system degradation
[96]
.
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6.2.3 Electricity consumption from buildings
Electricity consumption time series were created for each neighbourhood using

three main data sources; household statistics, historical residential demand time

series and annual electricity consumption from residential grid connections. The

household statistics from each neighbourhood in Utrecht are obtained from Stat-

istics Netherlands (CBS) for 2015
[221]
. This data contains statistics on family com-

positions: people living alone, people living as a couple and couples with children.

Electricity demand profiles for 30 different households were measured

between 2012 and 2014, by Dutch distribution system operator Liander
[64]
. The

time series weremeasured using a 15min time step for one year. Three new time

series were created for each family composition using the 30 measured demand

profiles. These three time series were scaled with share of family composition

of each neighbourhood and summed together to create one demand time series

per neighbourhood. The annual electricity consumption for each residential grid

connection per postal code 6 area is available as open data for 2015
[222]
. We as-

sumed that each residential address has one grid connection. The electricity con-

sumption of all residential addresses within a neighbourhood was summed to

determine the annual electricity consumption of a neighbourhood. This number

was used to linearly scale the neighbourhood demand time series. Finally, the

neighbourhood demand time series were linearly interpolated to a 5-min time

interval. The demand time series of one year were repeated to obtain a 30-year

period. The average electricity consumption of households was quite stable for

the last 10 years
[134]
. Therefore, the annual demand is kept constant over the

30-year period.

6.2.4 Electric vehicle consumption
The number of registered cars per household in 2015 were obtained from

CBS
[221]
. The average number of cars within a neighbourhood was 932, with a

minimum of 105 and a maximum of 2,690. This corresponds to an average of

0.61 cars per household, with a minimum of 0.10 and a maximum of 1.05 cars

per household. This is lower than the average for the Netherlands, which is 0.93

cars per household
[223]
. Furthermore it is expected that electric vehicles will have

a market share of 100% around 2040
[197]
. Therefore, we assumed that all cur-

rent light duty gasoline vehicles will be replaced with electric vehicles. The daily

power consumption of an EV depends on the average driving consumption mul-

tiplied by a seasonal factor. This factor accounts for the seasonal variability of

the EV consumption mainly due to the cabin climate control and the battery ef-

ficiency. A seasonal factor of 0.8 was used for summer period and 1.2 for the

winter period
[224]
. The summer period consists of the months June until August
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and the winter period December until February. Furthermore, we assumed an

average driving power consumption of 7.24 kWh per day of which 50% will be

charged within the neighbourhood
[223]
. In addition, a EV charging and dischar-

ging efficiency of 90% was assumed
[133]
. This results in a daily EV demand of 4.01

kWh and an annual demand of 1,463 kWh.

The moments at which cars are connected to the charging stations are highly

uncertain and are not well studied. Therefore we developed an algorithm to as-

sess the impact of two different charging strategies on the EV integration poten-

tial. In the first strategy, the daily EV charging demand within a neighbourhood

is gradually spread over the day. In this case, we assume that the summation of

charging demands of each individual EV results in a flattened EV charging pro-

file of a neighbourhood. Hence a constant EV consumption over the day was

assumed. In the second option, the EV is directly charged with the produced PV

energy. We call this option smart solar charging
[68]
. In this case, the EV is charged

with the excess PV production in the neighbourhood. A maximum charging capa-

city of 11 kW per EV was assumed, to reduce the impact on the electricity grid. If

adequate PV production is not available during the day, then the remaining char-

ging demand is fulfilled when the solar elevation angle is <0. Thus the EV demand

is charged using the electricity grid. The charging profiles of both strategies were

added to the neighbourhood electricity consumption profile. In the reference

case, we assume that 75% of cars are charged using the first strategy and 25% of

cars using the second strategy.

The distribution of residential neighbourhood annual electricity consumption

including EV charging and the EV share are shown in Fig. 6.3. The total an-

nual electricity consumption per neighbourhood ranges between 1 GWh and 16.3

GWh, with an average of 6.7 GWh. The share of EV consumption varies between

1.8% and 30.1%, with an average of 20.6%. These numbers show that there is
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Figure 6.3 ··· Distribution of residential neighbourhood annual electricity consumption with EVs (a)
and share of electricity consumption by EV charging (b) shown using a histogram. Mean values of the

distribution are indicated by the dashed lines. Histogram bins of 2.5 GWh for neighbourhood energy

demand and 1% for EV share were used.
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a larger diversity of electricity consumption within each neighbourhood, mainly

related to the number of inhabitants. Also, the EV charging demand within the

neighbourhood is assumed to be constant over the 30-year assessment period.

The total electricity demand of the 88 neighbourhoods is 466 GWh excluding EV

charging and 587 GWh including EV charging.

6.2.5 BESS charging algorithm
Battery charging and discharging was simulated with a simple control strategy,

obtained from previous research and written in Python (v3.5)
[154]
. If more PV

electricity is generated than consumed by the neighbourhood, then the battery

was charged. If more electricity was consumed than generated, then the battery

was discharged. The battery was discharged to fulfil electricity demand of the

building. If the battery inverter and battery storage capacity was available, then

the battery was also used to charge the electric vehicle.

An AC-coupled PV-battery system was assumed. This means that the PV ar-

ray is connected via an inverter to the electricity grid and the battery storage

pack with a battery inverter to the electricity grid. This is a commonly installed

system type and is very suitable for retrofitting or installing community energy

storage systems
[93]
. A battery storage capacity of 1 kWh battery storage capacity

per MWh of annual electricity consumption per neighbourhood is used in the ref-

erence case
[93]
. Note that if EVs were included in the modelling, than the annual

consumption in neighbourhoods is higher and thus larger battery sizes are used.

The battery inverter capacity is set to a C-rate of 0.5, meaning that it would

require 2 hours to fully charge the battery. Battery state of charge (SOC) is set to

a minimum of 0% and a maximum of 100%. In this way, we assess the maximum

storage potential to enhance self-consumption. Battery inverter efficiencies were

obtained from the inverter efficiency curve of a SMA Sunny Boy Storage inverter,

using a step size of 0.01%
[94]
. A constant battery roundtrip efficiency of 92% was

used, close to the round trip efficiency of a Tesla Powerwall
[95]
. Furthermore, a

calendric lifetime of 15 years and a battery cycle lifetime of 5000 full equivalent

cycles is used tomodel the battery capacity degradation
[97]
. The amount of dimin-

ished storage capacity is determined annually and subtracted from the previous

year. The battery degradationmodel is explained in detail in a previous study
[185]
.

We assume that the battery storage is replaced after 15 years, thus the storage

capacity is set similar to the original storage capacity for year 16.
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6.2.6 Calculation of PV integration indicators
Two temporal PV integration indicators were assessed: self-consumption ratio

(SCR) and self-sufficiency ratio (SSR). Self-consumption ratio is used to quantify

the share of electricity that is self-consumed from the total annual produced PV

energy. Self-sufficiency ratio is the share of electricity consumption that is fulfilled

by PV electricity. The self-consumed power consists of the total direct consumed

power by the neighbourhood (Pdirect SC) and the total power that is used for char-

ging the battery (PB charge). The direct consumed power is the PV power (PPV) that

is directly consumed as a result of the electricity demand of a building. (Pdemand).

The self-consumed energy is aggregated over the year from timestep (t=1) till the

last time step (tend), see Eq. (6.1).

Pdirect SC =

PPV ifPPV < Pdemand

Pdemand ifPPV ≥ Pdemand

(6.1a)

SCR =

tend∑
t=1

(Pdirect-consumed,t + PB charge,t) ·∆t

tend∑
t=1

PPV,t ·∆t

(6.1b)

Self-sufficiency ratio is an indicator for the share of electricity consumption

that is fulfilled by using PV electricity. This is the share of electricity demand that

is fulfilled by the direct consumed PV power and the discharged power that is

discharged from the battery (PB discharge), see Eq. (6.2).

SSR =

tend∑
t=1

(Pdirect−consumed,t + PB discharge,t) ·∆t

tend∑
t=1

Pdemand,t ·∆t

(6.2)

6.2.7 Calculation of avoided life cycle GHG emissions
A rough indication of the avoided life cycle GHG emissions by the PV systems

and battery energy storage systems was provided. Emissions due to manufac-

turing of the PV systems and BESS (G HGmfg), and the avoided emissions by the

PV electricity production are determined. The emissions of manufacturing the

PV system depends on the production location
[13]
. We assume that PV systems

are made in China as this country produces the majority of the PV cells and PV

modules globally
[6]
. Emissions from producing PV systems in this country are

assumed to be 1590 gCO2-eq for each Wp
[173]
. The production of Li-Ion battery

energy storage systems uses 110 gCO2-eq for each Wh
[175]
. We assumed that

emissions from manufacturing a battery inverter are comparable to the emis-

sions from manufacturing a PV inverter and assumed 124 gCO2-eq per W.
[173]
.
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The PV and battery inverter, and the battery storage are replaced after 15 years.

Emissions from manufacturing are expected to be 25% lower when these com-

ponents are replaced.

The avoided emissions by PV electricity production depend on the emission

factor of electricity (EFE) from the grid. We assume that these emissions will re-

duce linearly from current emissions (2016) to zero emissions in 2050, based on

the Dutch energy agreement for sustainable growth
[225]
. Thus, the carbon intens-

ity will decrease linearly from 490 gCO2-eq per kWh in year 1 to 60 gCO2-eq per

kWh in year 30
[151]
.

The avoided emissions are determined for two system perspectives, i.e., from

an electricity system perspective (G HGsystem) and from a neighbourhood per-

spective (G HGneighb.). In the electricity system perspective, all PV electricity that

was used is allocated as replacing electricity from the grid. The PV power that was

used from a system perspective (PPV system), is the PV produced power minus the

battery energy storage losses. In the neighbourhood perspective, all PV power

used within the neighbourhood is allocated as replacing electricity from the grid.

Hence, avoided emissions from electricity exported to the grid are not included

in this perspective. The PV power used (PPV neighb.), is the sum of the direct con-

sumed PV and the electricity discharged from storage. The used PV electricity of

both perspectives was multiplied with the carbon intensity of the electricity grid

for each year. Then, the emissions frommanufacturing were subtracted from the

total emissions over 30 years to determine the avoided life cycle GHG emissions.

The avoided emissions are normalized with the number of addresses within a

neighbourhood (Naddress), see Eq. (6.3).

PPV system = PPV,t − PB charge − PB discharge (6.3a)

PPV neighb. = Pdirect−consumed + PB discharge,t (6.3b)

G HGsystem =

tend∑
t=1

(EFE, t · PPV system,t)− G HGmfg

Naddress
(6.3c)

G HGneighb. =

tend∑
t=1

(EFE, t · PPV neighb.,t)− G HGmfg

Naddress
(6.3d)
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6.3 Results
6.3.1 PV yield potential
The PV yield potential for each of the 88 neighbourhoods was analysed over a

period of 30 years using the reference parameters given in Table 6.1. The distri-

butions of average annual PV yield for each address and the average annual PV

yield for each neighbourhood are shown in Fig. 6.4. Also, the average annual

specific yield for each address and each neighbourhood is presented. Average

annual PV yield is 3.3 MWh per address and for the neighbourhoods 3.5 GWh.

The specific yields show a larger distribution range for the addresses, with an av-

erage of 629 kWh per kWp. Specific yield for neighbourhoods is between 513 and

773 kWh/kWp, with an annual average of 628 kWh per kWp. The average specific

yield decrease from 677 kWh/kWp in the first year to 579 kWh/kWp in year 30

due to PV system degradation. This specific yield is significantly lower than the

current average specific yield for the Netherlands
[27]
. This is mainly due to the

inclusion of all orientations and the reduced incoming irradiance due to shad-

ing. The total PV capacity from all neighbourhoods is 488 MWp and the average

annual production 306 GWh.

0 3 6 9 12 15
Annual yield [MWh]

0
6000

12000
18000
24000

Co
un

t [
n]

(a) Per address

0 3 6 9 12
Annual yield [GWh]

0
5

10
15
20

(b) Per neighbourhood

300 450 600 750 900
Specifc yield [kWh/kWp]

0

1000

2000

3000

Co
un

t [
n]

(c)

500 550 600 650 700 750
Specifc yield [kWh/kWp]

0

5

10

15

20
(d)

Figure 6.4 ··· Distribution of average annual PV yield for each address (a), average annual PV yield for
each neighbourhood (b), average annual specific yield for each address (c) and average annual specific

yield for each neighbourhood (d). Mean values of the distributions are indicated by the dashed lines.

Annual yield is shown using bins of 1 MWh for each address and 1 GWh of each neighbourhood.

Specific yield is shown using bins of 10 kWh/kWp. Note that 198 addresses have an annual yield

higher than 15 MWh and are not shown on the histogram (a). Also 138 addresses with a specific yield

of lower than 300 kWh/kWp are not shown on the histogram (c).
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The ratio between the total PV production and the total electricity consump-

tion for a period of 30 years provided an indication on the contribution of PV to

fulfil the electricity demand. This ratio is shown for each of the 88 neighbour-

hoods of the city of Utrecht in Fig. 6.5. The ratio is shown for two scenarios, only

PV systems and PV systems with EVs. A ratio higher than 100% shows that there

is more PV production than electricity consumption. This is the case for 5 neigh-

bourhoods in the PV only scenarios. Neighbourhoods with PV systems only show

an average of 68% and neighbourhoods with PV systems and EVs 53%.

