
DOCTOR OF PHILOSOPHY

Integration of distributed small-scale photovoltaic and energy storage systems in power
networks

Lopez Lorente, Javier

Award date:
2021

Awarding institution:
Queen's University Belfast

Link to publication

Terms of use
All those accessing thesis content in Queen’s University Belfast Research Portal are subject to the following terms and conditions of use

            • Copyright is subject to the Copyright, Designs and Patent Act 1988, or as modified by any successor legislation
            • Copyright and moral rights for thesis content are retained by the author and/or other copyright owners
            • A copy of a thesis may be downloaded for personal non-commercial research/study without the need for permission or charge
            • Distribution or reproduction of thesis content in any format is not permitted without the permission of the copyright holder
            • When citing this work, full bibliographic details should be supplied, including the author, title, awarding institution and date of thesis

Take down policy
A thesis can be removed from the Research Portal if there has been a breach of copyright, or a similarly robust reason.
If you believe this document breaches copyright, or there is sufficient cause to take down, please contact us, citing details. Email:
openaccess@qub.ac.uk

Supplementary materials
Where possible, we endeavour to provide supplementary materials to theses. This may include video, audio and other types of files. We
endeavour to capture all content and upload as part of the Pure record for each thesis.
Note, it may not be possible in all instances to convert analogue formats to usable digital formats for some supplementary materials. We
exercise best efforts on our behalf and, in such instances, encourage the individual to consult the physical thesis for further information.

Download date: 23. May. 2023

https://pure.qub.ac.uk/en/studentTheses/12733edf-ea59-4ee3-b970-c5d87b8b8d47


Integration of Distributed Small-Scale
Photovoltaic and Energy Storage

Systems in Power Networks

Javier López Lorente, BSc, MSc

Supervisors: Dr Xueqin (Amy) Liu

Dr Robert J. Best

Prof D. John Morrow

School of Electronics, Electrical Engineering and Computer Science
The Queen’s University of Belfast

This dissertation is submitted for the degree of
Doctor of Philosophy

March 2021



To my family, and specially my mother.



Acknowledgements

I wish to express my gratitude to my main supervisor, Dr Xueqin (Amy) Liu, for her valuable
help, support and guidance during these 3 years. I would also like to extend my gratitude to
Dr Robert J. Best, for his valuable suggestions and contributions since he stepped in as my
second supervisor. My gratitude also goes to Prof. D. John Morrow, who was my second
supervisor until his retirement, for his help and support.

I am grateful to the Special EU Programmes Body (SEUPB) for the financial support of
this PhD, via my studentship through the SPIRE 2 (Storage Platform for the Integration of
Renewable Energy) project.

I have sincerely enjoyed my PhD journey and time in Belfast as an educational and
personal experience. I will fondly remember many moments shared with great, talented
individuals in the Energy, Power and Intelligent Control (EPIC) research cluster at Queen’s.
I would like to thank my fellow SPIRE 2 co-researchers: Connor Duggan, Neil McIlwaine,
Ahmed Raouf Mohamed, Dr Paul Brogan, and Dr Arijit Bagchi. My thanks also go to other
colleagues doing EPIC research. I thank Dr John Hastings, Dr Mark Rafferty, Dr Gareth
McLorn, Dr William Kerr, Dr Judith Foster, Dr Hani Gharavi, Dr Jean Ubertalli, Kevin
Murray, Dominic Mullins, Andrés Moreno Jaramillo, Dzlar Al Kez, David Foster, Paul
Maybin, Che Cameron, Daniel Brice, Federico Zocco, among others.

I would like to thank my friends back in my country for their support and visits during
this time; and to new friends I made, who made my time in Belfast meaningful and joyful
beyond the PhD. I thank Jincheng, Tom, Stratos (and family), Niall, and the Den Arts’ family.

I thank my mother, María Teresa; my brother, José Luis; and my family for their
unconditional support.

Finally, I want to thank my loving and supportive girlfriend, Maria, for her endless advice,
help, and patience throughout my PhD, and especially during this last year marked by the
Covid-19 pandemic, when we have shared home office and lived together 24/7.



Abstract

The proliferation of distributed small-scale photovoltaic (PV) systems during the last decade has led
to large installed capacities of grid-connected variable renewable energy in distribution networks.
This trend is set to continue due to a combination of factors, such as the decreasing cost of technology
and the decarbonisation policies governments have committed to deploy for the mitigation of climate
change. It is anticipated that small-scale PV systems together with energy storage systems will play
an important role towards this transition, both as hybrid solutions of PV coupled with energy storage
systems and stand-alone PV with energy storage at grid scale.

Small-scale PV systems are often not monitored nor controlled by system operators. As such, they
represent invisible, weather-dependent generation that can produce unpredictable demand – supply
imbalances, alter the requirement for ancillary services and bring about additional challenges that
may constrain their integration in power systems. In this regard, this thesis explores the aggregated
impact of distributed small-scale PV systems on the activities of power systems related to operation,
planning and electricity markets in the context of the Northern Irish power system.

The thesis is divided in two core parts. The first part investigates the aggregated impact of
distributed stand-alone PV systems and focuses on estimating the regional aggregated generation
and near real-time output monitoring of small-scale PV systems. The estimation of the overall PV
generation includes the development of a novel approach using a method with origins in mathematics
and computational geometry to account for the spatial variability of solar resource. The monitoring of
PV generation explores the use of local weather networks utilising open data from personal weather
stations, which can be a complementary data source for land-based irradiance measurements. The
second part addresses the aggregated response of PV systems interacting with energy storage systems.
It is presented as a techno-economic assessment of the role of energy storage systems covering behind
and front-of-the-meter solutions with multiple operational strategies available for these systems. The
thesis also identifies the key benefits and limitations for the future deployment of energy storage
systems in the context of power system planning.

Overall, the methodological innovations presented in this thesis can assist system operators in the
integration of small-scale PV systems and inform policy makers in the role of PV and energy storage
systems in favour of more robust, low-carbon and efficient power networks in the future.
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Chapter 1

Introduction

1.1 The Good, the Bad and the Ugly: the Rise of Renew-
ables, the Energy Problem and the Threat of Climate
Change

The United Nations currently defines 17 global sustainable development goals for the year
2030. Three of these goals inspire a direct relationship to solar photovoltaic energy in the
context of the work presented in this thesis, these are: goal no. 7 – ‘affordable and clean
energy’; goal no. 11 – ‘sustainable cities and communities’; and goal no. 13 – ‘climate
action’ [1]. The connection among these goals and the energy and power industries is
primarily related to the on-going energy problem and climate change, which certainly pose a
peril to mankind.

The access to energy has represented the means to prosperity and technological advance-
ment since the industrial revolution began in the 18th century. Countries with higher access
to energy per capita have been able to develop a prosperity not only related to wealth but
also to higher living standards. There are indicators showing the correlation between energy
consumption v. gross domestic product per capita, energy consumption v. average life
expectancy and energy consumption v. infant mortality rates [2]. With today’s global popu-
lation increasing and the improvement in living standards due to technology development,
energy demand is expected to continue raising. This represents a first challenge in the energy
problem: an issue of demand – supply of primary and final energy.

Up to date, energy production has heavily relied on the exploitation and use of fossil
fuels, whose limited reserves constrain the first challenge. Therefore, a second challenge is
related to the origin of the fuels to produce energy. Coal, gas, oil, and derivative products
are the result of decomposition of vegetation and living organisms during millions of years.
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Since our consumption of these resources is considerably higher than their formation time,
these become finite resources. For instance, the world’s proved reserves to production ratios
at the end of 2019 were 132, 49.8 and 49.9 years at current production rates for coal, gas
and oil, respectively [3]. This highlights the urgency for alternative energy technologies,
clearly reveals the limitations of the reserves of fossil fuels and unveils the expiration date of
our conventional energy production systems. A third challenge is related to the combustion
of the aforementioned fossil fuels, which emits greenhouse gases (GHG) and are notably
responsible for the global warming and climate change of the planet [4, 5]. Thus, the energy
problem can be outlined by the following major challenges: (i) a growing global energy
demand; (ii) limited reserves of conventional energy sources; and (iii) climate change.

During the 20th century, the energy problem appeared to just involve developed (first
world) countries in order to establish and maintain an effective position of privilege [2]. With
an increase of energy use coming from developing countries (e.g., China and India) and the
endangerment of ecosystems and natural habitats with global warming and climate change,
the energy problem is nowadays a global problem. While both the energy problem and
climate change are interrelated challenges, it is the latter that is at the core of policies and
regulations worldwide. The Paris Agreement, adopted in December 2015, was the first-ever
universal, legally binding agreement addressing climate change. The agreement is a joint
effort of the governments of the world to limit the global average temperature to well below
2◦C above pre-industrial levels and to pursue efforts to limit the temperature increase to
1.5◦C above pre-industrial levels [5]. In a European level, there are several plans, initiatives
and frameworks (e.g., 2030 climate & energy framework and the European Green Deal) that
have been introduced to progressively transition towards a carbon-neutral European Union
(EU) by 2050. The intermediate key targets for 2030 in the EU are a 40% reduction of GHG
compared to 1990 levels, a minimum share of 32% of renewable energy and at least 32.5%
improvement in energy efficiency [6]. At a national level, the United Kingdom (UK) has set
a carbon dioxide reduction target of 100% from 1990 levels by 2050 [7]. That national target
requires a rapid decarbonisation of the electricity sector and an increase in electrification,
e.g. from transportation. However, further electrification could represent an increase of
electricity consumption in 2050 up to 135% the levels of 2014 [8], which exemplifies the
first challenge of the energy problem mentioned earlier, i.e. a growing electricity demand.

More specific to energy and power systems is the European Strategic Energy Technology
(SET) Plan, which aims to foster the development of low-carbon technologies rapidly and
in a cost-effective manner. One of the key targets of the EU SET Plan is to enable a single,
smart European electricity grid able to accommodate the massive integration of renewable
and decentralised energy sources [9]. Instigated by this kind of plans, the share of electricity
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coming from renewable energy sources (RES) other than hydro has grown considerably,
reaching almost a thirteen-fold growth worldwide from 2000 to 2019 [3]. Focusing on
Europe, the renewable electricity other than hydro has grown from 2.0% to 24.0% during
the same period [10]. Besides the environmental connotations to face the challenges of
climate change, RES enhance the energy security of a country or territory and have witnessed
investment and support from governments of both developed and developing countries [11,
12]. Overall, the multiple energy strategies, legal and regulatory frameworks, policies, and
programmes addressing climate and energy have urged on a transition that have started to
change the energy and power industries as known until the end of the 20th century.

1.2 A Changing Landscape for the Electricity Industry

The electricity industry is currently undergoing a change of business model. The threat
of climate change has motivated the promotion of global decarbonisation policies aiming
to minimise its effects and increase resilience to which the industry has had to adapt. In
addition, technological developments across different fields in the recent decades, e.g. power
electronics or telecommunications, have allowed us to reach a digital era with advanced
telecommunication systems, enhanced connectivity and stronger computing capabilities.
These developments are the stepping-stones in which the transition of the electricity industry
and power systems is occurring worldwide. The changes being experienced in electrical
power networks today respond to three main processes: (i) electrification; (ii) decentralisation;
and (iii) digitalisation of the power industry [13].

The electrification of the electricity sector consists of converting machines or systems
to the use of electrical power. One of the main initiatives driving the electrification of
the sector is the uptake of electro-mobility in the transport sector with the integration of
electric vehicles (EVs) including passenger, light and heavy-duty vehicles and buses, and
their charging infrastructure. In Europe, EVs have grown from nearly zero in 2010 to a 3.46%
of the total fleet of vehicles in 2019. The UK was the third country with the highest passenger
EVs in Europe (72,917) in 2019, just after Germany (103,562) and Norway (79,234) [14].
These numbers are expected to grow at a much higher rate since it is estimated that the
uptake of EVs by 2030 should be around 60% of new sales in order to reach the UK’s carbon
budgets and targets [8]. Within the transport sector, the electrification of railway networks
is key to decarbonise the sector. In Great Britain, it is expected that diesel-only powered
trains will be removed by 2040 and by 2035 in Scotland [15]. Similarly, Northern Ireland’s
public transport network is planned to be zero-emissions by 2040 [16] compared to today’s
carbon intensity of 1.32 kgCO2e/Passenger [17]. To that end, the energy consumption of
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Northern Ireland’s railway network will foreseeably change radically as domestic passenger
rail services are solely powered by diesel carriages. Besides electrification, other viable
technologies considered for the decarbonisation of railway networks are battery and hydrogen-
powered trains [15].