6.3.2 Impact of PV systems only
The spatial impact of PV systems on the self-consumption ratio and self-

sufficiency ratio for each neighbourhood is visualized using on a color-codedmap

in Fig. 6.6. Results are shown for 88 neighbourhoods which are separated by grey

borders. The 9 districts are separated with solid black lines and the district names

are indicated. The white areas are those neighbourhoods of the city of Utrecht

that were excluded from the study. For example, the left most neighbourhood

in district West is actually a commercial area with a limited amount of residential

dwellings.

The average SCR of the neighbourhoods is 53 %, which demonstrates that the

PV produced in a neighbourhood can be used most within the same neighbour-

hood. Moreover, a wide range of SCR between 34 % and 100% demonstrates

a large variety in PV integration potential. Low SCR is seen for the suburb of

Leidsche Rijn, and in the Noordwest (North-West) district, indicating a large sur-

plus of produced PV energy. These areas contain mainly terraced houses with

sufficient roof space available for PV systems.

High SCR was observed in the historical Binnenstad (Inner-city), Oost (East)

and Overvecht districts. The inner-city area has a limited PV potential due to high
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Figure 6.5 ··· Distribution of ratio between the total PV production and the total consumption of neigh-
bourhoods with PV systems only (a) and neighbourhoods with PV and EVs (b) Mean values of the

distribution are indicated by the dashed lines, and bins of 5% were used.
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concentration of historical buildings with relatively small roof areas and a high

variation in roof shape and height. These roofs induce shading which reduces the

plane-of-array irradiance and as a consequence the PV electricity generation. In

addition, population density in the inner city is larger compared to other districts

due to the smaller dwellings and apartments. This results in relatively high elec-

tricity consumption per unit area and thus a higher SCR. The district of Overvecht

contains tall (mostly 10-storey) residential apartment buildings that limit the PV

production potential per resident. Also, the district to the extreme East, in which

the university campus is located, shows a high SCR. In this area, tall apartment

buildings, which serve as student housing are located. Therefore, the roof area

available per address is small.

An average SSR of 33%was determined for the neighbourhoods, ranging from

6% to 40%. Low SSRs are observed for the inner-city area, indicating that PV po-

tential is not sufficient to fulfil the electricity demand. Higher self-sufficiency is

observed for the suburb Leidsche Rijn, and in the Zuid (South) district. Areas with

high SCR and low SSR have limited area to install PV systems and therefore lim-

ited PV yield. Areas with relatively lower SCR and higher SSR have more moments

in which surplus of PV energy production occurs. The limited SSR indicates that

the PV yield potential is not sufficient and electricity import to the city is a require-

ment.

6.3.3 Impact of EVs or BESSs
The influence of two scenarios, PV systems with EVs and PV systems with BESSs,

on the self-consumption enhancement is presented in Fig. 6.7. Deployment of

BESSs shows a larger impact on the SCR than the deployment of EVs. The re-

placement of gasoline-based cars by EVs results in an average increase in SCR

of 12% points in the neighbourhoods. The SCR increase varies between 0% and

17% points, showing a broad impact of electric vehicles. Neighbourhoods with

already high self-consumption due to the electricity consumption of the residen-

tial buildings show limited SCR enhancement by electric vehicles. The average

self-sufficiency of neighbourhoods with introduction of EVs has barely changed.

Observed differences in SSR are between -2.0% and 0.1% points with an average

of -0.7% points. Only for two neighbourhoods EVs have a positive impact on SSR,

namely Rijnsweerd and HogeWeide. These neighbourhoods are in the Oost (East)

and the Leidsche Rijn districts, respectively. The Rijnsweerd neighbourhood also

has the lowest SCR without EVs. This shows that for almost all neighbourhoods

the additional EV demand increases the need for imported electricity.

An average SCR increase of 25% points can be achieved with a battery capacity

of 1 kWh for each MWh of electricity consumption. The SCR enhancement varies
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between 0% and 30% points. Neighbourhoods with a low self-consumption of

PV systems only (Leidsche Rijn) have a SCR impact of ≈ 20% points from battery
storage. In this case, the influence is limited by the battery storage capacity. The

neighbourhoods with a high initial SCR (Binnenstad) have a limited BESS impact

since most of the electricity is directly consumed anyway and the storage capacity

is not utilized. Neighbourhoods with an initial self-consumption of around 60%

(Overvecht) show the largest self-consumption impact. These neighbourhoods

can storemost surplus PV production and utilize the storage capacity. In addition,

the SSR impact by storage varies between 0% and 18% points with an average of

14% points. As a result, 42 neighbourhoods obtain a self-sufficiency ratio >50%

For a dwelling owner with a PV system, it could be advantageous to use stor-

age under certain economic conditions
[153]
. However, if this dwelling is located

within a neighbourhood with low impact of storage on self-consumption, then

this electricity could better be used by dwellings with insufficient roof space for

a PV system. As a result, more electricity is directly used, and less electricity is

lost by energy storage conversions. Moreover, some neighbourhoods are sur-

rounded by neighbourhoods with a high initial SCR. For, example the North-West

district has a relatively low SCR, but is surrounded by districts with higher SCR.

Hence, it could be more beneficial to export surplus PV to these areas, instead

of increasing storage capacities. On the other hand the historical inner-city is en-

closed by neighbourhoods with lower SCR. These neighbourhoods could provide

the inner-city with electricity instead of storing surplus PV electricity in batteries.

6.3.4 Combined impact of EVs and BESS
The impact of the PV systems with electric vehicles and battery storage on SCR

and SSR are presented in Fig. 6.8. A total of 10 neighbourhoods have a self-

consumption ratio of almost 100%, indicated by the blue dots. For the majority of

these neighbourhoods a SCR impact of around <15% is seen. Overall, an average

SCR enhancement of 35% can be achieved when EV and storage are added to the

neighbourhoods. This results in a high average SCR of 88% within the neighbour-

hoods, with a range from 67% till 100%.

The self-sufficiency ratios show an average increase of 10% due to EVs and

storage, ranging between -0.6% and 16%. The SSR impacts show negative values

in two neighbourhoods. These neighbourhoods have a larger additional elec-

tricity demand by EVs, than the demand that can be shifted by battery energy

storage. Overall, the average SSR increases to 43%, ranging between 6 % and

54%. Also, 17 neighbourhoods have a SSR >50% with EV and storage.
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6.3.5 Avoided life cycle GHG emissions
The avoided life cycle GHG emissions from an electricity system and neighbour-

hood perspective were assessed with the reference parameters including elec-

tric vehicles and battery energy storage system, see Fig. 6.9. The avoided GHG

emissions are given for the 30-year period per residential address. The emis-

sions show large differences between the neighbourhoods. Avoided GHG emis-

sions from an electricity system perspective are on average 11.5 tCO2-eq, ranging

between 0.3 to 28.1 tCO2-eq per address. Average avoided GHG emissions from

a neighbourhood perspective are 8.6 tCO2-eq per address, which is around 0.3

tCO2-eq for each year.

Neighbourhoods with 100% SCRs have almost similar emissions from an elec-

tricity system perspective as from a neighbourhood perspective, since all PV elec-

tricity is directly used. These neighbourhoods are located in the centre of the city.

The suburb Leidsche Rijn shows high avoided emissions from a neighbourhood

perspective, due to high PV potential and large SCR impact by storage and elec-

tric vehicles. The North-West district has similar SCR as the Leidsche Rijn suburb,

yet lower avoided emissions are seen here. This is due to the lower electricity

demand and the lower PV yield potential for each address in North-West dis-

trict. The neighbourhood with the lowest self-consumption ratio (Rijnsweerd in

the East district) shows the largest emission reductions from system perspective.

PV modules made in Europe are produced with lower greenhouse gas emis-

sions compared to PV made in China, due to the lower carbon intensity of the

electricity generation mix in Europe. We compared the impact of PV made in

China with PV made in the EU on the avoided emissions. 824 gCO2-e for each Wp

were assumed as emissions from PV manufactured in Europe
[173]
. The avoided

GHG emissions of China and Europe, and the relative change between these

areas are shown for both perspectives in Fig. 6.10. No change in emissions from

manufacturing battery storage was assumed.

When using PV modules manufactured in the EU, the avoided emissions are

increasing to averages of 14.4 tCO2-eq from an electricity perspective and to 11.5

tCO2-eq from a neighbourhood perspective. The relative change in avoided emis-

sions between China and Europe are significantly higher from a neighbourhood

perspective than from an electricity system perspective. An average of 28% is

shown for the system perspective and 36% from a neighbourhood perspective.

Neighbourhoods with high PV system potential have larger emissions from man-

ufacturing and therefore relatively lower avoided emissions from a neighbour-

hood perspective. Consequently, the distribution in relative change of avoided

emissions from a neighbourhood perspective is larger compared to the avoided

emissions from a system perspective.
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Figure 6.10 ··· Distribution of avoided life cycle GHG emissions per address of the neighbourhoods
with PV made in China (a & b), PV made in Europe (c & d) and the relative change in avoided emissions

between these areas (e & f), The left column shows the avoided emissions from an electricity system

perspective and the right columns shows the avoided emissions from a neighbourhood perspective.

Mean values of the distribution are indicated by the dashed lines. Histogram bins of 1 tCO2-eq were

used for the avoided emissions and bins of 1% for the relative change. Note that a relative change

larger than 45% is observed for one neighbourhoods from a electricity system perspective, and two

neighbourhoods from a neighbourhood perspective. These are not shown in histogram (e) and (f).

6.4 Sensitivity analysis
A sensitivity analysis was conducted for four different rooftop utilization rates.

These utilization rates were combined with a larger share of EV solar charging

or with smaller or larger battery storage capacities. Other input parameters, see

Table 6.1, were kept constant. Three parameters were assessed; SCR, SSR and

avoided life cycle GHG emissions per address from a neighbourhood perspective.

The avoided emissions from a system perspective were not shown, since these

are less dependent on the PV self-consumption. Some of the scenarios assessed

here are not realistic but purely theoretical. A 100% rooftop utilization rate is cur-

rently not practical to implement. Moreover, a high smart solar charging share, of
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75% or even 100%, requires major investments in charging infrastructures. Fur-

thermore, EVs should be available for charging within the neighbourhood.

6.4.1 EV smart solar charging share
The influence of five smart solar charging shares of four rooftop utilization rates

is presented in Fig. 6.11. The 25% rooftop utilization scenario shows an average

SCR of 85% when no EV is smart charged. This is increased by 11%, if all EVs

would apply smart solar charging. In this rooftop utilization scenario, a >99%

SCR is reached for 20 neighbourhoods. This limits the average increase of the

SCR. Battery energy storage shows an average SCR close to 100%, for all EV smart

charging shares. Thus, energy storage reduces the impact of smart solar charging
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Figure 6.11 ··· Influence of the rooftop utilization (util.) factor on the self-consumption ratio (a to d),
self-sufficiency ratio (e to h) and avoided life cycle emissions per address from a neighbourhood per-

spective (i to l). The distributions are shown for the 88 neighbourhoods and five electric vehicle char-

ging scenarios using violin plots. The left side of the violin plot shows the distributions without battery

storage and the right side of the violin plot shows the distributions with a 1 kWh storage capacity for

each MWh of annual electricity consumption. Mean values are indicated by the solid lines and 25%

and 75% percentiles are indicated by dotted lines.
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to almost nothing. Therefore, it is not recommended to invest in smart charging

infrastructure with storage under the 25% rooftop utilization rates.

Under the 50% rooftop utilization, a shift from 0% solar charging share to a

100% solar charging share increases the average SCR by 12% points. This is a

slightly larger increase than shown for the 25% rooftop utilization rate. Fewer

neighbourhoods reach the maximum SCR, thus the average increase in SCR is

larger. However, under the 75% rooftop utilization, the increase in SCR due to

higher smart charging shares is reduced to 10%, which is 2% lower than under

the 50% rooftop utilization rate. Higher rooftop utilization rates have significantly

more surplus PV available. Therefore, the impact of smart charging share on the

SCR is reduced.

Neighbourhoods with storage have a larger PV self-consumption. Con-

sequently, the SCR increase due to an increase of solar charging share from 0% to

100% is only 2.8% points under the 50% rooftop utilization scenario. This number

is increased to 3.6% under the 100% rooftop utilization rate, since more surplus

PV energy is available for storage. Also, the widest distribution between neigh-

bourhoods is seen with a 100% rooftop utilization rate. A larger smart solar char-

ging share reduces the surplus PV that can be stored in batteries. Subsequently,

the SCR impact of storage is reduced with higher EV smart solar charging shares.

Still, these high smart solar charging shares are not realistic, thus investing in

battery energy storage could be worthwhile.

Self-sufficiencies increase slightly for the 25% rooftop utilization rate, with av-

erages from 22% with no smart solar charging to 25% for a 100% solar charging

share. SSR are limited when storage is added, with an average of around 26%.

Yet, the impact of storage is significantly higher with a 50% utilization rate, and

largest for a 100% rooftop utilization rate. Furthermore, the increase in EV smart

solar charges share shows a significantly larger impact on the SSR. For a 50%

utilization rate and no storage, a shift from 0% to 100% solar charging share res-

ults in a SSR increase of 6.5% points. This difference is increased by 8.7% points

under a 100% rooftop utilization rate. When storage is added to the neighbour-

hoods, then this increase is 4.8% points. An increase in rooftop utilization rates

causes an expansion of the first 25% percentile for both neighbourhoods with

and without storage. Neighbourhoods with a low SSR have a far higher electricity

demand. Hence, the absolute increase in SSR due to higher PV capacity is smaller

for neighbourhoods that already show high SSR.

Avoided life cycle GHG emissions, from a neighbourhood perspective and per

addresses, were found to be increasing from a 25% to a 75% rooftop utilization

rate. However, the avoided emissions have decreased for a 100% rooftop utiliza-

tion compared to a 75% rooftop utilization. Some neighbourhoods even showed
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negative values. This means that the emissions due to manufacturing of PV and

storage systems are larger than the avoided emissions due to the direct con-

sumption at the neighbourhood level. Furthermore, under the 25% rooftop util-

ization rate, avoided emissions are lower for neighbourhoods with storage than

without storage.

Yet, from an electricity system perspective, the average avoided emissions in-

creased by rooftop utilization rates. Neighbourhoods without storage and a 25%

solar smart share showed averages of 7, 14, 21 and 27 tCO2-eq of avoided emis-

sions for 25, 50, 75 and 100% rooftop utilization rates respectively. Neighbour-

hoods with storage and a 25% solar smart share showed lower avoided emissions

of 5, 12, 18 and 25 tCO2-eq of for 25, 50, 75 and 100% rooftop utilization rates re-

spectively.

6.4.2 Battery storage capacity
The influence of increasing battery storage capacities under four rooftop utiliza-

tion rates is presented in Fig. 6.12. SCR increased under all scenarios with larger

storage capacities and when EVs are included. With 25% of rooftop utilization, the

SCR is maximized with the use of energy storage and electric vehicles. With 50%

rooftop utilization, we found that a 2 kWh storage system per MWh demand does

not impact the upper 25% percentile of the neighbourhoods. Hence, a quarter of

the neighbourhoods can consume all locally produced PV electricity under these

conditions. A 75% and 100% rooftop utilization rate results in a higher impact of

larger battery storage capacities. The addition of electric vehicles to the neigh-

bourhoods results in higher SCR values. For these high rooftop utilization rates,

the average SCR impact from energy storage is quite similar for neighbourhoods

with and without EVs. Also in this case, surplus PV electricity is not fully utilized

by EVs charging and therefore storage can have a similar impact. Furthermore,

additional demand is added with EVs, which results in relatively larger storage

capacities and thus higher SCR.

Self-sufficiency ratios gradually increase with higher rooftop utilization rates.

With 25% rooftop utilization, the highest SSR were observed for a battery size of

1 kWh per MWh demand. Larger storage capacities resulted in more electricity

losses caused by charging and discharging of the batteries. Consequently, self-

sufficiency is reduced within the neighbourhood.

Neighbourhoods with EVs have a higher direct PV self-consumption, thus less

surplus PV electricity can be shifted by storage. As a result, the influence of stor-

age is smaller for neighbourhoods with EVs than for neighbourhoods without

EVs. Under the no storage scenarios, almost similar SSR distributions were ob-

served for neighbourhoods with EVs and without EVs. This indicates that power
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Figure 6.12 ··· Influence of the rooftop utilization (util.) factor on the self-consumption ratio (a to d),
self-sufficiency ratio (e to h) and avoided life cycle emissions per address from a neighbourhood per-

spective (i to l). The distributions are shown for the 88 neighbourhoods and four battery storage

capacities using violin plots. The left side of the violin plot shows the distributions with electricity con-

sumption of the neighbourhood only and the right side of the violin plot shows the distributions of

the neighbourhood with electric vehicles. The electric vehicles have a 25% solar charging share. Mean

values are indicated by the solid lines and 25% and 75% percentiles are indicated by dotted lines

consumption time series of the EVs is comparable to the electricity consumption

time series of the neighbourhoods.

Avoided emissions per address are largely dependent on rooftop utilization

rate and installed storage capacities. Under the 25% rooftop utilization scenario,

the increase in storage capacity shows a significant reduction in avoided emis-

sions. For higher rooftop utilization rates, an increase in avoided emissions can

be seen when shifting from no storage to 1 kWh per MWh capacity. However,

larger storage capacities show a reduction of avoided emissions. For these lar-

ger capacities, the emissions due to manufacturing are higher than the avoided

emissions due to the self-consumption. Moreover, EVs add demand to the neigh-

bourhood and therefore avoided life-cycle emissions increase.
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6.5 Discussion
This research showed that PV self-consumption and self-sufficiency potential var-

ies significantly between neighbourhoods. These variations are primarily related

to limited residential roof area for PV siting, higher electricity demand, or higher

expected electric vehicle penetration rates. A number of limitations concerning

assumptions and data availability were made in this research that could impact

the outcome substantially.

6.5.1 Data limitations
The PV potential of facades from residential buildings was not included in the

study. Especially, facades from tall residential buildings can significantly in-

crease the PV potential in neighbourhoods
[204]
. For example, the district of

Overvecht contains numerous tall residential buildings, consequently limiting the

self-sufficiency ratio. Also, including facades would substantially increase the self-

sufficiency ratio of these types of buildings. Furthermore, by using east and west

oriented facades, the PV yield over the day is extended beyond the noon peak

to early morning and late afternoon. This will provide a higher direct PV self-

consumption and decrease the need for storage
[90]
. However, assessment of PV

potential of facades is computation-intensive, since another dimension is added

to the radiationmodel
[226]
. Furthermore, information about the share of windows

and other building facade components makes the model complex. In addition,

this information is not easily available.

The annual incoming POA irradiance on each rooftop was assessed using the

ARCGIS tools. This number was used to linearly scale down PV yield time series

obtained from the PVLIB model. Consequently, we assumed that the shade was

homogeneously spread over the PV yield time series. However, the impact of

shade on the PV yield depends on the position of the sun in the sky and the

location of the obstructions which block the direct sunlight. We aggregated the

individual PV time series of each roof to a time series for a neighbourhood. Also,

we assumed the shades on each PV system in the neighbourhood do not oc-

cur simultaneously. Subsequently, the influence shade on the individual PV sys-

tem decreases. Determining incoming POA irradiance for each roof for a smaller

time step is recommended for further research. However, this requires significant

more computation time or different calculation tools. Furthermore, we assumed

that all incoming irradiance on the PV module would be converted to electricity.

This conversion could be decreased due to partial shading of the module. The

impact of partial shading on the PV yield depends on the installed system archi-

tecture and the module design
[227]
.
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We used one year of data (2015) to assess the rooftop PV potential and cor-

responding PV integration parameters, due to data availability and computation

time. The year 2015 had a relative high annual irradiance compared to pre 2015

years
[90]
. Consequently, the PV yield production is overestimated with a few per-

cent. Subsequently a higher self-consumption is expected but also a lower self-

sufficiency. Furthermore, we assumed that excess PV power is distributed to

other residential buildings within the neighbourhood using the low voltage grid.

Power and voltage constraints within the low voltage grid were not considered.

A detailed map of the low voltage grid should be included for future research for

assessment of these potential limitations.

We assumed a constant emission factor for electricity over the year. Con-

sequently, results showed that storage does not contribute to emission reduc-

tions from an electricity system perspective. However, with a larger share of re-

newables, a higher variability of emission factors from power generation can be

expected. Consequently, the avoided emissions from storage could increase. If

batteries would discharge at moments with a large share of fossil fuel fired power

plants in the power generation mix, then this would avoid more emissions. Bat-

tery control strategies that include the marginal emissions factor should be de-

veloped.

6.5.2 Implementation considerations
Currently, over 90% of residential buildings are heated using natural gas-based

systems
[134]
. The Dutch government has set goals to replace these with other

technologies, e.g. heat pumps. This could increase the electricity demand of cit-

ies in the Netherlands. But the expected electricity demand of heat pumps in

cities is hard to predict. Firstly, the residential buildings should be selected in

which heat pumps are the most economically viable option to replace natural

gas boilers. For example, district heating systems can also be used to replace

natural gas heating systems, especially in densely populated cities
[190]
. Secondly,

the electricity demand of heat pumps mainly depends on the heat source (air or

ground) and the characteristics of the buildings. Especially old buildings should

be insulated before installation of any heat pump system. The assessment of fu-

ture electricity demand from residential buildings due to electric heating is highly

recommended in future research.

The electricity demand for electric vehicles could be underestimated if more

people will charge their EV within the city than was assumed. This could poten-

tially occur when fast charging stations are introduced within the city, yet this

would also require additional grid expansion measures. On the other hand, this
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demand could be overestimated due to reduced policy support for charging sta-

tions within cities. Furthermore, car sharing could result in less need for privately

owned cars, and therefore reduce the demand. Moreover, a lack of parking spots

or improved public transport can reduce the number of electric vehicles.

The technical PV potential in our study was assessed using 50% of the roof

area. However, the estimated economic potential is lower due to the following

reasons. First, the net-metering policy is established in the Netherlands. Con-

sequently, dwelling owners with a relative large roof area will probably only in-

stall a PV capacity sufficient to provide in their annual electricity consumption.

Second, PV systems with a relative low specific PV yield will not be installed due

to a significantly larger payback period.

PV power density of 200 Wp/m
2
are assumed, but are expected to increase in

the future due to higher module efficiencies. This would increase the PV yield po-

tential and decrease the self-consumption, but increase the self-sufficiency. Also,

we expect that future cost of PV systems will decrease based on the historical

learning rates of around 20%
[13]
. Consequently, the economic profitability of PV

systems for orientations with lower incoming irradiance will increase.

6.6 Conclusion
This study developed a spatio-temporal model that aimed to assess residential

PV electricity integration options. The impact of electricity consumptions from

buildings, electric vehicles and battery energy storage system was investigated

for each neighbourhood in the city of Utrecht, the Netherlands. A large variety

in PV yield potential, self-consumption ratio and self-sufficiency ratio was found

between the neighbourhoods. Self-consumption ratios are between 34% and

100% for the neighbourhoods. This could be increased on average by 12% by

electric vehicles and 25% with battery storage. Avoided life cycle emissions are

between 0 and 28 tCO2-eq, with an average of 12 tCO2-eq per address.

The spatial analysis identified neighbourhoods with potential surplus PV elec-

tricity that could be used to provide electricity to surrounding neighbourhoods

with lower PV potential. We recommend using battery storage capacities only

in areas in which storage has a high impact on self-consumption enhancement.

Also, supporting policies for smart solar charging of electric vehicles should fo-

cus on neighbourhoods with large PV potential and relatively low electricity con-

sumption. Especially for neighbourhoods were the low voltage grids require con-

siderable expansion to host the potential PV capacity. Moreover, PV supporting

policies should focus on neighbourhoods with a higher potential of avoided life
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cycle GHG emissions. The dissimilarity of results between the neighbourhoods in-

dicates that area dependent investments and supporting policies could improve

the PV power integration in cities. Therefore, we recommend the use of our

spatio-temporal model for other cities to assist local governments and district

system operators in the transition towards sustainable cities.
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7.1 Synthesis framework
This chapter combines methods and results obtained from previous chapters to

provide new insights regarding the four sub research questions, described in sec-

tion 1.4. Three datasets were used for residential buildings and one dataset for

commercial buildings. An overview of the characteristics, assumptions and re-

search questions associated with these four datasets are presented in Table 7.1.

Annual electricity consumption was kept constant over the simulated time peri-

ods. The datasets were combined with battery energy storage control algorithms

and electric vehicle charging algorithms. The results from these datasets and al-

gorithms provide answers to the research questions from multiple perspectives.

Questions Q 1., Q 2. and Q 3. are answered for residential and commercial build-

ings, while Q 4. is answered solely for residential buildings. The synthesis results

are used to provide final key conclusions and recommendations in chapter 8.

7.2 On improving PV self-consumption and self-sufficiency
This section aims to provide insights regarding the following research question:

Q 1. How can PV self-consumption and self-sufficiency be improved?
PV self-consumption was quantified using the self-consumption ratio (SCR).

This is the share of self-consumed PV energy from the total produced PV energy.

Self-sufficiency was quantified using the self-sufficiency ratio (SSR), which is the

Table 7.1 ··· Main characteristics, assumptions and research questions associated with the different
datasets used in this synthesis. Residential neighbourhoods is denoted by res. neigh. and assump-

tions as asm. Performance ratios are given for the first and last year of the simulated time PV periods.

The used datasets for each research questions and associated sections are indicated with bullets.

Dataset Res-1 Res-2 Res-3 Com-1

Used in chapter 2, 3 & 4 5 6 2, 3 & 4

Demand unit & count 48 dwellings 16 dwellings 88 res. neigh. 42 offices

PV pattern category modelled measured modelled modelled

PV data used timeseries
2012 to 07-2013 to

2015
2012 to

2016 06-2015 2016

Performance ratio 85% to 74% Variable 85% to 72% 85% to 77%

Simulation period 25 year 30 year 30 year 20 year

4.2.3 5.A 5.A 4.2.3

Used for Q 1. section 7.2 • • • •
research Q 2. section 7.3 • • • •
questions Q 3. section 7.4 • • •
in sections Q 4. section 7.5 • •
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share of total self-consumed energy from the total consumed energy.