Another main electrification initiative is taking place in the heating sector, with the
promotion of heat pumps (HPs) and electric heaters, the so-called electricity-to-thermal
(E2T) strategy [18]. As E2T progresses, it will provoke an increase in the electricity demand.
This will be specially significant in the residential sector provided that: (i) space and water
heating represent 80% of the final energy consumption in households in the Republic of
Ireland and the UK; and (ii) electricity currently powers just over 21% of space and water
heating in both countries1 [19].

A second process occurring in the electricity industry is decentralisation. Distributed
energy resources (DER), such as distributed generation (DG) and distributed storage, have
seen a reduction in technology costs that has boosted their deployment, especially renewable
DG. This has caused a change in the traditional electricity supply chain, from centralised
generation in large power plants distributed in bulk supply points to decentralised generation
located in different voltage levels of the network [13, 20]. A high penetration of solar and
wind DG has particularly contributed to the decentralisation of power systems’ operation [21].
Some of the benefits derived from the integration of renewable DG are: (i) the reduction in
power losses by supplying local loads; (ii) the use of ‘free’ energy resource; (iii) the reduction
of greenhouse gas emissions; and (iv) the ability to support rural and non-electrified areas [21,
22].

The decentralisation has affected the electricity industry in several manners. It has
contributed to changing the traditional nature of consumers. Energy consumers have become
the subject of production with an active role in the use of RES and consumers that produce
electricity locally receive the name of prosumers [23, 24]. Therefore, there has been an
evolution from consumers to prosumers. Concurrently, the decentralisation has impacted
on the management of power systems by increasing the complexity of certain activities.
Operators of distribution and transmission networks have traditionally had separate operations
and planning. With low deployment of distributed DG (e.g. PV) this can be maintained,
but as DG capacity increases, so needs to be enhanced the ability of system operators to
interact [25]. The management of power systems has had a more significant impact on
distribution network operators (DNOs), since DG is primarily connected at primary and
secondary distribution level. Dealing with additional tasks, such as coordinating dispatch
and operation of DER and accommodating non-dispatchable resources and/or unscheduled

1Data for the year 2018.
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demand, has motivated a transition of traditional DNOs into distribution system operations
(DSOs) [26].

The third process of change observed in the electricity industry is digitalisation. The
integration of DER has led to the need to monitor the stability of the power system, the
operation of generators, status of infrastructure and devices, and loads in real time. This need
has motivated an increase in digitalisation of the industry through the deployment of advance
metering infrastructure (i.e., smart meters), automation and modern sensors (e.g. phasor
measurement units – PMUs) and intelligent electronic devices (IEDs) at grid level and smart
devices in the onset of the internet of things beyond the meter [13, 27].

Within the changing paradigm and evolving business models in the electricity sector
and related industries, this thesis focuses on the decentralisation process observed in power
systems and particularly, it focuses on small-scale distributed photovoltaic systems and
distributed storage systems connected in the distribution network.

1.3 The Boom of Stand-Alone Solar PV Systems and the
Onset of Mass-deployment of Distributed Storage

1.3.1 The proliferation of solar PV

In the early applications of photovoltaic systems in the 1980s, the energy required to manufac-
ture a panel was higher than the actual energy the panel could produce during its lifespan [28].
Thus, solar photovoltaic applications were limited to off-grid applications of essential, remote
assets (e.g., remote telecommunications repeaters) and applications within the space industry
(e.g., to power satellites). The cost of the panels have significantly decreased since then,
especially during the 2000s, due to improvements in the manufacturing techniques and the
efficiency of the panels [28, 29]. Today, the costs have decreased so much that have made
solar PV energy an alternative energy technology able to compete at: (i) grid parity level;
and (ii) generation parity level [30]. The decreasing costs in PV systems are reflected in the
trends of the levelised cost of electricity, a metric commonly used to compare electricity
generation technologies, where PV technology are more or equally profitable than other
conventional fossil technologies as shown in Fig. 1.1. The global average levelised cost of
electricity for solar PV reached 0.068 USD/kWh (68 USD/MWh) in 2019, well in the lower
range of typical cost of fossil fuels (0.05-0.18 USD/kWh) [31]. Solar PV has been even
named as the new ‘king of electricity’ [32] and presented as a major player in the targets for
carbon neutrality [33].
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Fig. 1.1 Global weighted average levelised cost of electricity for solar PV, on-shore and off-shore
wind technologies from 2010 to 2019. Source: IRENA [31].

This decrease in costs has boosted the deployment of PV systems worldwide since 2000,
and the global capacity has grown in an exponential manner as illustrated by Fig. 1.2. The
global PV installed capacity reached 578.5 GW in the end of 2019, representing a growth of
166% in the 5-year period from 2015 to 2019 [34].

The accumulated capacity of PV systems observed in Fig. 1.2 is set to continue growing as
the new installed capacity per year for small-scale (rooftop) and ground-mounted utility-scale
systems is expected to increase in the mid-term future. Figure 1.3 shows the forecast of new
added installed capacity per year until 2024 in each of those segments, where rooftop PV is
expected to grow at around 60 GW a year from 2021 to 2024 and where utility-scale systems
are projected to progressively reach an annual installed capacity of 134.5 MW by 2024 [35].
Utility-scale are nowadays 2.5-5 times cheaper than small-scale rooftop installations [36].
However, the scalability of PV systems with the module as the smallest solution permits
a broad range of solutions, starting in capacities of dozens of Watts. This permits the
expansion of distributed rooftop PV to support rural electrification and local generation in the
urban environment with reduced environmental footprint compared to utility-scale systems,
e.g. land-use problems. For example, an average UK household with rooftop PV would
reduce its electricity bill by 24%2 by installing a rooftop PV system [33].

2That study assumed an electricity demand of 4,000 kWh/year and 2.9 kWp PV system installed.
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Fig. 1.2 Worldwide solar PV accumulated capacity from 2000 to 2019. Source: IRENA [34].

Fig. 1.3 World’s new added solar PV capacity per segment (small-scale rooftop and utility-scale
systems) and year: historic data up to 2019 and projection to 2024 in an intermediate scenario.
Source: SolarPower Europe, own elaboration from data in annual Global Market Outlook Reports
from 2015-2019 [37] to 2020-2024 [35].
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1.3.2 Solar PV energy in Northern Ireland

The focus of this thesis on small-scale solar PV will be particularised for Northern Ireland
(UK) throughout the case studies in the different chapters, following a ‘think globally, act
locally’ attitude. This subsection presents an overview of the current picture and future
prospects of growth for solar PV energy in Northern Ireland, where there are growing trends
in the number of solar installations with the largest portion of them being small-scale rooftop
systems.

Solar PV has become increasingly diverse during the past decade in Northern Ireland.
From zero installations in 2009 to a fleet of circa 25,000 sites in 2020, including small resi-
dential systems and multi-megawatt plants owned by utility companies or third parties [38].
The totality of solar PV (i.e., 387.2 MW) is connected to the distribution network, where
the installed capacity was divided nearly 62-38% into utility-scale plants and small-scale
distributed PV systems at the end of 2020 as shown in Table 1.1.

Table 1.1 Solar PV systems installed in Northern Ireland as of the end 2020. Source: UK BEIS [38].

Category Capacity No. Sites

Small-scale PV systems (≤ 5 MW) 148.7 MW (38.4%) 24,693 (99.94%)

Utility-scale PV plants (> 5 MW) 238.4 MW (61.6%) 16 (0.06%)

Total Solar PV 387.2 MW 24,709

Small-scale solar generators are those installations with an installed capacity up to 5 MW
of maximum power output. Small-scale solar generators are grouped in two schemes named
after the standards that define them in the UK & Ireland’s energy networks association,
these are: G98 and G99. The G98 (previously G83) scheme includes micro-generators with
an installed capacity up to 16 A per phase, which relates to 3.68 kWac for single phase
connections and up to 11.04 kWac for three-phase supply based on a 230/400 V supply,
respectively. These may typically be rooftop installations in domestic or small commercial
premises, such as the example shown in Fig. 1.4. The G99 (previously G59) scheme includes
larger small-scale generators with a rated power up to 5 MW, which are mainly installations
in industrial, agricultural (e.g. farms) or commercial premises, as well as small solar farms.
The average size of installations were was 3.9 kWp and 32.4 kWp in the G98 and G99
schemes, respectively, at the end of 2020 [38].

The growth of small-scale PV was highly influenced by the Northern Ireland Renewable
Obligation (NIRO) scheme, which placed a legal requirement on licensed electricity suppliers
from 1 April 2005 to source a share of their supply to customers from eligible renewable
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Fig. 1.4 Example of residential rooftop solar PV (4 kWp) system in scheme G98 and solar thermal
installations in a detached house in Northern Ireland. Source: Author’s private collection.

sources. In order to obtain renewable energy, suppliers offered the possibility to sell the
surplus of electricity to customers with rooftop PV installations in long-term contracts of
20 years [39]. The NIRO scheme was opened until 31 March 2017 and its impact on the
capacity of solar PV installations can be observed in Fig. 1.5. The historic time-series of
solar installed capacity illustrates how until 2017 all the PV installed was small-scale, being
around 90% of those systems part of the NIRO scheme3. The termination of the NIRO
scheme acutely halted the growth rate of small-scale solar generators and mainly large-scale
(over 5 MW) have been deployed since then. After the closure of the NIRO scheme, a steady
annual growth of 0.5 MW is observed for small-scale generators.

Small-scale PV generators, particularly those in the G98 scheme (e.g. the PV system
shown in Fig. 1.4), are located in households of private individuals, small business and
commercial and industry buildings whose ownership relies on physical persons and thus,
persons whose data are protected by general data protection regulations (GDPR). This can be
confirmed by looking at the reported location of PV electricity generation per local authority
in Northern Ireland, which has been anonymised in most of the cases (99.47%) and appears

3To estimate the share of NIRO sites, it is here assumed that all sites with an installed capacity equal or
lower than 50 kW had eligibility to apply for, and adhered to the scheme.
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Fig. 1.5 Trend of installed capacity in solar PV systems in Northern Ireland, 2009 to end 2020. Source:
UK BEIS [38].

as ‘unallocated’ as illustrated by Fig. 1.6. Given the importance of solar irradiance variability
in a spatial dimension, the unknown of the locations of small-scale solar PV generators
represent a key challenge in determining the impact of their generation on power system
activities. This is especially important since the current capacity of small-scale PV in the
region of just over 140 MW (see Table 1.1) is as large as some of the conventional units in
the country4. Moreover, these numbers are expected to grow as for the long-term projections
of the distribution network operator (NIE Networks) and the transmission system operator
(TSO) of Northern Ireland (SONI), who estimate, depending on the deployment scenario, a
total PV capacity in the range of 223 – 1,169 MW for 2030 and 307 – 2,082 MW in 2050. A
breakdown of their projections is shown in Table 1.2 and Fig. 1.7 illustrates the estimations
of solar PV deployment in the region as reported by SONI.

1.3.3 Distributed storage to enable high PV integration

Among the mechanisms to manage power grids, energy storage is considered one of the
most significant flexibility options for the integration of solar energy resources [43]. With

4Examples of thermal generation units in the range of small-scale solar PV in the Northern Irish power
system are Ballylumford B4 (gas) and B5 (gas) with a capacity of 143.5 MW and 146.5 MW; or Coolkeeragh 1
(combined cycle gas turbine) 140 MW. Source: SEMO.
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Fig. 1.6 Deployment of solar PV installations per local authority in Northern Ireland as of end 2019.
Source: Renewable electricity statistics per local authority, UK BEIS [40].

the local generation of solar DG, distributed storage can be considered to deal with PV
intermittency in a wide-range of temporal resolutions, from sub-minute to daily basis [44].
Battery energy storage systems (BESS) have been identified as the storage technology with
the highest potential to serve in power applications due to technical (i.e. range of capacities
and operational times) and economic (i.e. decreasing cost trends) aspects.

Particularly to small-scale PV systems, it is within the residential sector with storage in a
behind-the-meter basis that growth is significantly expected across Europe as illustrated by
Fig. 1.8, primarily motivated by a prospect reduction in energy consumption payments [45].
The forecasts indicate that the annual residential energy storage deployment will grow by
140% in the 7-year period from 2018 to 2024 with the UK being the fourth European market.
Recent data illustrate a growth higher than that projected as the European residential BESS
market added 745 MWh in 2019, reaching an accumulated capacity near to 2 GWh [46].
Similarly, preliminary data for 20205 suggest a new added residential BESS around 810
MWh for 2020. Therefore, in both years, the residential BESS market in Europe has grown
beyond the prospects presented in Fig. 1.8.

5Data with projections for the Q4 2020.
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Table 1.2 Future projections of solar PV deployment (MW) in Northern Ireland as estimated by the
distribution network operator (NIE Networks) and the transmission system operator (SONI). Source:
NIE Networks [41] and SONI [42].

2030 2050

Operator SONI (TSO) NIE Networks (DSO) SONI (TSO) NIE Networks (DSO)

Small-scale PV 138-301 N/A 309-843 N/A
Utility-scale PV 283-868 N/A 671-1,239 N/A

Total solar PV 421-1,169 223-667 980-2,082 307-800

Besides the deployment to benefit users in the residential sector, distributed storage
deployed at grid-scale in a front-of-the-meter basis can represent an asset for system operators
to achieve higher PV energy shares and help mitigate constraints. For example, in the Irish
power system, energy storage could mitigate frequency oscillations produced by renewable
energy variability or events [48] or it could delay the investment on network reinforcement,
which is a current problem for the deployment of further DG in multiple transmission-to-
distribution-level nodes in Northern Ireland (i.e., 12 out of 28 nodes have no longer capacity
to accommodate DG without reinforcement) [49].

1.4 Challenges and Shadows on Integrating Small-Scale
Solar PV Generation

Despite the many environmental benefits of integrating renewable energy into power net-
works, the growing integration of solar DG has revolutionised electricity systems during the
last decade and brought major challenges along. For instance, electrical protection issues and
operational constraints, namely reverse or bi-directional power flows or increased voltage
fluctuations. Consequently, the operation of power networks have turned into a more complex
activity [20, 50]. Particular to distributed PV systems, most of small-scale generators operate
uncontrolled from the electricity system making behind-the-meter solar generators invisible
for system operators and causing problems of demand masking [51]. As climate and weather
conditions are primary aspects influencing the performance of solar PV power installations,
the unpredictability of solar resource adds as a factor highly influencing the dynamics of
power system. Moreover, the lack of data from the small-scale solar PV installations due to,
for example, personal data protection regulations, makes it even harder for system operators
to accurately consider these generators in their grid management activities. In some regions
with high PV deployment, the revenue of utility companies is also declining faster than costs
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Fig. 1.7 Solar PV deployment estimates to 2050 by the transmission system operator in Northern
Ireland. Data for medium scenario (i.e., Addressing Climate Change) with tolerances to other two
scenarios. Source: Tomorrow’s Energy Scenarios Northern Ireland 2020, SONI [42].

are avoided due to the reduction of traded energy [52], illustrating that solar DG affects not
only the characteristics of the electricity networks, but the industry’s paradigm as a whole.

These circumstances highlight the transformation of the power sector with its challenges
and opportunities for change. The power industry is currently in need for new, smarter
solutions in form of methods, techniques and tools aiming to facilitate dealing with the
increased complexity that DER deployment has initiated [25]. For solar PV technology as
present nowadays, the understanding of solar radiation variability at ground level across the
areas of small-scale PV deployment is a key aspect for the estimation of solar PV energy
generation. That understanding of solar resource variability at sub-hourly resolution is
beneficial to electric system operators, plant operators and solar PV installation owners.
However, it depends on the degree of variability in the generation and the flexibility of
the system to achieve the integration of large amounts of solar PV. Thus, methods for the
quantification of the smoothing effect of the aggregated power output of arbitrary sets of
solar PV generators are increasingly required [53]. As for the growth prospects of solar PV
with presence of energy storage as a flexibility option, methods and techniques to consider
the combined effect of the multiple DER can facilitate insights on the future characteristics
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Fig. 1.8 Annual Europe residential storage deployments to 2024. Source: Wood Mackenzie [47].

of power systems, enhance methodologies of power system planning and identify value
opportunities in the power industry.

1.5 Aims and Scope of this Thesis

The thesis addresses the aggregated effect of small-scale photovoltaic generators in power
systems and focuses on the technical challenges for the high integration of solar energy
related to the variability and uncertainty in predicting solar resource and PV generation. In
the advent of solar systems coupled with electric storage systems, that uncertainty expands to
the multiple operational strategies that such systems can implement. The combined presence
of distributed PV and distributed energy storage systems is investigated with storage systems
being installed in the same installation (i.e., behind-the-meter systems) and as stand-alone
storage facilities at grid-scale (i.e., front-of-the-meter systems). The research is angled from
the perspective of system operators, both in the distribution and transmission system, to
evaluate the changes produced by small-scale distributed PV in the system’s demand patterns
and its effect in the operation and planning of power systems. Concurrently, the technical
challenges are looked in parallel to the economic profitability for distributed electric storage
systems, so that foreseeable scenarios of solar and storage deployment can be better indicated.
The scope of this thesis aims at answering the following research questions addressed:
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• RQ 1.A – How to estimate the total power output of small-scale, solar photovoltaic
installations scattered across large territories when data availability can be limited?

• RQ 1.B – Could that estimation of power output be monitored in a temporal resolution
high enough to support planning, operation and market activities in power systems?

• RQ 2 – How will the anticipated mass-deployment of small-scale, solar-plus-storage
systems affect the total electric demand patterns and other related activities of power
systems?

These research questions are drawn following a review of literature in Chapter 2 about the
challenges and issues emerging from the integration of solar photovoltaic systems in power
systems.

1.6 Contributions of this Thesis

This thesis analyses the integration of small-scale solar photovoltaic systems and distributed
storage in distribution networks and their aggregated impact from the perspective of power
system operators. The main contributions of the thesis are:

• [Chapter 2] A review of the literature is presented identifying the research challenges
and issues emerged from the integration of small-scale photovoltaic systems in power
networks in the context of the operation and planning of power systems and electricity
markets. This critical review of the literature leads to the formulation of the research
question mentioned above.

• [Chapter 3] A review of modelling methods for solar radiation models and photovoltaic
systems is presented, including the conversion from sunlight to electric power and
typical grid-connected configurations for photovoltaic installations. This review of
modelling methods facilitates the understanding of methodologies and models proposed
in the core chapters of the thesis.

• [Chapter 4] A model for the estimation of the total small-scale PV generation at
regional level based in Voronoi decomposition and physical models. The model
is scalable to smaller and larger geographical areas and transferable to large-scale
PV plants. It can be implemented with very limited data from the small-scale PV
installations, namely the total PV connected to medium- or low-voltage transformers,
which allows abide by general data protection laws or when data are scarce.
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• [Chapter 4] A new metric (i.e. σV I) for the wide-area monitoring of the variability of
irradiance and PV generation is developed as part of the methodology. The metric helps
identify the degree of variability of PV generation throughout a day across sub-regions
defined in a geographical area.

• [Chapter 5] A calibration method to estimate the broadband irradiance of silicon-
photodiode sensors, which are usually fitted in personal weather stations. The method
uses irradiance and ambient temperature reported by personal weather stations and
it follows a data-driven approach based on basic metadata of the station, i.e. climate
zone or producer. The model permits calibration of silicon-photodiode pyranometers
without using sensor-specific data derived from laboratory testing unlike other available
methods.

• [Chapter 5] A large-scale evaluation of global horizontal irradiance measurements of
30 personal weather stations located worldwide, covering 5 climatic zones according
to the Köppen’s classification across 8 countries.

• [Chapter 6] An assessment of the effects of small-scale, behind-the-meter PV-plus-
storage in the overall net demand of residential electricity networks, where an analysis
of the economic profitability of solar systems helps devise the most likely scenarios
for the evolution of the aggregated electricity demand with PV presence.

• [Chapter 7] An exhaustive techno-economic analysis of the role of front-of-the-meter
battery energy storage systems in primary distribution networks with presence of
distributed PV. It covers the siting decision for storage systems, smart capabilities for
PV inverters, and the quantification of revenue streams and compensation schemes that
would bring positive profitability when providing distribution-specific services based
on the supply of real and reactive power.

1.7 Outline of this Thesis

This thesis is presented in 8 chapters, whose outline is graphically illustrated in Fig. 1.9.
The present chapter, Chapter 1, serves as an introduction and the remainder of the thesis is
structured as follows:

Chapter 2 introduces the topic of solar energy integration and reviews the challenges
and problems related to the operation and planning of power systems and electricity markets
as for the presence of high-shares of grid-connected PV energy. Concurrently, it surveys
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Fig. 1.9 Graphical abstract of this thesis.

flexibility options in power systems and expands on distributed energy storage as a manner
to minimise potential constraints.

Chapter 3 serves as a background theory chapter and it presents key and core concepts
about solar resource assessment and related mathematical and physical models on solar
irradiance and its conversion into electric power. The chapter introduces concepts, modelling
techniques and methods, which are used in the consecutive chapters of the thesis.

The thesis continues with the technical chapters, chapters 4 to 7, which are divided in
two parts. Chapters 4 and 5 conform Part I – Solar PV integration in today’s power networks.
This first part deals with the integration of large fleets of stand-alone solar PV systems
from the perspective of power system operators, which are today connected by thousands
to the distribution network. There is a particular focus on the aggregated generation of
fleets of small-scale PV systems for the purpose of regional solar generation monitoring and
forecasting.

Chapter 4 proposes a method to estimate the combined generation of PV fleets of small-
scale generators scattered in large geographical areas, of the order of hundreds of kilometres.
The proposed method is based on Voronoi decomposition, a stochastic model for spatial
division, which allows the aggregated estimation of the PV generation while minimising the
data required from the installations. The application of the model is tested in the Northern
Irish power system and compared to other spatial aggregation methods.
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Chapter 5 then investigates the potential application of the method proposed in chapter
4 as part of the regional monitoring of solar PV generation for power systems’ operation. To
this end, personal weather stations are identified as a solar irradiance data source to provide
insights about local weather conditions in a near real-time basis. Irradiance measurements of
these stations are assessed and a calibration model is proposed using 30 personal weather
stations across 5 climate zones worldwide. In addition, an application is presented for 3
large-scale PV plants in Northern Ireland.

Chapters 6 and 7 comprise Part II – Solar PV integration in tomorrow’s power networks.
In this part, distributed storage is considered to be deployed together with PV systems. This
consideration answers to the anticipated mass-deployment of the electric battery energy
storage following decreasing trends in technology costs in the mid and long-term. The
integration of distributed storage is analysed differently in each chapter following two
approaches: behind- and front-of-the-meter energy storage.

Chapter 6 explores the deployment of PV arrays coupled with behind-the-meter battery
energy storage systems in the residential sector. The resulting aggregated net demand profiles
as observed by system operators are evaluated for multiple penetration levels, battery control
strategies and tariffs. The chapter includes an economic assessment to demonstrate the
profitability of different solar systems for typical UK’s household demand profiles and solar
generation in Northern Ireland attending to different billing schemes, solar system size
configurations and economic incentives.