PV self-consumption can be separated into direct and indirect self-

consumption. Direct self-consumption depends on the total electricity consump-

tion, the demand pattern, PV system orientation and PV system capacity. These

were mainly assessed in chapter 2, 5 and 6. Indirect self-consumption is the in-

crease in self-consumption due to battery energy storage. This depends mainly

on the battery storage capacity, battery inverter rating and the battery control

strategy. These parameters were mainly evaluated in chapter 3 and in 4.

7.2.1 For residential buildings
Chapter 2 analysed the impact of the PV orientation on the energy yield and the

PV self-consumption. The influence of the PV orientation on the average SCR and

average SSR is presented in Fig. 7.1. The largest self-consumed can be achieved

with an average orientation of 212° azimuth and a tilt of 25°. This is the orient-

ation with the largest self-sufficiency rate. A large variety in optimal orientations

for self-consumption was found, between 172° and 247° module azimuth and

between 11° and 38° module tilt. The influence of PV orientation was assessed

by the difference between optimal orientation for self-consumption and optimal

orientation for maximizing energy yield. It was found that PV self-consumption

can be increased with a maximum of 4.6% for certain PV systems. However, the
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Figure 7.1 ··· Average self-consumption rate (a) and self-sufficiency rate (b) of dataset Res-1, depending
on PV module orientation shown using a polar plot. Module azimuth angles are indicated by the

directions on the outer axis and module tilt angles are indicated by the inner circles. Both angles

were varied with 1° using the algorithm presented in chapter 2.

195



7777777

Synthesis of the main findings

average increase is 1.5% using one year of data. This number decreases to 0.9%

over the lifetime of a system due to PV system degradation.

The results from other chapters related to the SCR and SSR of residential

buildings are presented in Fig. 7.2. Distributions are shown for three fixed PV

system capacities and one for variable PV capacities. The PV capacities were nor-

malized to annual electricity demand and are shown for 48 residential buildings.

PV system sizes of 1 kWp per MWh annual demand can provide almost all annual

electricity demand. Themost left violin plots show the distributions of PV systems
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Figure 7.2 ··· Distributions of self-consumption (a) and self-sufficiency (b) for residential buildings using
three datasets. The colour coded violin plots are shown for three fixed PV system capacities and one

variable PV capacity, all normalized to the annual electricity consumption. Battery energy storage sys-

tem (BESS) capacities are indicated by the number at the horizontal axis. The 1
st
to the 4

th
violin plots

show the results for dataset 1, using the predictive control algorithm and no feed-in limit, obtained

from 3. The 5
th
to 8

th
violins show the impact of a ground source heat pump system combined with

battery storage for 16 residential dwellings obtained from chapter 5. The 9
th
until 12

th
violin plots

show the impact of battery storage and electric vehicles for 88 neighbourhoods residential dwellings.

These results are obtained with the spatio-temporal model framework presented in chapter 6. Mean

values of the distributions are marked by solid lines, and 25% and 75% percentiles are indicated by

dotted lines.
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oriented to the south (180°) and a module tilt of 35°. SCRs decrease with PV sys-

tem size and are on average 50%, 33% and 20% for PV capacities of respectively

0.5, 1 and 2 kWp per MWh annual demand. SSRs show a reversed trend, with

averages of 23%, 30% and 37% for respectively 0.5, 1 and 2 kWp of PV capacity.

Battery energy storage significantly increased the SCR, which was studied in

chapter 3. For a relative PV system size of 1 kWp, SCR increased to 46%, 56% and

69% with storage capacities of respectively 0.5, 1 and 2 kWh per MWh of annual

demand. Also, the self-sufficiency is increased with larger storage capacities. A

1 kWp PV system with a 2 kWh storage capacity per MWh of annual electricity

consumption could provide more than 50% of the yearly electricity demand. This

could also be obtained with a 2 kWp PV system and a storage capacity of 1 kWh.

Also, chapter 3 described the influence of battery control strategies and fore-

casting algorithms on the self-consumption rates. A novel battery control strategy

was developed that aimed to reduce the PV peak power to improve the PV

self-consumption. The scenario that used the clear-sky forecast method (S-CS)

showed the best performance to reduce PV peak power, with a loss of 0.6% in

SCR rate. Likewise in chapter 4, self-consumption enhancement was combined

with a different storage application. Here, the possibility to provide frequency

restoration reserves (FRR) while improving self-consumption was investigated. It

was found that self-consumption could be maintained when self-consumption

was prioritized. If FRR provision was prioritized than the lost SCR would be 23%

and storage would only contribute to 3.4% self-consumption.

Chapter 5 investigated the impact of PV and storage on the self-consumption

of dwellings with a ground source heat pump (GSHP). An average SCR of 36%

was found for this second dataset, compared to 33% for the first dataset. Fur-

thermore, a smaller range was observed for the second dataset compared to the

first dataset, mainly because fewer dwellings were included. If the electricity con-

sumption of a GSHP was included in the residential demand, then SCR decreased.

A relative PV system size of 1 kWp showed a SCR decrease of 6.7% points to 29.6%,

while a relative small PV system of 0.5 kWp showed a SCR decrease of 10% points

to 45%. A GSHP system added more electricity demand in winter months, there-

fore reducing the total self-consumption and self-sufficiency. Also, the contribu-

tion of storage to the SCR was slightly lower compared to dwellings without GSHP

systems. For a 1 kWp PV system, increases of 14% points, 23% points and 30%

points are seen for respectively 0.5, 1 and 2 kWh storage capacity.

Chapter 6 analysed the potential self-consumption and self-sufficiency for the

city of Utrecht, for 88 different neighbourhoods. PV system size and PV yield were

determined based on availability of residential rooftops space and incoming irra-

diance. Electricity demand patterns of households were combined with battery
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energy storage and future electric vehicles demand. Variable relative PV system

capacities per neighbourhood were used, with an average capacity of 1.09 kWp

for each MWh of demand, and a range between 0.11 and 1.80 kWp per MWh

demand. It was found that most neighbourhoods could not provide sufficient

PV energy to fulfil the annual demand, even with an average installed capacity

above 1 kWp per MWh demand. The research of this chapter included all rooftop

orientations and reduced irradiance due to shade of surrounding buildings. Con-

sequently, the average specific yield of the neighbourhoodswas 629 kWh per kWp

installed PV capacity. As a result, SCR varied between 34% and 100%. 1 kWh of

storage capacity per MWh of annual demand contributed to an increase in SCRs

between 0% and 30% with an average of 25%. Electric vehicles showed a lower

increase to the SCR with an average of 12%.

7.2.2 For commercial buildings
The influence of the PV orientation on the average SCR and average SSR of 42

commercial buildings is presented in Fig. 7.3. Chapter 2 found that the op-

timal orientation for commercial systems to maximize self-consumption is on

average 188° azimuth with a relative low module tilt of 17.2°. The average self-

consumption benefits decreases from 1.2% in the first year to 0.9% in year 25.
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Figure 7.3 ··· Average self-consumption rate (a) and self-sufficiency rate (b) depending on the PV mod-
ule orientation of dataset Com-1. Module azimuth angles are indicated by the directions on the outer

axis and module tilt angles are indicated by the inner circles. Both angles were varied with 1° using

the algorithm presented in chapter 2.
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These self-consumption benefits are mainly caused by a lower module tilt than

the tilt for maximal energy production (35°).

The findings using methods and data from chapter 3 related to the SCR and

SSR is presented in Fig. 7.4. The most left violin plots shows the distributions

of SCR and SSR for 42 commercial buildings with an orientation of 180° azimuth

and 35° tilt. Average SCR rates are 68%, 44% and 26% for respectively 0.5, 1 and

2 kWp of installed PV capacity per MWh of annual demand. These SCR are larger

compared to the SCR for residential buildings, because more energy consump-

tion occurred during daytime on moments of relative large PV production. Also

SSR are larger, with averages of 32%, 41% and 49% for respectively 0.5, 1 and 2

kWp PV. The distribution range of residential buildings is larger than commercial

buildings. This is due to the large variation in time of energy use for residential

buildings compared to commercial buildings.

The SCR of a 1 kWp PV system is increased due to battery energy storage,

with 13% points, 22% points and 32% points for respectively 0.5, 1 and 2 kWh

per MWh of annual demand. Commercial systems have a larger SCR compared

to residential systems. Consequently, the self-consumption gain by storage is

lower for PV systems placed on commercial buildings. Two third of the yearly

electricity demand from commercial buildings can be provided by a 1 kWp PV

system and a 2 kWh storage system per MWh of annual electricity consumption.

Also, a maximum average self-sufficiency of 80% can be obtained if a 2 kWp PV
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Figure 7.4 ··· Distributions of self-consumption (a) and self-sufficiency (b) for 42 commercial buildings
from dataset Com-1. The colour coded violin plots are shown for three fixed PV system capacities

and one variable PV capacity, all normalized by the annual electricity consumption. Battery storage

capacities are indicated by the number at the horizontal axis. The impact of energy storage was as-

sessed using the exact PC battery control algorithm from chapter 3. Mean values of the distributions

are marked by solid lines, and 25% and 75% percentiles are indicated by dotted lines.
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system with a 2 kWh storage capacity is combined.

It was found in chapter 3 that the SCR loss due to peak shaving is only around

0.2% for the best performing forecast algorithm. Thus, the self-consumption can

bemaintained while reducing PV peak power. Chapter 4 showed that comparable

SCR were obtained when FRR was provided as a secondary application. Yet, when

FRR provision was prioritized than the lost SCRwould be 19.8% and storage would

only contribute to 3.8% self-consumption. This contribution is larger than for

residential systems and is initially a result of lower retail prices for commercial

systems. As a result, more moments occurred to provide FRR with storage to

the balancing market. This increased the availability of storage capacity for self-

consumption enhancement.

7.3 On reducing feed-in peak power
This section aims to provide insights regarding the following research question:

Q 2. How can PV feed-in peak power be reduced?
The PV feed-in power can be reduced by increasing consumption of PV peak

power and by storage of the production peak. The reduction of PV feed-in peak

power was quantified using the curtailment loss ratio (CLR). If feed-in limits (FILs)

are present, then a maximum amount of PV power can be fed back in to the grid.

The power which cannot be fed-back, nor be used, cannot not be generated by

the PV system. The CLR is the share of PV energy that is lost from the total share

of PV energy that is produced. Thus, the CLR can be seen as ameasure to quantify

the energy which is not used above a certain feed-in limit.

Two PV FILs were used to present the main findings on reducing PV feed-in

peak power; a FIL of 0.5 kW per kWp and a FIL of 0.2 kW per kWp. The peak power

produced by the PV system depends on orientation and performance ratio (PR).

For a perfect performing system (PR 91 %) and a FIL of 0.5 kW/kWp, around 14%

of annual PV energy cannot be exported to the grid. However, the average PR in

the Netherlands is around 85%, which results in a CLR of 11.4%. This number de-

creases over time due to PV system degradation, and is expected to be 6.7% after

30 years. These CLR can be reduced by optimizing the PV module orientation,

which was assessed in chapter 2. The performance of forecasting algorithms and

a two battery control strategies on the CLR were assessed in chapter 3. The im-

pact of ground source heat pumps and another battery control strategy on the

maximum PV and load peak reduction for residential dwellings was assessed in

chapter 5.
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7.3.1 For residential buildings
The influence of the PV orientation on the curtailment loss ratio for a FIL of 0.5

kW/kWp and a FIL of 0.2 kW/kWp are shown in Fig. 7.5. Chapter 2 found that the

optimal orientation for systems to minimize curtailment losses, while maximizing

energy production, for a FIL of 0.5 kW/kWp was on average 183° azimuth and °

tilt. Optimal orientation for a FIL of 0.2 kW/kWp was on average 188° azimuth

with a relative low module tilt of 24°. Reductions in CLR for a 1 kWp system were

0.5% points and 2% points for FILs of respectively 0.5 and 0.2 kW/kWp. Also, CLR

of larger systems could be reduced more when shifting the orientation.

Methods and results from chapter 3 and chapter 5 related to the CLR for res-

idential buildings are presented in Fig. 7.6. The distributions are shown for three

PV system capacities, normalized to annual electricity demand. The first row of

violin plots show the CLRs for a PV system with an orientation of 180° azimuth

and with a module tilt of 35°. Curtailment losses decrease over time due to re-

duced PV produced power and battery storage capacity, see Fig. 3.10. For a FIL

of 0.5 kW, CLR are on average 2%, 4% and 6% for PV system sizes of respectively

0.5, 1 and 2 kWp per MWh of annual demand. Larger PV systems have a higher

CLR, whereas smaller PV systems have a lower CLR. A very restricted FIL of 0.2kW

shows larger curtailment losses, with averages of 20%, 29% and 35% for PV capa-

cities of respectively 0.5, 1 and 2 kWp.
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Figure 7.5 ··· Average curtailment loss ratio for a feed-in limit of 0.5 kW/kWp (a) and for a feed-in limit of
0.2 kW/kwp (b) depending on the PV module orientation using dataset Res-1. Module azimuth angles

are indicated by the directions on the outer axis and module tilt angles are indicated by the inner

circles. Both angles were varied with 1° using the algorithm presented in chapter 2.
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Figure 7.6 ··· Distributions of curtailment loss ratio for a feed-in limit of 0.5 kW/kWp (a) and for a feed-
in limit of 0.2 kW/kWp (b) for residential buildings from two datasets. Battery energy storage system

(BESS) capacities are indicated by the number of the horizontal axis. The 1
st
to 4

th
violin plots shows

the impact of energy storage using the real-time control strategy from chapter 3. The 5
th
to 7

th
violin

plots show the impact of energy storage using the exact predictive control strategy from chapter 3.

The 8
th
to 11

th
violin plots show the impact of a ground source heat pump system combined with

battery storage for 16 residential dwellings for a 30-year lifetime. These results are obtained using

the battery control algorithm presented in chapter 5. Mean values of the distributions are marked by

solid lines, and 25% and 75% percentiles are indicated by dotted lines.

Chapter 3 aimed to reduce the CLRs using a novel predictive control (PC) al-

gorithm. A real-time control (RC) algorithmwas used as comparison. It was found

that battery storage combined with the PC strategy has significantly larger reduc-

tion of CLR compared to using the RC strategy. With a FIL of 0.5 kW/kW, a 1 kWh

storage system and a 1 kWp PV system, the CLR was reduced with 0.4% points

if using the real-time control. The CLR was reduced to 0.1% with the predictive

control using the exact forecasted PV and consumption patterns. Forecasting

methods to predict PV and demand were developed and used as input for the PC

control. Forecasting electricity consumption of residential buildings should use

the average electricity consumption of the previous seven days. Clear-sky fore-

cast scenarios showed the best performance to reduce curtailment losses, with a
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CLR of 1% larger than obtained with the exact PC algorithm.

Chapter 5 assessed the impact of dwellings with a ground source heat pump

and battery energy storage on the curtailment loss ratio. With a FIL of 0.5

kW/kWp, CLRs of the second dataset are significantly lower than compared to the

first dataset. The Res-2 dataset contains PV patterns which were measured from

real PV systems. These PV systems have a module tilt of 10°, and therefore gen-

erate a lower PV peak. Moreover, a battery control algorithm was used which dis-

charged the battery storage during night time. Therefore additional storage capa-

city is available during the day which slightly recued the curtailment losses. The

difference between the Res-1 and Res-2 dataset is smaller for a FIL of 0.2kW/kWp.

With this FIL, the storage is already fully charged during the day and the impact of

active discharging is lower. Also the influence of the module tilt is lower for this

feed-in limit. Dwellings with GSHP systems have a larger relative installed PV sys-

tem than dwellings without a GSHP system. Therefore the dwellings with GSHP

show a larger CLR than dwellings without GSHP

7.3.2 For commercial buildings
The influence of the PV system orientation on the CLR of commercial buildings is

shown in Fig. 7.7. It was found in chapter 2 that the orientation for minimizing

curtailment losses for a FIL of 0.2 kW/kWp is 182° azimuth and 24° tilt. This is
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Figure 7.7 ··· Average curtailment loss ratio for a feed-in limit of 0.5 kW/kWp (a) and for a feed-in limit
of 0.2 kW/kwp (b) depending on the PV module orientation using dataset Com-1. Module azimuth

angles are indicated by the directions on the outer axis and module tilt angles are indicated by the

inner circles. Both angles were varied with 1° using the algorithm presented in chapter 2.
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close to the optimal orientation for energy production. As a result, the CLR re-

duction due to changing PV system orientation is below 1% for both a FIL of 0.5

and 0.2 kW.

The impact of commercial buildings on the CLR from chapter 3 is shown in

Fig. 7.8. An orientation of 180° azimuth and 35° tilt was used. For a FIL of 0.5

kW/kWP, CLR are on average 0.8%, 2.5% and 5% for PV sizes of respectively 0.5,

1 and 2 kWp per MWh annual demand. These CLR are considerably lower than

observed for residential buildings. Thus electricity demand peaks have a better

overlap with PV production peaks for commercial than residential buildings. Also,

with a FIL of 0.2 kW/kWP, the CLRs are lower for commercial buildings, especially

for PV systems with a relative size of 0.5 kWp per MWh of annual demand.

Also, chapter 3 showed that CLRs for commercial systems are reduced with

the predictive control (PC) algorithm. Best performing forecast methods are the

clear sky method to forecast PV production and using the electricity consump-

tion of the previous weekday to forecast demand. These forecast methods show

a CLR of 0.5% larger than obtained with the PC algorithm which used the exact PV

yield and demand forecasts. A 5-year shorter lifetime was assumed for commer-

cial systems compared to residential systems, thus the impact of PV degradation

on CLR is smaller for commercial systems. Moreover, electricity consumption

forecasts should use measured historical demand time series from the previous

weekday.
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Figure 7.8 ··· Distributions of curtailment loss ratio for a feed-in limit of 0.5 kW/kWp (a) and for a feed-
in limit of 0.2 kW/kWp (b) for 42 commercial buildings from dataset Com-1. Battery energy storage

system (BESS) capacities are indicated by the number of the horizontal axis. The 1
st
to 4

th
violin plots

show results of the impact of real-time control strategy and the 5
th
to 7

th
violin plots show results of

the impact using the exact predictive control strategy, both presented in chapter 3. The curtailment

losses are shown for a PV and storage systemwith a 20-year lifetime. Mean values of the distributions

are marked by solid lines, and 25% and 75% percentiles are indicated by dotted lines.
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7.4 On realizing economic benefits
This section aims to provide insights regarding the following research question:

Q 3. What economic benefits can be realized?
Economic benefits can be obtained from PV self-consumption and from re-

duction of PV feed-in power. The benefits from self-consumption and reduced

feed-in power depend on the price of the sold and bought electricity. Additional

economic benefits from battery storage can be realized when storage is used

for other applications, for example providing balancing services to the electricity

grid. Economic benefits due to changing PV orientation were assessed in chapter

2. Benefits from PV self-consumption and from reduction of PV feed-in power

using battery storage were assessed in chapter 3.The benefits of combining self-

consumption enhancement with frequency restoration reserves provision as a

secondary application was presented in chapter 4. Economic benefits of elec-

trification of heating using ground source heat pumps combined with PV and

storage was presented in chapter 5.

In this thesis, multiple economic performance indicators were used to assess

the economic feasibility. To compare the results of each chapter, the discounted

payback period (DPBP) was used. PV system payback periods are commonly used

in the residential market, therefore DPBP was selected. Only chapter 5 provided

DPBP periods. Consequently, results of other chapters were translated to DPBP,

with the equation and assumptions shown in Box.7.1. In addition, a scenario in

which PV and storage are installed in 2023 was assessed. In this case, a 25% lower

investment cost is assumed. Also, a lower feed-in tariff of 25% for 15 years was

assumed.
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Box 7.1 ··· Calculation and assumptions used for discounted payback period
Discounted payback period was calculated by the following steps. First, the annual

(y ) cash flows obtained from self-consumption (CFSC) were determined by mul-

tiplying the annual electricity demand (Edemand) with the self-sufficiency rate and

the electricity consumption tariff (πcons). Secondly, the annual cash flow obtained

from exporting PV electricity was calculated by multiplying the annual PV energy

production (EPV) with the share of PV that is exported (1 - self-consumption rate

- curtailment loss ratio). This number was then multiplied with the feed-in tariff

(πfeed−in). The total annual cash flow is the summation of the cash flows from self-

consumption and exporting electricity minus the annual O &M cost. Next the net

present value (NPV) was determined. Finally, the discounted payback period was

found by selecting the year for which the NPV is identical to zero, see Eq. (7.1).

CFSC, y = Edemand, y · SSR · πcons, y (7.1a)

CFPV. export, y = EPV, y · (1− SCR − CLR) · πfeed-in, y (7.1b)

CF , y = CFSC, y + CFPV. export, y − O&MPV BESS, y (7.1c)

NPV =

Lecon∑
y=0

CF , y

(1 + r) y
− IPV − IBESS (7.1d)

DPBP =
{

y where NPV, y == 0 (7.1e)

The economic assumptions for residential systems are similar to the ones de-

scribed in section 5.C and Table 5.1, but replacement costs were included in O

&M cost. Main economic assumptions for commercial systems are obtained from

Table 4.1. The consumption tariff is assumed to be 0.106 e/kWh with a 0.5% an-

nually increase
[128]
. The feed-in tariff is presumed to be 0.106 e/kWh, assuming

the present feed-in subsidy for stimulation of sustainable energy production
[228]
.

After 15 years an feed-in tariff as explained in section 5.C was used. PV systems

>100 kWp were assumed based on the annual electricity demand , (see Fig. 4.2)

and investements cost are assumed 900 e/kWp[228]. Similar O&M cost were used

for PV as for BESS systems.
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7.4.1 For residential buildings
The influence of the PV system orientation on the discounted payback periods

using dataset Res-1 is shown in Fig. 7.9. The left polar plot shows the DPBP in

which a current investment is made and the right polar plot shows the DPBP for

a PV system that would be installed in 2023. For the next 30 years, the average

ratio between the electricity consumption tariff and the electricity feed-in tariff is

around 0.5. Chapter 2 found that the optimal orientation to maximize revenue is

188° azimuth and 34° tilt. PV systems that will be installed in 2023 are expected

to receive lower feed-in tariff during their lifetime, but with higher consumption

tariffs. Consequently, the optimal orientation for revenues shifts towards 190°

and an average tilt of 34° tilt.

Chapter 3 investigated the benefits of self-consumption enhancement and

reduction of curtailment losses. These benefits were translated to DPBP for 48

residential PV and storage systems, are presented in Fig. 7.10. The distributions

show three feed-in limits: no FIL, a 0.5 kW/kWp FIL and a 0.2 kW/kWp FIL. Cur-

rently, PV and storage systems are installed without feed-in limit and have an

increase in DPBP with larger PV system or battery storage capacities. Average

DPBP of PV systems without storage are 9.1, 9.9 and 10.5 years for PV capa-

cities of respectively 0.5, 1 and 2 kWp per MWh annual demand. The value of

self-consumption is not sufficient to recuperate the investments from storage.
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Figure 7.9 ··· Average discounted payback periods for investing in 2018 (a) for investing in 2023 (b)
depending on the PV module orientation using dataset Res-1. Module azimuth angles are indicated

by the directions on the outer axis and module tilt angles are indicated by the inner circles. Both

angles were varied with 1° using the algorithm presented in chapter 2.
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Figure 7.10 ··· Distributions of discounted payback periods of 48 residential PV battery systems for
three relative PV system sizes and two investment scenarios: investing in 2018 (a) and investing in

2023 (b). DPBP larger than 30 years are not shown on the graph. The DPBP are shown for three

feed-in limits and obtained using the methods from chapter 3. The 1
st
to 4

th
violin plots show the

distribution of no feed-in limit present and with the real-time control strategy. The 5
th
to 11

th
violin

plots show the DPBP of including a feed-in limit of 0.5 kW/kWp. The 5
th
to 8

th
violin plots show the

results with the real-time control strategy and the 9
th
to 11

th
violin plots with the predictive control

strategy. The 12
th
to 18

th
violin plots show the DPBP of including a feed-in limit of 0.2 kW/kWp. Results

from the real-time control strategy are shown in the 12
th
to 15

th
violin plots and from the predictive

control strategy in the 16
th
to 18

th
violin plots. Mean values of the distributions are marked by solid

lines, and 25% and 75% percentiles are indicated by dotted lines.

Systems with storage show lower DPBP for 2 kWp/MWh demand installed PV ca-

pacity compared to 0.5 kWp. Larger PV systems obtained more absolute revenue

which reduced the overall system cost.

A FIL of 0.5 kW/kWp increases the DPBP between 0.4 and 1.5 year depending

on the PV system size. Moreover, a small reduction in DPBP is observed for the

PC strategy compared to the RC strategy. In case of a FIL of 0.2 kW/kWp, a 0.5

kWh storage capacity per MWh reduces the DPBP with 4 months. Larger storage

capacities increase the DPBP, but the benefit of storage increases with larger PV
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capacities. As a result, smaller PV systems with storage have higher DPBP than

larger PV systems with storage. A FIL of 0.2 kW/kWp significantly increases the

DPBP. Also, the difference in DPBP between the RC strategy and PC strategy is

larger.

DPBP are slightly reduced when PV and storage systems are installed in 5

years from now. Expected DPBP for PV systems only are 7.5, 8.8 and 10.3 years

for PV capacities of respectively 0.5, 1 and 2 kWp per MWh annual demand. The

DPBP for a 2 kWp PV system shows a lower reduction compared to the 2018

scenario, since future feed-in tariffs are reduced. A small benefit by storage can

be observed for a very restricted feed-in limit of 0.2 kW/kWp, due to a higher value

of self-consumption. The value of reducing curtailment loss is lower because of

a future feed-in tariff. Consequently, the economic benefit of the PC strategy

compared to the RC strategy decreases. Still, a 1 kWp PV system without storage

and a feed-in limit of 0.2 kW/kWp shows an average of DPBP of <13 years.

Distributions of DPBP obtained from other chapters are presented in Fig. 7.11.

Chapter 4 investigated the additional benefits when frequency restoration re-

serves were provided by PV-battery systems. The DPBP using the SCO, PSC and

PSR battery control strategies were assessed for PV-battery systems and for stor-

age systems only. The battery control strategies that provide FRR provision have

a large decrease in DPBP for storage. Consequently, the DPBP of the total PV-

battery systems decreases. The control strategy that prioritizes the FRR provision

(PSR) has DPBP below 10 years for all assessed PV system sizes.