Chapter 7 then assesses grid-level energy storage as a front-of-the-meter option to
mitigate potential constraints derived from the deployment of solar PV systems in distribution
networks, e.g. over-voltage events and reverse power flows. The annual operation of front-of-
the-meter energy storage is evaluated with the aim to investigate the economic profitability
when providing a variety of grid services to network operators. This is implemented by
exploring the compensation that would make profitable grid-scale energy storage systems
when operating based on the local requirements of the network. The assessment is performed
in a distribution network, i.e. the Institute of Electrical and Electronic Engineer (IEEE)
34-node test feeder, adapted to the Northern Irish distribution code using the software tool
OpenDSS developed by the Electric Power Research Institute.

Finally, Chapter 8 concludes this thesis by presenting the conclusions and remarks on
the available further and future work options.



Chapter 2

Solar Photovoltaic and Energy Storage
Systems in Active Power Networks

2.1 Introduction

There currently is an unprecedented, high presence of renewable distributed generation in
the electricity networks. This has occurred during the recent years and the current trends
of growth illustrate even higher renewable penetration levels to come (see Fig. 1.3). To
that end, this chapter introduces the challenges, implications and issues emerging from the
integration of renewable energy in power networks, with a particular focus on solar PV
technology. Through a review of related literature, the issues and problems derived from the
integration of solar PV energy in power networks are identified and analysed in section 2.2.
The chapter continues with an introduction of the mechanisms and technologies utilised to
enhance the flexibility of power systems in section 2.3. Among those mechanisms, energy
storage systems are further studied in section 2.4, where academic literature and projects
of industry and research nature in operation are analysed. Next, the chapter focuses on the
interaction of grid-connected solar PV systems and distributed storage in section2.5. Finally,
a summary is presented with the key considerations and the research questions of this thesis,
introduced throughout the chapter, are recapitulated.

2.2 Integration of Solar PV Energy in Power Grids

Power networks were traditionally conceived with a flow of energy from higher to lower
voltage levels. This is now changing with the presence of distributed generation (DG)
connected to the grid. When renewable DG is present, the behaviour and extent of power
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systems’ operation and planning significantly changes, from passive power networks with
unidirectional power flows to active power networks with bidirectional power flows [54].
Renewable DG has driven the decentralisation of the power sector and the presence of green
electricity is nowadays intrinsic in the power grids.

As introduced in Chapter 1, renewable energy integration is placed at the core of the
energy legislative frameworks and this is reflected in the historic trends of the percentage
of electricity from renewable energy sources. Fig. 2.1 shows the percentage of renewable
electricity in 6 European countries (i.e. France, Germany, Ireland, Italy, Spain, and the UK),
with the exception of Ireland, those 5 countries have the largest installed capacities in Europe
both of wind and solar energy [55]. Among these countries, Germany had the highest share of
renewable electricity in 2019, 40.8%. Overall, a remarkable growth in renewable electricity
is observed in the last decade, particularly in the UK, where the share of renewable electricity
almost five-folded between 2010 and 2019. In relation to the size of the power system,
Ireland has one of the largest renewable electricity penetration rates worldwide [56]. In 2019,
36.9% of the electricity was renewable. The main renewable source of electricity in the Irish
power system is wind, which provided 35.7% and 38.9% of the total electricity demand
in the Republic of Ireland and Northern Ireland, respectively, in the same year [57]. The
simultaneous penetration of non-synchronous electric infeed, a.k.a. system non-synchronous
penetration (SNSP)6, is closely monitored by EirGrid and SONI, the system operators of the
Irish power system. As of beginning 2021, the SNSP limit of the Irish power system is set to
75% [59].

In this context, solar energy integration can be defined as the incorporation of electricity
production from solar PV systems in a coordinated, controlled manner into power systems
so that the reliability and quality of the electricity supply are not compromised. This
would include managing the operation and planning of these energy systems across multiple
pathways and/or geographical scales with the objective of achieving a lower-carbon, cost-
effective solution. Solar energy integration is quantified with a percentage of penetration
level defined as the ratio of solar PV rated power to the peak load apparent power of the
feeder or power network as in Eq. 2.1 [60]. There are however other definitions to the just
presented. PV penetration level can be also defined in terms of energy, as the average amount
of energy produced by solar PV divided by the total amount of energy needed over a period
of time, typically in an annual basis (see Eq. 2.2), or be defined as instantaneous penetration
given by the solar PV power output divided by the total power demand at any given time as
expressed in Eq. 2.3 [56]. These definitions leave ‘solar PV energy penetration’ as a diverse

6The SNSP is the ratio of non-synchronous renewable generation and high-voltage direct current (HVDC)
imports to the demand plus HVDC exports [58].
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Fig. 2.1 Share of renewable electricity in selected countries in 2010 and 2019. Source: Eurostat [55].

concept and the definition depends on the context. The definition in energy terms would be
often used for policy development, climate change impact assessment and transmission-scale
comparisons. The definition per capacity or instant power would be frequent for the daily
planning and operation activities of power systems. The difference is crucial since the daily
variability of solar resource makes metrics based on capacity about three to four times larger
than those based on energy [25]. In addition, it could be also possible to define solar PV
penetration as the ratio between the number of solar PV systems installed in the premises of
customers to the total number of customers in a geographical area, feeder or network.

Penetration level Capacity(%) =
Solar PV rated power
Peak apparent power

·100 (2.1)

Penetration level Energy(%) =
Solar PV produced energy

Total energy consumed
·100 (2.2)

Penetration level Power(%) =
Solar PV power out put

Total power demand
·100 (2.3)

The higher promotion and deployment of solar PV energy in the electricity network faces
a number of barriers based on: (i) technological/technical; (ii) policy; (iii) market and
economic; and (iv) regulatory, political and social aspects [30]. As earlier introduced in
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the aims and scope of this thesis, the focus is primarily on the technical aspects with the
consideration of the economics of energy storage systems in the second part of the thesis. The
characteristics of solar PV generation that represent technical challenges for its integration
in power systems are related to: (i) the variability of solar PV output from fluctuations in
solar resource as it is a non-dispatchable technology; (ii) the uncertainty due to the limited
predictability of solar resource (i.e. renewable forecasting); and (iii) the non-synchronic
behaviour of PV generation [56, 61, 62]. These challenges are analysed below in the context
of their impact on: (i) the planning; and (ii) operation of power systems; and (iii) electricity
markets.

2.2.1 Challenges in grid planning

Electrical infrastructure (e.g. power lines, electric substations, generation plants, etc.) are
designed and built based on long-term planning strategies in the range of 30-40 years. The
rapid changes observed in the electricity grids of many countries due to the emergence
and growth of solar PV systems and other renewable sources during the last decade have
required adapting and revamping the planning strategies traditionally in place. Most of this
transformation related to the deployment of distributed energy resources has had a behind-
the-meter purpose attending to electricity rates, subsidies and equipment available [63].

The large deployment of solar PV systems in the distribution network can lead to earlier
action for increased network reinforcement and earlier upgrade of electrical infrastructure
due to increased wear and tear of electrical equipment (e.g. tap-changing transformers or
relays) or require interventions in the configuration of electric protections [25]. Grid planning
has now evolved to increasingly include additional methodologies and techniques as part of
the design and expansion planning process of power systems. For example, the assessment
of worst-case scenarios, which are essential for the design of power networks, has changed
in active power networks [54]. If the maximum or peak system demand was traditionally the
defining scenario, scenarios such as, minimum load – maximum generation, are now equally
imperative. Renewable DG has also affected the way mid- and long-term energy forecasting
are performed as part of power system planning since it needs to account for their future
growth as part of green legislative frameworks.

For solar PV energy, power network planning has traditionally used a 15% capacity pene-
tration as a rule-of-thumb assumption of safe limit for PV deployment [25]. Progressively,
solar PV hosting capacity studies are increasingly required and replacing rules-of-thumb
methods. Hosting capacity is defined as the maximum level of installed PV that can be
connected without endangering the reliability and power quality of a power network [64].
The hosting capacity estimates the maximum amount of PV installed in a feeder in any
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locations that provokes the first violations of operational parameters of that network. In
power system planning, once the hosting capacity with low or without any costs is reached
on a distribution feeder, the costs of further integrating PV on that grid will increase [25].
Yet, the integration of these renewable resources has lacked strategies defining a value in
integrating DER into a long-term planning process [63]. Then, the following question arises:
should regulators, system operators and utility companies pre-plan for greater amounts of
solar PV? Or should they maintain the approach to mitigate the downsides of installing new
PV systems as these are progressively deployed?

When additional equipment is required as part of grid planning to integrate further
renewable energy and low-carbon technologies, the deployment of modern smart-grid tech-
nologies is a more cost-effective solution than deploying only equipment of conventional
technology [62]. Overall, the need for improved modelling tools to simplify distribution
system planning with solar PV analysis is still highlighted as one of the weakness of the
industry [60] and research is needed to improve integration strategies of high penetration
levels of distributed solar PV [25].

2.2.2 Challenges in grid operation

Operation-related issues of solar energy integration are closely linked to challenges present
in planning activities. The operation of tomorrow’s power systems highly depends on the
planning strategies of today. Thus, some of the factors mentioned as operation issues, may
well apply to planning issues to be considered in the long term. Challenges related to the
operation can occur all along the electricity supply chain, which includes generation and
power delivery, either in the transmission or distribution network.

PV power generation variability has a negative impact on the output of generation units
and power system operation [65]. This power variability remains of particular interest
for utility companies and system operators, since it may require additional equipment or
operation practices in order to prevent negative effects [66]. Among the variable renewable
energies (VRE), solar PV energy experiences higher intermittencies than any other, due to
irradiance variability and the size of their geographical distribution [51]. Minutely irradiance
can change by a factor of five due to clouds’ shading [67]. This arises one of the main
questions for the estimation of power output of fleets or populations of solar PV systems:
how can power output of solar PV systems spread in a geographical area be estimated
accounting for the spatial variability of their generation?

The answer to this depends on the scale of the geographical area and connects with solar
irradiance variability, which has been a key topic in the literature of solar energy systems in
the recent years. A number of models have been developed to estimate the variations of power
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output of large single sites or multiple sites scattered in an area of proximity. Addressing
the variability of single sites, Stein, Hansen and Reno [66] proposed the variability index
(VI), a simple index based on the length comparison between the measured irradiance and a
reference, clear-sky irradiance for a particular site. Lave, Reno and Broderick [68] proposed
another variability index based on the ramp rate of change of solar irradiance with which they
examined the impact of 1-second irradiance variability samples on the tap change operations
of a voltage regulator in the distribution network. Lave, Kleissl and Stein [69] and Lave and
Kleissl [70] developed the wavelet variability model (WVM) to simulate the power output of
a solar farm accounting for the spatial variability in the plant. The WVM uses several inputs
to compute the spatial aggregation time-series smoothing on the clear-sky index, these are:
a time-series of a single irradiance sensor; the geometry of the power plant; the density of
panels per surface unit; and a cloud speed estimate. The WVM has been very successful and
it has been implemented in commercial software applications.

With a focus on both large single sites and dense areas of small-scale PV systems,
Widén [53] presented a model to estimate the spatially integrated variability of solar irradiance
using the difference between the aggregated variance of the clear-sky index and a reference
location within an area considered. The model determines the smoothing effect on short-term,
solar irradiance variability for spatial scales up to 1 km and time-scales up to a few minutes.
Also, with an scope in large plans or multiple systems nearby, Elsinga and Van Sark [71]
proposed a model to estimate the correlation of fluctuations on PV power generation induced
by the clouds versus distance or time lag for several cloud types attending to their duration,
opacity, ramp smoothness, and temporal lag. Regarding multiple near PV sites, Hoff and
Perez [72] estimated that the maximum power output variability of number N of uncorrelated
sites with identical characteristics corresponded to the installed capacity divided by

√
2 ·N

when analysing hourly irradiance data in three regions of the United States.
When the scope is to assess the power output variability of multiple PV systems spread

in large geographical areas (in the range of tens of kilometres), the correlations over distance
are subject to further uncertainty due to changing weather patterns between locations. In
those cases, scale-up or up-scaling techniques are then utilised to estimate the aggregated
power output of solar PV. The scale-up methods (e.g., clustering) are strongly conditioned
by the data available and its characteristics, mainly in terms of resolution both temporal and
spatial. Big data approaches have been proposed (e.g. [73]), but a scarce number of methods
are available for application when large amounts of data with the required characteristics are
not accessible. Chapter 4 deepens into the literature of spatial clustering for PV systems in
large geographical areas.
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The variability of solar PV systems brings an additional uncertainty that adds up to the
already existing uncertainty related to the load demand. While the fluctuations of power
output in a large PV plant can be an issue for an electric network, models as the presented
above can provide a range of estimates. In addition, large PV plants are usually in continuous
interaction with system and market operators to whom they provide forecasts of electricity
production, which are usually delivered in a day-ahead and intra-daily basis7. This makes
large PV plants a more controllable element than small-scale PV fleets scattered in the
distribution network by thousands, which have no control capabilities by any system operator
at any level.