Installing a PV-battery system in 2023 shows lower DPBP in all scenarios due

to larger self-consumption benefits and lower investment cost from PV -battery

storage systems. The DPBP from storage of the PSR control strategy shows a

relatively small decrease when the system is installed in 2023, despite the 75%

reduction in storage cost. The future feed-in tariffs for residential systems are

lower while the consumption tariffs increase. This reduces the operating window

for FRR provision and therefore the revenues from this service, see Fig. 4.3. As a

result, revenues from the FRR market decreases. Yet, revenues of these markets

were based on price data from 2012 till 2016, while future balancingmarket prices

are highly uncertain.

Chapter 5 assessed the impact of dwellings with GSHP, PV and battery storage

on the DPBP using dataset Res-2. Slightly larger DPBP are observed for dataset

Res-2 compared to dataset Res-1. dataset Res-2. This difference is mainly caused

by the lower PV production and the addition of replacement cost in dataset Res-2.

Dwellings with GSHP systems showed higher DPBP than dwellings without GSHP

systems. Moreover, the correlation between net present value and avoided emis-

sions was investigated. Dwellings with GSHP systems increased their NPV with ≈
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Figure 7.11 ··· Distributions of discounted payback time from three chapters for investing in 2018 (a)
and investing in 2023 (b). DPBP larger than 30 years are not shown on the graph. The 1

st
to 7

th
violin

plots show the impact of combining self-consumption enhancement with frequency restoration re-

serves provision, obtained from chapter 4. The 1
st
and 4

th
violin plots show the DPBP for the PV and

storage system. The 5
th
and 7

th
violin plots show the DPBP of only the storage systems, as presented

chapter 4. The 1
st
, 2
nd
and 5

th
violin plots are results from the SCO strategy. The 3

rd
and 6

th
violin

plots show DPBP from the PSC strategy and the 4
th
and 7

th
violin plots show distributions from the

PSR strategy. The 8
th
to 11

th
violins plot show the DPBP of ground source heat pump system com-

bined with battery storage for 16 residential dwellings, from chapter 5. The 12
th
until 15

th
violin plot

show the impact of a battery storage and electric vehicles for the DPBP for 88 neighbourhoods from

chapter 6. Mean values of the distributions are marked by solid lines, and 25% and 75% percentiles

are indicated by dotted lines.

e275 for each additional ton of avoided tCO2-eq emissions. Dwellings with solely

a PV system increased the NPV with e180 per tonne. This indicates that emission

reduction by GSHP systems would be more profitable than for PV systems. How-

ever, dwellings with a GSHP system will need to avoid at least 46 tonne to have a

positive NPV, while PV systems will always have a positive NPV. Another import-

ant aspect found in this study is the load peak shaving of residential dwellings by

storage. The import peak can be reduced with 30% for dwellings with a GSHP.
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Consequently, more GSHP systems can be installed without expansion require-

ments of the low voltage grid. These avoided costs were not included as financial

benefits for storage.

Chapter 6 assessed the impact of the PV potential combined with EVs and

battery storage on 88 neighbourhoods. Results from the chapter were used to

calculate economic benefits. DPBP are 16 years on average for PV systems only,

which is significantly larger than found in the other chapters. The DPBP distri-

bution consists of PV systems that were placed under all orientations and were

affected by surrounding obstacles. This decreased the PV yield (see Fig. 6.4)

and consequently results in higher DPBP. Lower DPBP are observed when electric

vehicle charging was included due to the increasing electricity consumption and

self-consumption. Moreover, storage does not decrease DPBP for both investing

in 2018 and 2023.

7.4.2 For commercial buildings
The influence of the PV system orientation on the DPBP for commercial buildings

is shown in Fig. 7.12. The ratio between the electricity consumption and the

feed-in tariff for commercial systems is close to 1. Consequently the economic

value of self-consumption is low. Chapter 2 found that the optimal orientation to
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Figure 7.12 ··· Average discounted payback periods for investing in 2018 (a) for investing in 2023 (b)
depending on the PV module orientation using dataset Com-1. Module azimuth angles are indicated

by the directions on the outer axis and module tilt angles are indicated by the inner circles. Both

angles were varied with 1° using the algorithm presented in chapter 2.
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maximize revenue for this ratio is 185° azimuth and 35° tilt, which is similar to the

optimal orientation to maximize revenues.

The economic benefits of self-consumption and curtailment loss reduction

for 42 commercial systems are presented in Fig. 7.13. Commercial systems show

higher DPBP than residential systems under the no feed-in limit scenario. DPBP

for only PV systems are around 12.4 years, almost independent of PV system

capacity. Investing in commercial PV systems in 5 years from now will reduce

the DPBP for PV and PV-battery systems. Also, a difference in PV system size can

be observed, due to the increased economic value of self-consumption. However,

this value is too small for a profitable use of storage to enhance self-consumption
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Figure 7.13 ··· Distributions of discounted payback periods of 42 commercial PV battery systems for
three relative PV system sizes two investment scenarios: investing in 2018 (a) and investing in 2023

(b). The DPBP are shown for three feed-in limits and obtained from chapter 3. DPBP larger than 30

years are not shown on the graph. The 1
st
to 4

th
violin plots show the distribution of no feed-in limit

present and with the real-time control strategy. The 5
th
to 11

th
violin plots show the DPBP with a

feed-in limit of 0.5 kW/kWp, and the 12
th
to 18

th
violin plots show the DPBP of including a feed-in limit

of 0.2 kW/kWp. Used battery control strategies are given above the violin plots. Mean values of the

distributions are marked by solid lines, and 25% and 75% percentiles are indicated by dotted lines.
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and to reduce curtailment loss. Moreover, the economic impact of predictive

control strategy on the DPBP is lower for commercial than for residential systems.

The DPBP of residential systems are smaller than for commercial systems.

More revenues are obtained from the export of electricity for residential systems

than for commercial systems. Also, electricity tariffs for commercial systems are

lower than for residential systems, which decrease the value from the direct or

indirect consumption of PV electricity. Moreover, a 4% annual discount rate for

commercial systems was assumed, which is twice the discount rate as residential

systems. Storage has no benefit for commercial systems in all scenarios due to

the low self-consumption value.

Chapter 4 analysed additional benefits of combining self-consumption with

FRR provision. Results of 42 commercial systems are presented in Fig. 7.14. Pri-

oritizing FRR provision before self-consumption (PSR control strategy) reduces the

DPBP. Battery storage cost for commercial systems are lower than for residential

systems. However, higher DPBP for systems with batteries are seen for commer-

cial systems than residential systems. This is mainly due to the lower economic

value of self-consumption for commercial systems compared to residential sys-

tems.
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Figure 7.14 ··· Distributions of discounted payback time for 42 commercial systems, for investing in
2018 (a) and investing in 2023 (b). DPBP larger than 30 years are not shown on the graph. The dis-

tributions show the impact of combining self-consumption enhancement with frequency restoration

reserves provision, with three battery control strategies obtained from chapter 4. The 1
st
and 4

th
vi-

olin plots show the DPBP for the PV and storage system, and the 5
th
and 7

th
violin plots from storage

system only. The used battery control strategies are show above the violin plots. Mean values of the

distributions are marked by solid lines, and 25% and 75% percentiles are indicated by dotted lines.
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7.5 On realizing GHG emission reductions
This last section of the synthesis chapter aims to provide insights regarding the

research question:

Q 4. What GHG emission reductions can be realized?
Direct energy consumption of PV produced electricity lowers the need to im-

port electricity from the grid. Therefore carbon intensive electricity production by

fossil fuel fired power plants is substituted. The impact of this substitution to the

avoided life cycle greenhouse gas emission was assessed in both chapter 5 and in

chapter 6. Emissions were assessed from two perspectives; an electricity system

perspective and a dwelling or neighbourhood perspective. In the first perspect-

ive, PV electricity exported to the grid is accounted as avoided emissions. In the

second perspective, only locally used PV electricity is accounted as avoided emis-

sions. This perspective assumes that PV electricity cannot be used elsewhere in

the system.

Distributions of avoided emissions for residential dwellings and neighbour-

hoods are shown in Fig. 7.15. Chapter 5 analysed the impact on avoided life cycle

greenhouse gas emission for 16 dwellings with a ground source heat pump, com-

bined with PV and storage, for a lifetime of 30 year. Avoided life cycle emissions

from an electricity system perspective and for a relative PV system size of 1 kWp

per MWh of annual demand are between 8 and 23 tonne CO2-eq, with an aver-

age of 17 tonne of CO2-eq. This is around 560 kg of CO2-eq for each year. The

annual electricity consumption of these dwellings is between 1577 and 4727 kWh

with an average of 3139 kWh. Avoided emissions increase with larger PV system

capacity, but decrease with larger storage capacities. Avoided emissions from a

dwelling perspective are lower. The use of storage increases the avoided emis-

sions significantly, caused by the larger self-consumption. The impact of GSHP on

the avoided emissions for residential dwellings was on average 42 tCO2-eq, see

chapter 5. The combined impact of GSHP and PV resulted in avoided emissions

of 73 tCO2-eq, or a 80% reduction in GHG emissions. Furthermore an average

emission factor of 67 gCO2-eq per kWh was found.

Chapter 6 analysed the avoided life cycle emissions for neighbourhoods with

PV, storage and electric vehicles. Avoided emissions are given per address for a

period of 30 years. Avoided emissions from an electricity system perspective are

around 12 tCO2-eq per address from a neighbourhood perspective and 9 tCO2-

eq. These avoided emissions are lower than presented chapter 5 due to smaller

PV system sizes.
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Figure 7.15 ··· Distributions of avoided life cycle greenhouse gas emissions for two datasets obtained
from 2 chapters. The 1

st
to 8

th
violin plots show the results from chapter 5 and the 9

th
to 16

th
violin

plots show results from chapter 6. Three fixed PV systems capacities and one variable PV capacity

are presented, all normalized to the annual electricity consumption. Battery storage capacities are

indicated by the number at the horizontal axis. The 1
st
to 4

th
violin plots and the 9

th
to 12

th
violin

plots show the avoided emissions from a electricity systemperspective. The 5
th
to 8

th
violin plots show

results from a dwelling perspective and the four right violin plots from a neighbourhood perspective.

All distributions assume that PV modules were made in China. Mean values of the distributions are

marked by solid lines, and 25% and 75% percentiles are indicated by dotted lines.
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8.1 Research context
Over the last decade, global installed photovoltaic capacity showed an exponen-

tial growth while PV system costs were reduced by 20% for each doubling of glob-

ally installed PV capacity. Projections estimate that PV systems will provide a ma-

jor share of electricity in a future zero carbon energy system. In the Netherlands,

PV systems are increasingly deployed on rooftops and facades of buildings, with

an expected capacity of 25 GWp by 2030. These systems will be mainly connected

to the low voltage grid, which results in PV power integration challenges. These

are mainly related to reverse power flows in the grid and grid capacity limits. This

can be tackled by grid infrastructure expansion or by reducing the feed-in power

to the grid.

Another important aspect is how the PV electricity is used in the energy sys-

tem. Electrification of heating and transport (light-duty vehicles) increases the

electricity demand and changes the electricity demand profile. Providing this de-

mand by PV power will help to decarbonize these energy sectors. Also, surplus

PV power can be stored and used when power from renewable resources is not

sufficient. Both options result in increased use of PV (peak) power, and therefore

more PV can be installed and connected to our electricity system.

The main aim of this thesis was to quantify and to research options to im-

prove this PV self-consumption for both residential and commercial buildings in

the Netherlands. Also, the potential reduction of PV feed-in power to the electri-

city grid by self-consumption or by energy storage was assessed. The economic

and environmental benefits which can be obtained from self-consumption and

storage were analysed to provide a broader context of the locally PV energy use.

8.2 Key conclusions
The main question of this thesis is:

What technical, economic and environmental benefits can be obtained
from the local use of electricity generated by rooftop PV systems?

This research question is answered by the following four key conclusions:

• Self-consumptionmainly depends on the installed PV capacity, energy storage
capacity and building type. For a residential building, about one third (33% ±
7%) of the electricity can be directly provided by a PV system with a capacity

of 1 kWp for each MWh of annual electricity demand. A ground source heat

pump system reduces this self-consumption by 5%. Commercial buildings have

a higher self-consumption, of 44%± 7%. PV self-consumption can be increased
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with battery energy storage. A 1 kWh storage capacity for each MWh of annual

electricity demand increases self-consumption of residential buildings to 56%

(± 6%). Storage systems have a lower impact on commercial buildings than
residential buildings. High self-sufficiencies (>70%) can be obtained with PV

systems >2kWp combined with battery storage capacity of >2kWp per MWh

annual demand. The effect of changing PV orientation (compared to a south

orientated system) on self-consumption is limited to a few percent. The highest

self-consumption for residential buildings can be obtainedwith a PV orientation

of 212° azimuth and 26 ° tilt. Commercial buildings can obtain this with 188°

azimuth with 17° tilt.

• PV peak power fed back into the electricity grid can significantly be reduced,
especially with battery storage systems that use forecasting algorithms to peak

shave PV production. For a residential PV system, imposing a feed-in limit of

0.5 kW/kWp only results in 4% (± 1.4%) of energy loss over the lifetime of the
system. This can be reduced to 0.2% with a 1 kWh storage capacity per MWh

of annual electricity demand. Forecast of PV power with the clear-sky method

showed the best performance to store PV peak power in batteries and reduce

potential curtailment losses. Implementing a very restricted feed-in limit of 0.2

kW/kWp results in 29% of energy lost for a commercial system. This can be

reduced to 17% with storage. Curtailment losses due to feed-in limitations are

lower for commercial than for residential PV systems.