Small-scale, rooftop, solar PV systems present in the industry, commercial and residential
sector connected in the low and medium voltages of the distribution network are often
not controlled [61], that is, there is not any external control beyond the facility. Only
those generators under governmental schemes where credits or payments need to be carried
(e.g. feed-in tariff schemes) will formally exchange data with utility companies or distribution
network operators. Yet, this exchange of information is done a posteriori (e.g. monthly or
quarterly) and long after it can be of help for the operation of the power system. In other
words, system operators have limited knowledge and minimal control of the behaviour of
thousands of solar PV systems present at the end-customers’ locations.

Most of these small-scale PV systems are behind-the-meter installations, which act
as invisible solar sites from the perspective of the system operators. This has negative
implications in the electricity grid since high shares of small-scale PV systems can critically
alter the net load of a power system and affect the scheduled short-term operation [74]. At
an aggregated levels, the locally produced and consumed energy can distort the electric
load profiles provoking a mask of the demand. When high shares of solar PV are present
in the grid, the net demand could produce load profiles where conventional, dispatchable
generation could not reduce their output further (i.e., reaching their minimum generation
floor) to accommodate VRE and the supply of power could exceed the demand [61]. In those
occasions, disconnecting conventional generation units could endanger the stability of the
system and/or hinder the generation ramp rate available to deliver electricity in demand peaks
after the core of hours of the day. Since the system would not be able to lower the generation
to meet the net demand, over-generation is produced.

When over-generation occurs, the frequency of the system can fluctuate and the flexibility
measures need to be in place to maintain the system’s stability and reliability. Spring months
are when over-generation is more critical with typically high wind and solar production

7In the Single Electricity Market of Ireland, electricity generation forecasts are provided to system operators
and market operator day-ahead and they are updated every 3 hours the day of the delivery as established in the
Grid Code.
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coupled with lower electrical loads [75]. One of the consequences of the demand masking
of small-scale solar PV, which can lead to over-generation situations, is the so-called ‘duck
shape’ of the demand curve, where the net demand of the system resembles the silhouette of
a duck. The duck curve has been an issue looked after for years in certain areas of the world
like California (USA), where the flexibility of the system had to be enhanced to reduce the
constraints and accommodate further renewable generation [76]. In other places, like Hawaii,
the electricity demand variation has been reported so steep that other names like ‘Nessie
curve’ have been proposed [77]. Curtailment of solar PV is one of the solutions to reduce
the impact of the over-generation/duck-curve problem [52, 76]. When curtailment is not in
place, excess of the solar PV generation can produce, besides frequency fluctuations, reverse
power flows locally between consumers and even transfer power upward in the distribution
network to affect transformers in electrical substations. The intermittency of power output
and the reverse power flows can cause critical problems regarding voltage (i.e. under or
over-voltages), thermal overloads in the power lines and high energy losses [78].

Another key challenge of solar PV integration is the limited predictability of solar
resource. In relation to this, transmission system operators in Europe belonging to the
European Network of Transmission System Operators for Electricity (ENTSO-E) are required
to provide with generation forecasts for large-scale wind and solar energy generators as
established in their regulations:

‘The information [i.e., generation forecasts] shall be provided for all bidding
zones only in Member States with more than 1% feed-in of wind or solar power
generation per year or for bidding zones with more than 5% feed-in of wind
or solar power generation per year’ (ENTSO-E, Regulation Article 14.1.d and
14.2.d) [79]

In this context and based on the historic growth figures in the installed capacity of small-
scale solar PV generation in the recent years and their future estimations (see Fig. 1.7), it
would not seem odd to deem that transmission system operators would be required to provide
with small-scale solar (and wind) generation forecasts in the mid-term future (i.e. 6-10 years).
Again, as in the case of the spatial variability of solar PV, the need for improved modelling
techniques to address the aggregated power output of solar PV systems become important
and arouse research interest. Similarly, it is key to have availability of PV capacity and
generation data in temporal resolutions that can support the observability, monitoring and
state estimation of distribution power networks for daily and intra-daily operation purposes.
Solar PV capacity data may often be available at country/regional level and reported quarterly
or annually. While that granularity of data may serve policy or long-term planning activities
(e.g. by using typical annual capacity factors), the limited or inaccurate records of PV
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capacity and generation data would hinder the implementation of activities and studies
related to grid modernisation and decarbonisation.

Depending on the literature solar PV technology is considered to have zero [60] or
low [80] inertia. Regardless of the definition, this indicates that instant changes in incident
irradiance translate into instant or almost instant changes of power output, which affect
parameters of the electricity network, such as voltage and frequency. The variability of solar
irradiance at ground level can be propagated on the grid as flickers of voltage and frequency
originated by sags and dwells of power generation [81]. Sudden variations of voltage
and frequency can produce unintentional protection tripping [60] or islanding [82]. This
behaviour makes solar PV a non-dispatchable and non-synchronous generation technology.
Curtailment of renewable power is one of the options to keep low inertia systems stable [80].
Besides curtailment, reactive power management can help control the voltage profiles of
a network. In cloudy states and during cloud transients, the fluctuations of voltage can be
mitigated by injecting reactive energy [60]. State-of-the-art, advanced solar PV inverters
(a.k.a. smart inverters) can mitigate voltage fluctuations by shifting the phase angle of their
sinusoidal current output to absorb or inject reactive power [25]. In addition to voltage and
frequency variations, harmonic distortion is one of the power quality issues originated from
the power electronics of the solar inverters, particularly under part-load conditions [83].

2.2.3 Challenges in electricity markets

The integration of renewable energy and distributed generation has stimulated the transition
to a new era of electricity markets. With the uptake of renewable energy, the liberalised
markets of wholesale electricity had first to accommodate such electricity and now have
prioritised the integration of green energy and fostered new competition, market development
and efficiency of different industry structures [26].

It is in the wholesale electricity markets that supply and demand curves of electric energy
are matched for every trading period8. For a given trading period, the energy needs to be
dispatched in a controlled, scheduled manner by a mix of generators within a regulated
electricity market. Non-controlled, distributed solar, rooftop PV can produce demand
masking, as described in the previous section, and increase the complexity to determine
the net demand in the system. The intrinsic uncertainty in estimating the system’s demand
(i.e. load forecasting) is further hindered by the non-controlled, renewable, distributed

8The number of periods of trading vary depending on the electricity market. For example, the Irish Single
Electricity Market (SEM) and the British electricity market have 48 trading periods (i.e., every 30 minutes). In
contrast, other markets like the Iberian (Spain and Portugal) electricity market (MIBEL) has 24 trading periods
(i.e., every hour).
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generation with an unpredictable behaviour. Moreover, when the installed capacity of
small-scale solar systems could potentially generate an amount of energy exceeding that
of the minimum tradable energy in an electricity market, the dispatch of generators in
that market could be critically affected by mismatches between the forecasted demand and
the scheduled generation as conceptually illustrated by Fig. 2.2. In such cases, additional
resources (i.e. balancing mechanisms) are usually incorporated so that the power system
continues operating in a secure, reliable way. However, this comes at a higher cost and results
in a less efficient system.

Fig. 2.2 Representation of the potential distortion produced by uncontrolled, small-scale rooftop PV
in matching the supply-demand curves in a given trading period in an electricity market.

A solution to limit any negative effect of solar PV in the electricity markets is energy
curtailment. However, if the control of small-scale generators is limited or inexistent, it would
correspond to large solar plants to curtail their output, as these are controllable generation
units operating subject to the grid requirements. In that case, the power system would be
replacing large-scale solar plants by small-scale solar DG. Since the cost of the generated
energy is 2.5-5 times cheaper in large-scale solar plants [36], this brings a substitution effect
to the electricity market, which is economically counterproductive. In addition, a substitution
or curtailment of renewable energy generators by other synchronous, conventional generators
using fossil fuels would negatively affect the carbon emission levels of the energy mix.
As an alternative to curtail renewable energy from small-scale, rooftop PV appear smart
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inverters with the ability to control the output based on signals from system operators [25].
Nevertheless, the deployment of such solar inverters is today limited to research applications.

To this end, estimating the aggregated power output of fleets of small-scale solar DG is
not only relevant in the context of the operation of power systems, but also for electricity
markets. A new actor, so-called aggregator, has emerged during the last decade with the
focus on integrating decentralised DER in the electricity systems. An aggregator groups
different agents in a power system (i.e. consumers, producers or prosumers) to act as a
single entity when engaging with electricity markets, both wholesale and retail, or providing
services to the system operators [84]. An aggregator is defined as ‘a company who acts
as an intermediary between electricity end-users and DER owners and the power system
participants who wish to serve these end-users to exploit the services provided by these
DERs’ [84, 85]. The aggregators provide value to transition to near-future energy scenarios
and through capitalising on economies of scale and mitigate uncertainty [84]. The trading
process carried by aggregators relies on the efficient communication among all the agents
involved and forecasting data of electric demand, VRE generation, price, and flexibility [85].
Aggregators dealing with producers and prosumers (when generating electricity) can be
integrated in electricity markets with the so-called virtual power plants. A virtual power
plant (VPP) can be defined as a system clustering DG units, energy storage systems and
controllable loads to operate as a single entity in a coordinated manner without the need for a
physical connection by direct power lines [86]. The VPP concept emerged in the late 1990s
and it is increasingly considered as a viable solution to address grid issues and challenges
related to the integration of large shares of VRE [87]. In virtual power plants there can be bi-
directional communication between the VPP’s operator and the units (i.e. controllable loads,
DG and storage units) and the involvement in electricity markets can include day-ahead and
real-time electricity markets. VPP enables distributed generation to become involved in the
distribution, trading and management of energy and can benefit citizens’ energy communities.
Although VPPs increase the complexity of the power system, they have also been identified
as a solution to deal with solar PV generation variability due to the smoothness of the power
output as the geographical area expands [88].

The extensive implementation of aggregators and virtual power plants in the power sector
is currently restricted due to the present limitations of the sector, which include incomplete
information, imperfect coordination of responses among agents to economic or price signals,
and economically, irrational responses to prices [84]. These limitations can however disap-
pear in the future through advanced regulation and technological innovation, for example,
related to Information and Communication Technology (ICT) and Internet of Things (IoT).



2.3 Grid Flexibility to Sustain Solar Energy 30

Throughout this section, the challenges about the integration of solar PV in power systems
have been analysed with a focus on their planning and operation and electricity markets. The
challenges related to the variability and uncertainty of PV power generation converge for
the operation of power and electricity markets in the opportunities and need for additional
research to develop methods and techniques regarding the aggregation of power output from
multiple PV systems. This has been observed particularly challenging for small-scale systems,
which are out-of-sight for system and market operators. In addition, this type of methods
can also facilitate new business models for aggregators and the implementation of VPPs.
This thesis contributes in this regard by addressing the following research questions: how
to estimate the total power output of small-scale, solar photovoltaic installations scattered
across large territories when data availability can be limited? And could that estimation
of power output be monitored in a temporal resolution high enough to support planning,
operation and market activities?

2.3 Grid Flexibility to Sustain Solar Energy

The review of the impact factors of solar PV energy systems on power systems in the previous
section illustrates that the intermittency of solar energy resource leads to an increased
uncertainty in power systems. Understanding this as the inability to accurately predict the
power demand and/or generator output, which can be affected by either unpredictability
of the resource or unexpected power outages [89]. In this regard, the ability to adapt
the characteristics of power system to meet supply – demand imbalances is known as
‘flexibility’. Operational flexibility is an essential property of electric power systems to
mitigate disturbances in the power grids and its availability is a necessary requisite to
effectively integrate in the grid large shares of solar energy and other VRE, such as wind
energy [90]. Flexibility options, either elements or strategies, assist to find the balance
between incoming (i.e. generation) and outgoing (i.e. demand) energy in the power networks.
Flexibility in a power system can be assessed from characteristics such as, power ramp-rate,
power capacity, energy capacity, and ramp duration [90]. In scenarios of high PV presence,
without measures and strategies to enhance the flexibility of the grid, not all of the solar
electricity can serve demand. If PV energy is curtailed, i.e. reduced the output to maintain
the reliability of the power system, this can affect the economic competitiveness of solar PV,
leading to increase in costs and reduction of the benefits achieved [61]. This relates to the
substitution effect introduced earlier.

There are slightly different classifications in the literature for the elements or sources
of flexibility in power systems. Overall, there are two major categories of tools to increase
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flexibility: (i) resources to compensate demand and increase the instantaneous penetration;
and (ii) resources that improve the alignment of VRE supply and electric demand [61]. The
first reduces the system’s minimum generation level that can lead to problems, such as
over-generation. This category is also related to the operational mechanical inertia floor
of the power system [59]. The second approach consists of the shift of supply and/or
demand patterns to allow solar energy to meet parts of the load that would not normally be
provided during its normal operation during daylight hours. That is, shifting electric load
with responsive demand or shifting supply with energy storage [61]. The sources of flexibility
factors can be classified according to six primary elements of the electrical infrastructure:
(i) conventional power units; (ii) VRE (solar and wind) power units; (iii) electricity networks;
(iv) energy storage; (v) distributed energy resources; and (vi) demand-side response or
participation [90, 91].

Conventional and VRE power units can enhance the flexibility of the power system by
increasing or reducing, within their operational limits, the power output as for the needs
of the power system. One way to implement this is the spinning reserve in conventional
generators and curtailment of energy in renewable generators whenever output’s control
is unable. Flexibility in conventional plants can also come from the hybridisation with
battery energy storage [91]. An example in the Irish power system is Kilroot power station, a
conventional fossil fuel with 10 MW of battery storage installed in its facilities to provide
frequency regulation [57].

The operational flexibility in electricity networks comes through interconnection inside
and outside a particular power system. Tie-lines between power systems are related to
their transfer capacity values, which are subject to thermal, voltage and stability limits.
Interconnection between power systems in the form of tie-lines can be justified by renewable
energy integration, security of supply and socio-economic welfare [92].

Energy storage is a key element for flexibility of power systems as it offers a way to
flatten peaks and valleys of the demand, prevent disruptive electricity prices [13] and can
enable larger penetration of renewable energy [93]. It can increase the capacity of a power
system by acting both as a generator and as a load, limiting the need for additional tie-lines.
Energy storage technologies, such as pumped hydro or batteries, can also act as dispatchable
generators [90]. Storage units participating in electricity markets are becoming a cost-
competitive provider of flexibility services in several regions of the world, e.g. Australia, the
United States of America (USA), UK, and mainland Europe [91]. Energy storage systems
are further analysed in section 2.4.

Distributed generation with the ability for dispatchable generation (e.g. small-hydro or
diesel generators) can provide flexibility to deal with positive supply-demand imbalances.
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DG of VRE nature also serves to provide generation support. However, the uncertainty
associated to their variability remains a challenge. In this regard, the aggregation of VRE
generation is, again, highly relevant. Methods for quantifying the smoothing effect on
the aggregate power output of an arbitrary group of solar power generators are required
in the context of offering flexibility to power systems through renewable integration [53].
Distributed storage units have been also identified as an option to extend the flexibility at
distribution network level [13]. Similarly to distributed storage systems, solar PV coupled
with battery storage are an option of flexibility to smooth sudden fluctuations of PV power
output and store the locally produced energy for later use (e.g. at night) [13].

Finally, demand-side response or management is the change of the power consumption
of single or a group of customers to better match the supply and demand of power [94]. For
example, this can be implemented by shifting thermal loads in the residential sector [90] or
by setting dynamic time-of-use (ToU) tariffs [95]. However, dynamic pricing schemes are
not effective without utilising energy management systems and the presence of smart devices
(e.g. smart appliances), sensors (e.g. smart meters) and advanced communications [96].

2.4 Energy Storage Systems as a Flexibility Resource

Among the mechanisms and sources of flexibility in power systems described above, energy
storage systems (ESS) are considered one of the solutions to cope with the downsides and
increase the levels of renewable energy sources in the distribution networks [76, 97, 98]. In
power networks with high presence of VRE, ESS is crucial to enable energy shifting and
energy availability for times when renewable generation is not available [56]. These remarks
about the importance of ESS in facilitating the integration of increased renewable energy
capacity go beyond academic research studies and are also expressed by system operators.
For example, EirGrid consider energy storage as a needed resource to foster renewable
electricity in the Irish power system and estimated a requirement of 360 MW of storage to
operate securely at an SNSP of 75% [48, 57].

There are multiple ESS technologies with different ranges of rated power, energy capacity
and response times. The applications and services that each ESS technology can provide
depend on these characteristics. Overall, the main barrier for ESS deployment is capital
intensity [99]. Thus, ESS investment requires a trade-off among long-term investment cost,
short-term operational conditions and the economic benefits those resources can provide.
This involves simultaneously optimising their network location (i.e. siting) and operational
parameters (e.g. sizing) [100]. The siting and sizing of ESS is an optimisation problem
that generally covers economic aspects, power quality and stability, and energy losses [11].
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ESS siting and sizing methodologies have been a focus of literature reviews regarding the
optimisation methods used [101] and the benefits and services that ESS can provide to the
power system [102]. Nonetheless, the siting and sizing problem can be also analysed from
the design levels of the grid and the actor(s) of the electricity supply chain (i.e. generators,
system operators, utility companies, and consumers) benefited from the integration of ESS in
power networks.

This section begins with a presentation of the different ESS technologies playing a role
in power systems. Next, an analysis of the applications and services of ESS is presented
as made by over 1,300 operational, industry and test projects located worldwide. The
section concludes with a review of the siting and sizing literature from the perspective of
the actor of the electricity supply chain benefited from the ESS deployment, which sets a
different viewpoint from previous reviews in the literature (e.g. [101]). This section was
partly published in [103].

2.4.1 Energy storage systems in power systems

Power systems storage can utilise compressed air energy storage (CAES), pumped hydro-
electric storage (PHS), flywheels, electrochemical storage (i.e. batteries), superconducting
magnetic energy storage (SMES), and super-capacitors (SC) [104]. At grid scale, there
is a wide range of energy storage technologies that operate on a variety of time-scales,
ranging from seconds to hours. In the range of seconds and minutes, significant storage has
been installed worldwide to provide operating reserves, which respond to supply-demand
imbalances. At longer timescales, minutes to several hours, storage has been used to support
peak load capacity and shifting energy from off-peak to peak hours. In the range of even
more hours, ESS can provide daily shifting, for example to provide energy arbitrage between
prices of electricity in weekdays to weekends [93].

Energy storage technologies present wide ranges of power rating, energy capacities and
discharge durations; typical values are presented in Fig. 2.3 for different technologies. The
outstanding features of ESS include: (i) cost; (ii) life cycle; (iii) power density; (iv) energy
density; and (v) charge/discharge rate. Nevertheless, none of the energy storage technologies
possesses all these features on its own [105]. Focusing on battery technologies (i.e. lead acid,
lithium-ion or li-ion, vanadium redox flow batteries, and sodium sulphur), these have a wide
response times and high efficiencies [102], which are suitable features for a wide range of
applications in power systems. The applications of ESS are further described and analysed in
section 2.4.2.

The capital investment for ESS is generally very high but differs between technologies.
For example, the capital cost per discharge capacity ranges from 300-800 $/kW for lead
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Fig. 2.3 Comparison of rated power, energy capacity and discharge capability of ESS technologies.
Own elaboration from data in [105, 106].

acid batteries to 2,000-13,000 $/kW for SMES. Similarly, the cost per capacity ranges from
50-150 $/kWh for CAES to 1,000-10,000 $/kWh for SMES [102]. Lithium-ion battery
storage technology has attracted a notable interest due to falling prices during the last 10
years and projections of further price reductions as illustrated in Fig. 2.4, where the price of
lithium ion battery packs is estimated to be lower than 100 $/kWh by 2025.

2.4.2 Applications of energy storage systems

ESS have multiple applications in electric power systems. The literature divides these
applications in several categories. Castillo and Gayme [102] classify these applications or
services to the power system in two main categories: (i) power and (ii) energy-related services,
attending to the time-scale of interest. Ter-Gazarian [111] proposed another classification
based on static and dynamic technologies instead. Below, the applications of ESS are
described considering the definition of Castillo and Gayme.

Power services are those with a short duration, milliseconds to few minutes, and generally
related with power quality or ancillary services. Power services include: (i) transient stability;
(ii) regulation services; (iii) frequency regulation; (iv) spinning and non-spinning reserves;
(v) voltage control; (vi) ramping; and (vii) peak shaving [94, 102, 103]. Transient stability is
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Fig. 2.4 Historic evolution in the average price of lithium-ion battery packs and future projections to
2030. Source: own elaboration from data in Bloomberg New Energy Finance reports [107–110].

based on maintaining the inertia and synchronous operation when the grid is subject to rapid,
unforeseen disturbances. Regulation or balancing services look at correcting short-term
power imbalances that may affect the system’s stability and it is closely linked to frequency
regulation. Spinning reserve is the generation capacity of those units online but unloaded
that can respond within 10 minutes to compensate outages. In contrast, non-spinning reserve
is the generation capacity offline that can be available within 10 minutes; these units are
brought online after all spinning reserves are used. Voltage control consists of injecting
or absorbing reactive power in the network to maintain the voltage within statutory levels.
Ramping is the change in the loading level of a generator in a constant and controlled manner
over a fixed time. And peak shaving consists of reducing or eliminating peaks of demand [94,
102].

Energy services have a long duration, from many minutes (e.g. 30 minutes) to days
or even longer. To this group belong: (i) energy arbitrage; (ii) load following; (iii) firm
capacity; (iv) congestion relief; and (v) upgrade deferral. Energy arbitrage is conceived as
the use of power produced during off-peak hours to serve peak loads in order to provide load
levelling or load shifting. Load following is the adjustment of power output in response to
demand fluctuations in order to maintain the changing balance between the electric supply
and the end-user demand, it can last up to a few hours. Firm capacity services are those
related to meet the energy capacity at the peak power demand. Congestion relief refers to the
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reduction of the loading factor in the networks by increasing the available capacity. Upgrade
deferral refers to postponing the need to replace or to upgrade existing equipment in the
transmission and distribution network or also increase the service life of such equipment [94,
102]. Moreover, ESS applications in power systems potentially extend to back-up power,
black-start, uninterruptible power supply (UPS), standing reserve, and seasonal energy
storage [65].

ESS have grown to become mainstream in power systems and this can be confirmed by
the numerous projects that are planned and in operation worldwide in the recent years. An
analysis of over 1,600 projects available in the Global Energy Storage Database (GESDB)
by the Department of Energy of the USA [94] is presented below illustrating the main
trends in the technologies used, the applications and services provided and other technical
characteristics. A breakdown of the ESS technologies utilised in ESS projects under operation
(1,355 projects) is presented in Fig. 2.5, which shows how 93.4% of the energy storage
projects utilise electrochemical (i.e. battery energy storage), pumped hydro or thermal energy
storage. BESS represent the majority (54.2%) of the projects and a breakdown of the different
battery technologies illustrates how lithium-ion (li-ion) technology has a dominant presence
over technologies with 55.4% of the cases, whereas lead acid, sodium sulphur and flow
(redox) batteries, have a presence near to 10% each. Table 2.1 complements the data in
Fig. 2.5 with the number of projects and shares per ESS technology.