• Economic benefits from PV self-consumption and battery energy storage de-
pend on the electricity tariff structure and the applications of the storage sys-

tem. Current discounted payback periods for PV with a size of 1 kWp for each

MWh annual electricity demand are around 10 years for residential systems

and 12 years for commercial systems. Restricting PV feed-in power to a limit of

0.5 kW/kWp increases the discounted payback periods by 1 year. Using battery

energy storage for self-consumption or curtailment loss reduction is currently

not profitable. In 5 years from now, some scenarios show that reduction of

curtailment loss by storage could be profitable. Using battery storage for mul-

tiple applications is highly recommended to improve the economic feasibility of

storage.

• Life cycle greenhouse gas emissions are highly dependent on the installed
PV system size. Dwellings with a PV system size of 1 kWp for each MWh annual

electricity demand have on average 17 tCO2-eq of avoided life cycle emissions.

Replacement of natural gas heating by ground source heat pumps has a signi-

ficantly higher impact on avoided life cycle emission. Specifically, 42 tCO2-eq
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without PV and 73 tCO2-eq with PV per residential dwelling on average. Stor-

age of PV energy only reduces life cycle greenhouse gas emissions if PV energy

would not be used elsewhere in the energy system.

8.3 Recommendations for policy makers
Recommendations for policy makers are given for the short term (next 5 years),

and for the medium term (5-years from now). The recommendations for the next

5 years offer solutions to provide growth of PV capacity and solve local PV integ-

ration problems. PV growth scenarios showed that 11 GWp of cumulative PV will

be installed by 2023 in the Netherlands, of which 6 GWp on buildings
[18]
. The

recommendations for the medium term provide solutions to increase the PV ca-

pacity installed on buildings to 25 GWp by 2030. For these recommendations, a

cost reduction of PV and battery energy storage of 25% was assumed.

8.3.1 Recommendations for the next 5 years
• Provide policies that support PV systems larger than a 1 kWp per MWh
electricity demand. Self-consumption policies reduce the financial attractive-
ness of larger PV systems, thereby preventing full utilization of the rooftop po-

tential. A higher feed-in tariff is recommended for systems that produce more

than the electricity consumption of a building on annual basis. For example a

feed-in tariff similar to the subsidy scheme for stimulation of sustainable en-

ergy production can be used to support large residential PV systems.

• Implement feed-in limitation of 0.5 kW per kWp of PV to avoid grid con-
gestion. Current low voltage networks are designed on the assumption that
residential users have a maximum simultaneous power demand of 1 kW per

dwelling. PV system capacities are normally larger than 1 kWp for residential

users. Therefore, PV hosting capacity of the grid is constrained by the limited

grid capacity. By implementing a feed-in limit of 0.5 kW/kWp, the PV capacity

connected to the grid can be doubled. With this feed-in limit, the majority of

residential PV systems have curtailment losses <5%. These losses were calcu-

lated over the lifetime of the systems. Thus, when doubling the PV capacity,

90% more electricity could be produced during this period. Implementing this

feed-in limit results in an increase of discounted payback time from 10 to 11

years. This feed-in limit can be realized by connecting smart meters with PV

inverters to limit the PV power production when necessary.
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8.3.2 Recommendations for >5 years
• Develop policies that remunerate grid services provided by third parties.
Ground and air source heat pumps will significantly increase consumption

peaks from the low voltage grid, while PV systems will impact the feed-in peaks.

Peak shaving by storage reduces the impact of heat pumps and PV on the dis-

tribution network, and potentially also on the transmission network. Remuner-

ating storage capacity available for peak and demand shaving will reduce so-

cial grid cost and enable more innovative technologies which in turn can lower

greenhouse gas emissions. Also, voltage control by PV inverters helps to sup-

port the local voltage on the grid. One solution could be the use of a dynamic

feed-in tariff to reduce high PV feed-in power. Lower feed-in tariffs at moments

when power feed-in is >0.5 kW/kWp of installed PV capacity, will trigger to use

this PV peak power for self-consumption or as storage. Consequently, a dy-

namic feed-in tariff can be used to support the distribution and transmission

grids. Currently, the DSOs are not allowed to financially compensate other

parties for grid support due to legal regulations. New policies should be de-

veloped that provide rules and guidelines on how other parties could be com-

pensated for delivering grid supporting services.

• Implement a dynamic tax tariff for energy storage based on the marginal
emission factor. With a constant growth of variable renewable energy gener-
ation capacity, the volatility of the wholesale prices on the power market will

increase. Also, the carbon price is expected to rise, which impacts the power

prices of electricity generated with fossil fuels. Energy storage systems can play

an important role by trading electricity for certain moments on the power mar-

kets and therefore avoiding emissions from fossil fuel fired power plants. For

example by charging (surplus) wind energy and later discharging this energy to

replace electricity from coal fired power plants. However, a large share of elec-

tricity price for consists of electricity tax, especially for consumers which use

less than 10,000 kWh annually. Yet, this tax provides an opportunity to support

the integration of a higher share of renewable electricity capacity. A dynamic

tax structure for providing electricity based on the marginal emission factor of

the electricity system is proposed. A lower tax on moments with excess renew-

able energy production, and a higher tax on moments with limited renewable

production, will store more renewable energy. This will increase the profitability

of storage and lowers the average electricity emission intensity. The transmis-

sion system operator could provide these marginal emissions for each quarter

and therefore determine this dynamic tax. Such a tax structure would increase

the environmental benefits realized with local storage.
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8.4 Recommendations for further research
• Assess the demand flexibility from electrification of heating and trans-
port. The potential of local use of PV electricity by electrification of heating
and transport was presented in chapter 5 and chapter 6. These applications

have a relatively high electricity demand, and potential to shift the electricity

demand to moments with high generation of renewable electricity production.

However, the demand side management potential of electric vehicles and heat

pumps is not well known. For example electric vehicle smart charging potential

is dependent on charging location and behaviour of consumers. Also, batteries

within electric vehicle could be used to discharge electricity to the grid. How-

ever, the electricity in the electric vehicle battery should be available. Combin-

ing heat pumps with seasonal thermal storage can also increase the local use

of PV and results in higher avoided greenhouse gas emissions. The demand

side management potential from these options needs further research.

• Investigate the use of energy storage for multiple applications. Another
important recommendation is the use of energy storage for multiple applica-

tions. Chapter 4 showed the high economic potential of batteries when fre-

quency restoration reserves are provided next to self-consumption enhance-

ment. Moreover, chapter 5 showed that energy storage systems can provide

load shaving services and thus could avoid grid expansion cost. However, the

potential of these avoided cost are very case specific, depend on regulation,

and therefore not well known. Also, larger price fluctuations on power mar-

kets are expected with higher shares of variable renewable power generation.

This increases the economic potential to trade on power markets by the use

of battery storage. Furthermore, it can enable an even higher share of vari-

able renewable energy within the system. Aggregators could provide services

that require energy storage capacity. The potential roles and business cases for

these aggregators should be further assessed.

• Develop methods to define feasible dynamic electricity tariff structures.
Dynamic tariff structures could have a large impact on PV self-consumption and

energy storage revenues. Yet, the impact will be dependent on the volatility and

magnitude of these electricity prices. Also, these dynamic prices are dependent

on market regulations and taxes. Methods and models that can estimate this

impact of dynamic tariffs must be developed.

• Develop methods to assess the environmental impact of energy storage.
The environmental impact of battery storage mainly depends on the invested

emissions during the battery manufacturing compared to the avoided emis-

sions due to energy storage. These latter emissions depend on the location and
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markets in which storage is utilized. Currently, the share of variable renewable

electricity production of the total production is low in the Netherlands. There-

fore, curtailment of renewable energy rarely occurs. Energy storage can also be

used to replace electricity generated from fossil fuel fired power plants. These

avoided emissions could be allocated to the energy storage systems. Methods

and standards to define the environmental impact should be established.
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9.1 Onderzoek context
In de afgelopen decennia is er wereldwijd een exponentiële groei ontstaan in het

geïnstalleerde vermogen van fotovoltaïsche (PV) systemen. De kosten van PV-

systemen zijn daarnaast gedaald met 20% per verdubbeling van wereldwijd geïn-

stalleerd PV-capaciteit. Voorspellingen laten zien dat PV-systemen een groot deel

van de elektriciteit zullen leveren in het toekomstige CO2-vrij energiesysteem. In

Nederland worden PV-systemen steeds vaker geplaatst op daken en gevels van

gebouwen. In 2030 is de verwachte capaciteit van deze systemen in totaal 25

GWp. Deze systemen zullen voornamelijk worden aangesloten op het laagspan-

ningsnet, wat zou kunnen leiden tot problemen. Deze problemen ontstaan voor-

namelijk door teruglevering van elektriciteit in het elektriciteitsnetwerkmet name

door capaciteitslimieten van dit netwerk. Mogelijke oplossingen hiervoor zijn uit-

breiding van de netwerkinfrastructuur of het verminderen van PV-piekvermogen

dat wordt ingevoed op het net.

Een ander belangrijk aspect is het gebruik van de opgewekte elektriciteit uit

PV-systemen in het energiesysteem. Door middel van elektrificatie van verwar-

ming en transport wordt de vraag naar elektriciteit verhoogd en verandert het

verbruikspatroon. Als deze energie wordt geleverd door zonne-energie zullen

deze energiesectoren op den duur CO2-vrij worden. Daarnaast kan overtollige

PV-energie worden opgeslagen en later worden ingezet als er onvoldoende duur-

zame energieproductie beschikbaar is. Deze opties zorgen voor meer bruikbaar

PV-piekvermogen, waardoor er meer PV-capaciteit kan worden geïnstalleerd en

kan worden aangesloten op het elektriciteitsnet.

Het belangrijkste doel van dit proefschrift is het kwantificeren en het onder-

zoeken vanmogelijkheden om het eigenverbruik van elektriciteit uit PV-systemen

te verhogen. Dit is gedaan voor residentiële en commerciële gebouwen in Neder-

land. Bovendien is de vermindering in PV-piekvermogen bepaald als gevolg van

eigenverbruik of energieopslag. De economische en milieuvoordelen van het ei-

genverbruik van elektriciteit uit PV-systemen zijn ook geanalyseerd, wat een bre-

der beeld geeft van de impact van de verhoging van het eigenverbruik.

9.2 Belangrijkste conclusies
De hoofdvraag van dit proefschrift is:

Welke technische, economische en milieuvoordelen kunnen worden
behaald met het lokale verbruik van elektriciteit, gegenereerd door

dakgebonden PV-systemen?
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Deze onderzoeksvraag wordt beantwoord met de volgende vier belangrijkste

conclusies:

• Eigenverbruik is voornamelijk afhankelijk van de geïnstalleerde PV-systeem-
capaciteit, energieopslagcapaciteit en gebouwtype. Een residentiëel gebouw

met een PV-systeem capaciteit van 1 kWp voor elke MWh jaarlijkse elektrici-

teitsvraag kan ongeveer een derde (33% ± 7%) van de opgewekte PV-energie
direct gebruiken. Een grondgebonden warmtepompsysteem vermindert dit

aandeel eigenverbruik met 5%. Commerciële gebouwen hebben een hoger

eigenverbruik van 44% ± 7%. Het eigenverbruik kan worden verhoogd door
middel van energieopslag in batterijen. Een batterijopslagcapaciteit van 1 kWh

per elke MWh jaarlijkse elektriciteitsvraag verhoogt de bijdrage van eigenver-

bruik voor woningen naar 56 % (± 6 %). Batterijopslagsystemen hebben een
lagere impact voor commerciële gebouwen in vergelijking met woningen. Een

groot deel in zelfvoorziening ( textgreater 70 % ) van elektriciteitsverbruik kan

worden behaald met een PV-systeemgrote van textgreater 2kWp met een bat-

terijopslagcapaciteit van textgreater 2 kWh per MWh jaarlijks energieverbruik.

De verhoging van eigenverbruik door het veranderen van de PV-module oriën-

tatie (ten opzichte van een zuid georiënteerd systeem) is beperkt tot een paar

procent. Voor residentiële gebouwen kan de hoogste bijdrage eigenverbruik

behaald worden met een oriëntatie van 212° azimut en een hellingshoek van

26°. Voor commerciële gebouwen is dit 188° azimut en een hellingshoek van

17°.