(a) ESS technologies share (b) BESS technologies share

Fig. 2.5 Breakdown of ESS technologies in the GESDB projects in operation.

The range of rated power of each technology in the operational projects of GESDB is
shown for the different ESS technologies in Fig. 2.6. It can be observed how the rated power
ranges offered by the literature (see Fig. 2.3) are similar to those of the industry and test
projects.
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Table 2.1 Breakdown of ESS technologies utilised in the industry projects worldwide. Source:
GESDB [94].

ESS technology Projects Share (%)

BESS 9 735 54.2
Pumped Hydro 10 325 24.0
Thermal 11 206 15.2
Flywheel 41 3.0
Capacitor 25 1.8
CAES 11 0.8
Hydrogen 9 0.7
Electro-mechanical 2 0.1
Liquid Air 1 0.1

The location of the systems in the power network (603 projects with available data)
shows that 58% of the energy storage systems are installed in the transmission system. The
remaining, installed in the distribution system, are 29% of them present in the secondary
distribution network level (e.g. 230 V, 400 V) and only 13% are installed in the primary
distribution level (e.g. 6 kV, 11 kV).

Each ESS can be designed to perform several services simultaneously. The most popular
service provided by ESS is energy arbitrage. When analysing the services per category:
power and energy services. The most adopted power services are frequency control (265
projects), voltage control (179 projects) and spinning reserve (146 projects). While the most
common energy services are energy arbitrage (1036 projects), electric supply firm capacity
(452 projects) and electric bills management (352 projects). A breakdown of the different
power and energy services provided in these projects is shown in Fig. 2.7.

When connected to the grid, many of those ESS projects were coupled with renewable
generation and conventional thermal units, back-up systems or electrical infrastructure. A
breakdown of these coupled technologies for the 215 projects with such data available is
shown in Fig. 2.8. Solar PV is the main generation resource to which ESS are coupled,
followed by wind power systems. It is worth noting that 20.9% of the projects utilise more
than one technology coupled with ESS besides renewable generators. These additional
technologies, denoted as ‘other’ in the figure are diverse, for instance, conventional thermal
units, EV chargers, diesel generators, or other renewable generators. There are cases (17.2%
of the projects) in which ESS are not coupled to renewable energy generators (PV, wind

9Includes all battery technologies.
10Includes open and closed-loop pumped hydro systems.
11Includes ice, chilled water, molten-salt, concrete and unspecified thermal storage projects.
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Fig. 2.6 Box plots of the rated power for operational projects in GESDB.
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(a) Energy services

(b) Power services

Fig. 2.7 Services provided by the ESS projects in the GESDB.
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or concentrated solar plants (CSP)), but coupled to power plants (i.e. coal, gas or nuclear),
electrical substations, EV chargers or diesel generators.

Fig. 2.8 Technology or nature of the resources paired with ESS in GESDB projects.

Overall, the analysis of the operational ESS projects services in the GESDB illustrates
predominant trends in industry and test sites worldwide. One of them is the strong presence
of BESS as for their suitability for smaller-scale systems. Similarly, solar PV installations
are the main technology coupled with ESS, which reinforces the points made in section 2.3
about ESS as a flexibility resource to deal with the intermittency of solar resource and with
the issues that may emerge from solar energy production as presented in section 2.2.

2.4.3 Siting and sizing of energy storage systems

As introduced earlier in this section, the siting and sizing of ESS needs to be a cost-effective
solution between capital investment and the revenue streams or savings derived from the
flexibility and services provided by the ESS, which are subject to particular characteristics
of the power network. The siting decisions include network constraints, which are sought
to be limited (e.g. voltage fluctuations) or reduced (e.g. energy power losses). The sizing
decisions generally focus on operational parameters that maximise DG integration, for
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example, to reduce or eliminate the curtailment of renewable energy generation and network
congestion. Both decisions are equally important. However, siting decisions entail a higher
calculation complexity as they incorporate network characteristics. Overall, the siting and
sizing optimisation problem relates to the optimisation methods selected and to the power
network characteristics considered. In this section, a review of the academic literature
addressing the siting and sizing problem of ESS is presented. The selected literature includes
journal and conference articles published since 2015 that propose a solution to this problem
with a focus on benefiting an actor or stakeholder involved in the electricity supply chain.

Optimisation methods

There are a number of optimisation methods utilised to solve the allocation and sizing of ESS.
The methodologies can be classified according to the nature of the mathematical algorithms
used in: (i) analytical methods; (ii) mathematical programming; (iii) heuristic methods; and
(iv) exhaustive search [101].

Analytical methods (AM) are usually used with predefined networks and operational
constraints, rather than specific network data. AM only solve for the optimal size of the
ESS to maximise RES production using a predefined location for ESS. These make use of
historical load demand and statistical data analysis, such as historic wind or solar generation
data. Generally, these methods are used to obtain benefits related to energy arbitrage and
particular power services, such as peak shaving. Examples are studies [112–115].

Mathematical programming methods can be subdivided into linear programming (LP),
which is the most extended due to the fact that many real-world phenomena can be approxi-
mated reasonably well with linear relationships. An example of LP optimisation is [116] and
of mixed integer linear programming (MILP) algorithm are [98, 117]. Second-order cone
programming (SOCP) is based in a linear function minimised over the intersection of an
affine set and the product of second-order (quadratic) cones. SOCP algorithms are non-linear
convex problems that include linear and convex quadratic programs as special cases. This
type of programming was used in [12]. Similarly, a mixed integer SOCP model was presented
in [100, 118]. Other approaches for linear and quadratic programming for siting and sizing
are interior point polynomial methods [97] and sequential quadratic programming (SQP) [11,
119].

Heuristic methods (HM) incorporate knowledge and experience about the specific prob-
lem in the algorithm. Practical heuristic (PH) approaches were used in [120, 121]. Genetic
Algorithm (GA) methods are adaptive heuristic search algorithms inspired by abstraction
from natural selection and genetics and were used in studies [99, 122–124]. A type of genetic
algorithm to solve one problem with two objectives is the non-dominated sorting genetic
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algorithm II (NSGA-II), which was used in [21, 125]. Additionally, authors in [22] combined
the genetic algorithm (NSGA-II) with particle swarm optimisation (PSO) and authors in
[126] used only PSO. Other types of HM include artificial bee colony and bat algorithm.
However, none of the literature reviewed implemented such methods.

Actors and stakeholders

ESS are capital intensive and their uptake is thus related to the profitability that these
systems can bring to the different stakeholders in the electrical energy supply chain. The
actors or stakeholders identified are: (i) generators; (ii) system and network operators,
both at transmission (i.e. TSO) and distribution level (i.e. DSO and DNO); (iii) utility
companies; (iv) consumers, including both community-scale and individual households; and
(v) electricity system market operators. These actors are dispersed along the electricity supply
chain involving different levels of the power networks. As a result, different approaches to
ESS siting and sizing can be adopted to target the interests and benefits that ESS can report
to each of these actors. The selected literature has been analysed from the perspective of
the different actors and/or stakeholders and the following power network levels have been
identified: (i) transmission network; (ii) distribution network; (iii) microgrid or lower-end of
distribution network; and (iv) market operation.

With regards to the ESS siting and sizing at the transmission network level, the stakehold-
ers or actors with the highest benefit can be generators and TSOs. These actors can benefit
from power-related services, such as transient stability, voltage and frequency regulation and
energy-related services, such as energy arbitrage. Some of the reviewed papers approach
ESS allocation from this perspective. For example, in [22], optimisation based on NSGA-II
and PSO was proposed to size and locate a BESS in a hybrid wind-diesel power system, by
minimising voltage fluctuations, transmission network costs and greenhouse gas emissions.
The authors in [98] simulated a 240-bus grid, where they managed to increase RES penetra-
tion and improve the operational profits and the rate of return ratio from ESS, while reducing
renewable energy curtailment on the network. However, characteristics of the energy storage
technologies (e.g. efficiencies, ageing rates or energy-to-power ratio) were not considered and
only energy arbitrage was analysed. This overlooks the potential of power-related services at
the transmission grid level. Other examples at the transmission network level include: study
[126], in which ESS size and location were optimised to voltage and thermal constraints;
reference [112], where wind penetration was maximised while reducing transmission network
losses; and study [120], where ESS is used for peak shaving and load levelling to integrate
more renewables and consequently, reduce fuel costs in generation.
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At the distribution level, distribution system operators (DSOs), utility companies and
customers are the actors who can benefit the most from the use of ESS. This level is the most
challenging as it includes the consumers, which represent the largest group of stakeholders.
ESS deployment can decrease power losses and enhance the maximum potential capacity
of DG or the number of electric vehicles charging stations in distribution feeders [12],
and reduce the load factors of low-voltage (LV) transformers in the feeders [117]. Hassan
and Dvorkin [100] demonstrated that ESS on distribution networks can benefit both the
transmission and distribution systems and how the size and location of ESS are sensitive to
the interaction between DSO and TSO (i.e. the transmission capacity limits or the DSO’s
ability to sell/purchase energy) and the location of renewable generators in the network.

Voltage control is one of the key challenges that variable renewable energy brings to
distribution networks. Authors in [99] proposed injections and absorptions of BESS real
power to mitigate the voltage fluctuations caused by distributed PV in the power network.
Multi-objective optimisation was proposed in [21] to minimise energy losses and total
investment in BESS and maintain the voltage within the statutory values; their results show a
reduction over 50% in the network losses. Similarly, study [119] optimised the operation of
BESS to minimise losses and control voltage with an additional consideration for the thermal
limits of power lines in the network.

Beyond the transmission and distribution network level, BESS has been used in micro-
grids to maintain frequency and voltage within the required limits [11] and in electricity
markets to provide profitable services in the regulation market with battery system couple
with super-capacitors [115]. From the consumers’ perspective, BESS can benefit commercial
and industrial consumers with a reduction in the costs of the energy demand using peak
shaving, e.g. over 4% [114].

With regard to the siting decision, a significant observation in the literature analysed is
that ESS location resulted in near buses, both in transmission and distribution networks, to
wind and solar generators. This outcome is more related to studies with power services than
energy services. Overall, the most cost-effective location for BESS may vary considering the
technical benefits or services provided by the storage [97].

Table 2.2 presents a summary of the reviewed literature about energy storage sizing and
siting in power networks in chronological order. The table indicates the ESS technology12,
the level of the network considered (transmission: T; distribution: D; micro-grid: MG;
regulation services market: RSM), the actor(s) of the energy supply chain benefited or
involved in each study, the type of mathematical optimisation algorithm used (analytical
method: AM; linear programming: LP; genetic algorithm: GA; particle swarm optimisation:

12The values with the acronym ‘ESS’ indicate that energy storage was generically considered.
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PSO; practical heuristic algorithm: PH; second-order cone programming: SOCP; interior
point algorithm: IP; sequential quadratic programming: SQP), and type of flexibility services
grouped in power (peak shaving: PS; frequency regulation: FR; voltage regulation: VR) and
energy services (energy arbitrage: EA; load shifting: LS; load levelling: LL; energy loss
reduction: LR; network upgrade deferral: UD; generation capability factor increase: GC).
The survey of literature illustrates how the distribution network (14 studies) and the figure of
the DSO/DNO (13 studies) are the most frequently analysed in the sizing, siting and control
of energy storage. This is followed by the transmission network level (6 studies) and the
TSO (5 studies), respectively. Concerning the technology of the energy storage, batteries
(18 studies) are the most frequent solution. Regarding the services, the most usual power
services is voltage regulation (11 studies), followed by peak shaving (7 studies) and the most
common energy-related services are energy loss reduction (6 studies) followed by energy
arbitrage and network update deferral (4 studies each). These applications from academic
literature can be compared with those industry applications analysed in section 2.4.2. The
industry applications were primarily located in the transmission network as opposed to the
academic literature. Regarding the services and applications, the most common services
in the academic literature are the second most common in the GESDB industrial projects
analysed, i.e. voltage control for power services and energy arbitrage for energy services.
Overall, the analyses in this section illustrate that battery storage is the main technology used
to integrate renewable energy and that the grid level and stakeholders strongly determine the
applications to perform by the ESS.
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2.5 Distributed Solar with Presence of Energy Storage

The distribution network is where solar PV is connected and where it represents the biggest
distributed generation technology [26]. For example, all the solar PV in Irish power system,
both in the Northern Ireland and the Republic of Ireland, is connected to the distribution
network. This includes both large-scale (i.e. utility) and small-scale PV generators [57],
where the latter primarily are rooftop solar systems installed in the premises of customers in
the residential, tertiary or industry sector.