• PV-piekvermogen dat wordt ingevoed op het elektriciteitsnetwerk kan aan-
zienlijk worden verminderd, vooral met batterijopslagsystemen die voorspellin-

gen van elektriciteitsvraag en PV-productie gebruiken om de PV-energie tijdens

piekproductie op te slaan. Voor een residentiëel PV-systeemmet een beperking

van 0,5 kW per kWp PV-capaciteit op het terugleververmogen resulteert dit in

4% (± 1,4%) energieverlies over de gehele levensduur van het systeem. Dit kan
verlaagd worden tot 0,2% energieverlies door middel van een batterijopslagca-

paciteit van 1 kWh voor elke MWh jaarlijkse elektriciteitsvraag. Voorspellingen

van PV-opbrengst die gebruik maken van gemodelleerde zonne-instraling bij

een onbewolkte lucht laten de beste prestaties zien om piekvermogen op te

slaan in batterijen. Het toepassen van een zeer grote beperking van 0,2 kW per

kWp PV-capaciteit op het terugleververmogen leidt tot 29% verloren energie

voor een woning met PV. Dit kan worden verlaagd met batterijopslagsysteem

tot 17%. Afregelverliezen door beperkingen op het terugleververmogen zijn la-

ger voor commerciële dan voor residentiële PV-systemen.
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• Economische voordelen door het eigenverbruik van PV-energie en door mid-
del van opslag in batterijen zijn afhankelijk van elektriciteitstarieven en van de

toepassingen waarvoor de batterijen gebruikt worden. De verdisconteerde te-

rugverdientijd voor een residentiëel PV-systeem met een capaciteit van 1 kWp

voor elke MWh jaarlijkse elektriciteitsvraag is ongeveer 10 jaar. Voor commer-

ciële PV-systemen is dit 12 jaar. Als het terugleververmogen van PV-systemen

wordt beperkt tot 0,5 kW per kWp PV-capaciteit, zal de verdisconteerde terug-

verdientijd toenemen met ëën jaar. Het gebruik van batterijopslagsystemen

om het eigenverbruik te verhogen of potentiele afregelverliezen te verlagen is

momenteel niet rendabel. Sommige scenario’s voor over 5 jaar laten zien dat

het verlagen van deze potentiele afregelverliezen door batterijopslagsystemen

winstgevend kan zijn. Het gebruik van batterijopslagsystemen voor meerdere

toepassingen wordt sterk aanbevolen om de winstgevendheid te verbeteren.

• Broeikasgasemissies gedurende de levenscyclus zijn sterk afhankelijk van de
geïnstalleerde PV-systeemcapaciteit. Woningen met een PV-systeemcapaciteit

van 1 kWp per MWh jaarlijkse elektriciteitsvraag leiden tot vermeden levens-

cyclusemissies van gemiddeld 17 tCO2-eq. Het vervangen van aardgasverwar-

ming door grondgebonden warmtepompen zorgt voor meer vermeden levens-

cyclusemissies. Per woning zijn deze 42 tCO2-eq zonder PV- geïnstalleerd en 73

tCO2-eq met PV-geïnstalleerd. Het opslaan van PV-energie in batterijopslagsys-

temen vermindert de broeikasgasemissies alleen als deze energie niet elders in

het energiesysteem gebruikt wordt.

9.3 Aanbevelingen voor beleidsmakers
De aanbevelingen voor beleidsmarkers worden gegeven voor de korte termijn

(komende 5 jaar), en voor de middellange termijn (5 jaar vanaf nu). De aanbeve-

lingen voor de komende 5 jaar zijn gericht op het bieden van oplossingen om de

groei in PV-capaciteit voort te zetten en eventuele lokale PV-integratieproblemen

te voorkomen. Scenario’s voor PV-systemen verwachten dat er 11 GWp aan ca-

paciteit is geïnstalleerd in 2023, waarvan 6 GWp op gebouwen
[18]
. De aanbeve-

lingen voor de middellange termijn bieden mogelijkheden om de PV- capaciteit

op gebouwen te verhogen naar 25 GWp in 2030. Voor deze middellange termijn

aanbevelingen werd een kostenreductie voor PV-systemen en batterijopslagsys-

temen aangenomen van 25%.

228



999999999

9.3 · Aanbevelingen voor beleidsmakers

9.3.1 Aanbevelingen voor de komende 5 jaar
• Beleid moet PV-systemen groter dan 1 kWp per MWh aan jaarlijks elektri-
citeitsverbruik ondersteunen. Beleid gericht op het verhogen van eigenver-
bruik zorgt ervoor dat grotere PV-systeem minder financieel aantrekkelijk wor-

den. Hierdoor wordt het dakpotentieel van gebouwen niet volledig benut. Een

hogere terugleververgoeding is aanbevolen voor PV-systemen die op jaarbasis

meer elektriciteit produceren dan in een gebouw wordt verbruikt, bijvoorbeeld

door een terugleververgoeding vergelijkbaar met de huidige subsidieregeling

voor stimulering van duurzame energieproductie te gebruiken, om zodoende

grotere PV-systemen op woningen te stimuleren.

• Introduceer een beperking van 0,5 kW per kWp PV-capaciteit op het te-
rugleververmogen om netcongestie te voorkomen. De huidige laagspan-
ningsnetwerken zijn ontworpen met de aanname dat gebruikers een maximale

gelijktijdige vraag aan elektriciteit hebben van 1 kW per woning. PV-systemen

op daken van woningen zijn meestal groter dan 1 kWp. Dit kan zorgen dat

de PV-capaciteit die kan worden aangesloten op het laagspanningsnet gelimi-

teerd word door de netwerkcapaciteit. Een beperking van 0,5 kW per kWp

PV-capaciteit op het terugleververmogen zal zorgen dat de aangesloten PV-

capaciteit op het net kan worden verdubbeld. Bij deze beperking heeft een

merendeel van de residentiële PV-systemen afregelverliezen van <5%. Deze

verliezen zijn bepaald over de gehele levensduur van de PV-systemen. Bij een

verdubbeling van PV-capaciteit binnen een netwerk kan dus 90% meer gepro-

duceerd worden voor deze periode. Het invoeren van deze beperking verhoogt

de verdisconteerde terugverdientijd van 10 tot 11 jaar. Praktisch gezien kan

deze beperking worden uitgevoerd door slimme meters te verbinden met PV-

omvormers. Deze omvormers kunnen vervolgens het vermogen uit het PV-

systeem reduceren wanneer dit nodig is.

9.3.2 Aanbevelingen voor >5 jaar
• Maak vergoedingen mogelijk voor het leveren van netdiensten. Als er
meer warmtepompen worden geplaatst, dan zal dit de piekvraag van het laag-

spanningsnet verhogen. Daarnaast zal de groei van PV-capaciteit het piekver-

mogen, dat wordt ingevoed in het net, vergroten. Batterijopslagsystemen kun-

nen deze vraagpieken en terugleveringspieken verlagen. Daardoor zorgen bat-

terijopslagsystemen voor een vermindering van de impact van warmtepompen

en PV-systemen op het distributienetwerk en mogelijk ook op het transmissie-

netwerk. Het vergoeden van batterijopslag om deze pieken te verlagen kan de

maatschappelijke kosten van het elektriciteitsnetwerk verminderen. Dit zorgt
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weer voor meer toepassingen van innovatieve technologieën die de uitstoot

van broeikasgassen verlagen. Spanningsregeling via PV-omvormers kan ook

helpen om de spanning op het laagspanningsnet te ondersteunen. Een van de

oplossingen is het gebruik van een variabele terugleververgoeding om het PV-

piekvermogen te verlagen. Het verlagen van de terugleververgoeding bij een

terugleververmogen van >0.5 kW per kWp zal het eigenverbruik of opslag van

het PV- piekvermogen stimuleren. Een variabele terugleververgoeding kan wor-

den ingezet om de balans in de distributie- en transmissienetwerken te onder-

steunen. Op dit moment is het wettelijk niet toegestaan dat netwerkbedrijven

andere partijen financieel compenseren voor het leveren van netwerkonder-

steuning. Daarom zal nieuw beleid moeten worden ontwikkeld die regels en

richtlijnen bevatten betreffende de vergoeding voor het leveren van deze dien-

sten.

• Implementeer een variabel belastingtarief voor energieopslag gebaseerd
op de marginale emissiefactor. Met een groei van elektriciteitsaanbod op-
gewekt uit variabele hernieuwbare energiebronnen zal de volatiliteit van de

groothandelsprijzen op de elektriciteitsmarkten toenemen. Daarnaast is de

verwachting dat de kosten voor het uitstoten van CO2 zullen stijgen. Dit zal

weer invloed hebben op de stroomprijzen van elektriciteit opgewekt uit fos-

siele brandstoffen. Energieopslagsystemen kunnen een belangrijke rol spelen

door energie te verhandelen op bepaalde momenten op de energiemarkten en

daardoor emissies van elektriciteit opgewekt uit fossiele brandstoffen voorko-

men, bijvoorbeeld door (overtollige) windenergie op te slaan en deze energie

later te gebruiken om elektriciteit uit kolencentrales te vervangen. Een groot

deel van de elektriciteitsprijs bestaat uit elektriciteitsbelasting, voornamelijk

voor gebruikers die minder dan 10.000 kWh per jaar gebruiken. Deze belasting

biedt de mogelijkheid om de integratie van meer hernieuwbare elektriciteits-

capaciteit te bevorderen. Dit kan door middel van een variabel belastingtarief

voor energielevering gebaseerd op de marginale emissiefactor van het elektri-

citeitssysteem. Een lagere belasting op de momenten met een overschot aan

duurzame energieproductie en een hogere belasting op demomentenmet een

beperkt aanbod van hernieuwbare productie zal een extra financiële prikkel ge-

ven om duurzame energie op te slaan. Dit zorgt voor hogere opbrengsten uit

energieopslag en verlaagt de emissie-intensiteit voor elektriciteit. De transmis-

siesysteembeheerder zou de marginale emissies per kwartier kunnen bepalen

en daarmee ook deze dynamische belasting. Een dergelijke belastingstructuur

kan daarmee de milieuvoordelen verhogen uit lokale energieopslag.
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9.4 Aanbevelingen voor verder onderzoek
• Beoordeel de flexibiliteit van de energievraag door elektrificatie van ver-
warming en transport. Het potentieel van eigenverbruik door middel van
elektrificatie van verwarming en transport is gepresenteerd in hoofdstuk 5 en

hoofdstuk 6. Deze toepassingen hebben een relatief hoge elektriciteitsvraag en

daaromook een groot potentieel om de energievraag te sturen naarmomenten

met veel aanbod van duurzame elektriciteit. Het potentieel aan vraagsturing

via elektrische voertuigen en warmtepompen is echter niet goed bekend. Het

potentieel voor slim laden is bijvoorbeeld afhankelijk van de laadlocatie en het

rijgedrag van consumenten. Daarnaast kunnen batterijen van elektrische voer-

tuigen gebruikt worden om elektriciteit te exporteren naar het elektriciteitsnet.

Echter de batterij van het elektrische voertuig moet dan wel beschikbaar zijn

om elektriciteit te leveren. Daarnaast kunnen warmtepompen, gecombineerd

met seizoensgebonden thermische opslag, het eigenverbruik van PV-energie

verhogen, wat weer leidt tot meer vermeden broeikasgasemissies. De moge-

lijkheden van deze opties betreffende het potentieel aan vraagsturing vereist

meer onderzoek.

• Onderzoek het gebruik van batterijopslag voor meerdere applicaties. Een
andere belangrijke aanbeveling is het gebruik van energieopslag voormeerdere

toepassingen. Uit hoofdstuk 4 blijkt dat het economische potentieel voor bat-

terijen, naast het verhogen van eigenverbruik, kan worden vergroot als regel-

vermogen aan het elektriciteitsnetwerk wordt verleend. Bovendien laten de re-

sultaten van hoofdstuk 5 zien dat batterijopslagsystemen vraagpieken kunnen

reduceren en daarmee kunnen kosten voorkomen worden van eventuele uit-

breiding van het elektriciteitsnetwerk. De kosten die voorkomen kunnen wor-

den zijn echter zeer specifiek per geval, afhankelijk van regelgeving en daarom

ook niet goed bekend. Ook worden grotere prijsschommelingen op de elek-

triciteitsmarkten verwacht wanneer er meer opwekkingscapaciteit beschikbaar

komt aan variabele hernieuwbare elektriciteit. Dit verhoogt het economisch po-

tentieel om met batterijen op de elektriciteitsmarkten te handelen. Daarnaast

draagt het bij tot meer variabel hernieuwbare energie gebruik in het systeem.

Aggregators kunnen deze diensten aanbieden doormiddel van het beschikbaar

stellen van batterijopslagcapaciteit. Verder onderzoek is nodig om demogelijke

rollen en business cases voor deze aggregators in kaart te brengen.
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Conclusies en aanbevelingen

• Ontwikkel methoden om haalbare variabele tariefstructuren te definië-
ren. Het toepassen van variabele tariefstructuren kan het aandeel eigenver-
bruik en de inkomsten uit batterijopslag beïnvloeden. Deze invloed is erg af-

hankelijk van de volatiliteit en de hoogte van de elektriciteitsprijzen. Daar-

naast zijn deze prijzen afhankelijk van marktregelgeving en belastingen. Het

is daarom van belang om methoden en modellen te ontwikkelen die de impact

van variabele tariefstructuren beter inschatten.

• Ontwikkel methoden om de milieu-impact van energieopslag te analyse-
ren. De milieu-impact van batterijopslagsystemen is vooral afhankelijk van de
vergelijking tussen de geïnvesteerde emissies tijdens de productie van batte-

rijen en de vermeden emissies als gevolg van energieopslag. Deze vermeden

emissies zijn afhankelijk van de opslaglocatie en de markten waar de energie-

opslagcapaciteit wordt gebruikt. In Nederland is momenteel het aandeel va-

riabele hernieuwbare elektriciteitsproductie laag. Daarom komt het afregelen

van hernieuwbare elektriciteit productie zelden voor. Energieopslag kan ook

worden gebruikt om elektriciteitsproductie uit fossiele brandstoffen te verla-

gen. Deze vermeden emissies kunnen worden toegekend aan energieopslag.

Er moeten methoden en normen ontwikkeld worden die de milieu-impact van

energieopslag bepalen.
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