Concurrently, energy storage permits a reduction of renewable energy curtailment and
helps operate stably low-inertia power systems, from microgrids to large systems, with high
shares of non-synchronous, VRE generation [80]. Within the storage technologies, electro-
chemical, battery storage is the technology with the highest applicability in distribution
networks due to: (i) the timescales required, from seconds to few hours; (ii) the range of
power; and (iii) the range of energy capacity available as described in section 2.4. Thus,
storage systems in the distribution networks can be connected to the grid at a larger scale or
to the consumer side. Each of these options is further analysed below.

2.5.1 Utility-scale energy storage

Utility or grid-scale energy storage refers to large storage units located in low- (LV) or
medium-voltage (MV) distribution network, typically downwards of the distribution trans-
former, serving to mitigate the constraints derived from distributed generation. Grid-scale
energy storage can help stabilise the power networks by reacting to grid demand with a range
of applications (as those introduced in section 2.4.2) in a centralised manner. Nevertheless,
the high cost of BESS drives the need for advance control aiming at enhancing the lifespan
(e.g., reduce the cost per storage cycle) and optimising the operation of the batteries [127]. A
cost-effective solution is also subject to the location and capacity (i.e., the siting and sizing
problem) of the storage technology as examined in section 2.4.3.

When compared to decentralised storage, centralised storage systems in the distribution
network can represent a more cost-effective solution for the planning of the distribution
system in the long-term [63]. In addition, it can serve to minimise losses, thermal loading
of power lines, voltage fluctuations and reliability for security of supply [123, 128]. The
substantial value and economic benefit that BESS can provide are however not recognised by
the current design standards in distribution systems [128]. Centralised, utility-scale storage
can lead to local reverse power flows from PV generation in buses of the network but it has
the capacity to absorb bi-directional power flows as observed in the aggregated net demand
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of the feeder or substation where it is connected [123]. Depending on the network, this could
cause violations of the operational limits of network parameters (e.g. voltage).

With regards to the trade-off between renewable energy curtailment and the use of energy
storage to compensate it, the results of several studies (e.g., [61, 129]) show how grid-scale
storage presents a negative relationship between the need for PV curtailment and the installed
energy storage capacity. Thus, the complete elimination of PV curtailment is not cost-
effective and it would involve an over-sizing of centralised BESS. Overall, utility companies
and system operators using grid-scale storage are in a more economically privileged position
as for the services these stakeholders can offer to the wholesale electricity market [129].
There is an extended literature about such potential services, many of which have already
been examined in the previous section (see Table 2.2, where all the studies with a focus on a
TSO or DSO perspective are examples of grid-scale energy storage).

2.5.2 Residential energy storage

In the residential sector, smaller energy storage units can be installed in the context of
individual (e.g. a detached house) or a group of customers (e.g. a building of flats) in
community energy storage (CES)13. CES are alternatives to battery storage at household
level in the context of net-zero energy districts and could decrease the levelised cost of
storage [130]. The primary approaches representing the value of behind-the-meter solar PV
systems coupled with battery storage systems are increasing self-consumption to obtain a
reduction in utility-bought energy, demand charges and the potential of a financial return
from providing grid services [131–133]. Thus, it can be understood the main applications of
residential energy storage are based on energy time-shift. Solar PV systems coupled with
storage are often refer to as solar-plus-storage systems.

The residential storage is an evolving market segment within the power sector [130],
which has been pushed forward by the electric vehicles’ industry [108]. There have been
substantial changes in the presence of residential storage over the last recent years. In the
USA in 2014, less than 0.1% of the PV installations were coupled with battery storage [25].
While 2020 showed that nearly 20% of the new PV systems were installed with batteries [134].
The main residential storage market is California, where 56.3 MWh were installed in Q1
2020 [134]. Germany is the European country with the highest number of residential PV-
plus-storage systems, where the market grows significantly year after year. In 2017, the
total number of installed systems were 96,210. And at the end of 2019, they accounted

13Although individual household storage is presented together with community energy storage, these can
be often found in the literature as separated streams of solar PV integration. Here, these are combined in an
attempt to separate them from grid-scale storage in terms of size and typical applications.
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for 206,210, which represents a growth by 114% [135]. Other main European markets for
residential storage are Italy, Spain, the UK, and France with positive expansion trends as
illustrated in Fig. 1.8. The deployment of solar-plus-storage systems in the residential sector
can be based on economic, psychological and ecological motives [130].

Turning now to the economic profitability of residential solar-plus-storage systems, the
levelised cost of electricity (LCOE) was estimated in the range of 160-267 $/MWh for
residential rooftop PV systems in the USA in 2018 [36]. In the same year, the levelised cost
of storage (LCOS) for residential PV-plus-storage systems using lithium technology was
estimated in the range between $476 and $735 per MWh [136]. Considering those numbers
in an European context, the average price for electricity in the second-half of 2018 was
0.2511 $/kWh (i.e., 251.1 $/MWh) in the European Union14 [137, 138]. Meaning, residential
solar-plus-storage energy was between 1.9 and 2.9 times more expensive than grid electricity.
That was not the case for rooftop solar PV only systems, which had already reached grid
parity in the same year, i.e. the tipping point where self-consumed energy is more profitable
than that offered by electricity utility companies.

The economic profitability of PV-plus-storage at consumer level can be analysed at
specific countries and regions with drastic solar resource differences under various policy
frameworks and scenarios. A study for Germany [139] showed profitability for solar-plus-
storage systems installed between 2013 and 2022 considering several electric tariffs, which
could be boosted by the participation of these prosumers in the wholesale electricity markets.
An evaluation of the situation for stand-alone solar and solar-plus-storage prosumers in
Portugal showed that solar PV systems in multiple array sizes are profitable for both single/flat
and dual-rate tariffs, while solar coupled with battery storage is not profitable [24]. Similarly,
in Italy, solar PV systems with battery storage were not found economically profitable without
subsidies [140]. In the Nordic countries, a CES system in Finland was found profitable
in a building of flats due to the benefit of using power from the PV and battery systems
simultaneously [133]. Building integrated solar PV, with and without energy storage, were
also found profitable in Norway with higher viability when algorithms of control and dynamic
energy tariffs were considered to minimise the annual electricity cost [141]. In the UK,
PV-plus-storage systems were found not profitable under flat-rate electricity prices with feed-
in-tariff (FiT) revenue, even before assessing electric battery degradation [132]. However,
the authors in [142], also for a study in the UK, showed how multi-tier electricity tariffs
could instead make profitable PV-plus-storage installations with FiT payments. Outside of
Europe, an evaluation in Australia [143] showed how grid-connected PV were economically

14This value was obtained multiplying the value of the kilowatt hour in Euros (i.e. EUR 0.2126) times the
US Dollar to Euro exchange rate of 1.1810 EUR/$.
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profitable with an array up to 5 kWp; however, PV coupled with battery storage resulted
in a negative net present value. An analysis in the 50 states of the USA [144], suggested
that PV-plus-storage systems were economically viable and had the ability to enhance the
self-consumption rate up to 17% compared to stand-alone PV systems.

Overall, the conclusions of several of the studies above (e.g. [52, 132, 142, 144]) are that
the economics of residential solar prosumers, with or without storage, are highly sensitive to
policy frameworks supporting these technologies. For example, financial incentive mecha-
nisms or promotion of time-varying electricity rates. Yet, the decrease of costs expected in
the battery technology in the following years will improve the profitability of PV-plus-storage
systems (see Fig. 2.4).

To this end, some governments have put in place specific financial support schemes to
accelerate the deployment of electricity storage systems in residential households. These
incentives can deliver lower LCOS and their availability has been identified as a critical factor
for the economic viability and deployment of solar-plus-storage solutions in the residential
sector [45]. A few examples of these policies and schemes are described below for countries
in Europe and the rest of the world. In the Republic of Ireland, there were grants for the
installation of battery energy storage when installing solar PV systems of over 2 kWp. These
grants were of C1,000 until January 2020 and C600 afterwards [145]. The German KfW
programme offered a 30% investment grant for the purchase of battery systems and ran until
the end of 2018 [146]. Outside Europe, an example is the solar investment tax credit in the
USA that allows to deduct a percentage of the cost of installing a solar energy system from
your federal taxes. The tax credit deduction set corresponds to 30% from 2016 to 2019, 26%
in 2020, 22% in 2021, and 10% for commercial and no federal credit for residential systems
in 2022 and onwards [45]. Regarding the tax credit reduction in the USA, it has shown
that plays a key role in the economics of solar PV-plus-battery systems [144]. Although
this policy was conceived for the promotion of solar energy, if energy storage is installed
at a solar or wind facility can be considered part of the facility and thus, be subject to this
policy [147]. In Australia, the executive authorities of the territories assist with different
subsidies. The government of the Australian Capital Territory promotes the programme
‘Next Generation Energy Storage’ since 2016 that is supporting up to 5,000 battery storage
systems in homes and businesses offering a rebate of $A825 per kilowatt peak installed
in sites up to 30 kWp [148]. In South Australia, the ‘Home Battery Scheme’ offers loans
between $A500-600 per kWh up to a maximum of $A3,000 [149].

The private economics of residential stand-alone solar and solar-plus-storage systems
are, logically, customer-centred, both at community and household level. Several studies
(e.g., [133, 139, 142]) have already shown the economic profitability nowadays. Moreover, for
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PV energy management (i.e., energy time-shift), residential PV-plus-storage are considered
more viable and attractive than centralised energy storage in Europe [129]. Nevertheless, the
economic profitability of PV-plus-storage systems does not necessarily imply a benefit for
the overall stability of the distribution power networks [139]. The characteristics of each
power systems need to be considered to sustainably integrate these renewable resources.
This is particularly important given the multiple control options that the battery systems can
have, and which respond to the needs of their owners. The variety of operational strategies
of electric storage systems hinders the predictability of the ‘new’ aggregated net demand
of PV-plus-storage systems and adds uncertainty to that already existing of stand-alone PV
generators. On the other hand, distributed PV systems coupled with battery storage are an
option to enhance the flexibility and enable higher shares of solar energy in power networks.
Moreover, the mass deployment of small-scale PV-plus-storage systems is anticipated as per
falling costs of battery technologies, governmental support and climate change awareness.
All this arises the following research questions: how will mass-deployment of PV-plus-storage
affect the aggregated electric demand? And could that interfere in other activities of power
systems?

2.6 Chapter Summary

This chapter has introduced the benefits of the integration of solar PV energy in electric
grids and the methods to quantify it. A review of the literature has illustrated the impli-
cations and challenges in diverse aspects and levels of electric power networks emerging
from the integration of this green technology. Overall, the circumstances and issues sur-
rounding solar PV integration expand across several dimensions: (i) a technical dimension
and (ii) an environmental-economic dimension. The technical dimension would refer to
purely technical or cost-effective technical solutions involving solar PV systems and their
technology. This would involve operation and planning issues and constraints (e.g. earlier
wear out of components, increased voltage fluctuations or bi-directional power flows). The
environmental-economic dimension would be related to market constraints (e.g. the substitu-
tion effect). The different mechanisms and sources that have the ability to provide flexibility
to power systems and mitigate the challenges of PV integration have been described (i.e. gen-
erators, electricity networks, ESS, DERs, and demand-side response). Among them, energy
storage systems have been further investigated regarding: their technology; applications from
academic research literature and existing operational projects; and considerations for siting
and sizing at different grid levels including an assessment of the stakeholder(s) benefited from
their deployment in power systems. Finally, energy storage systems to mitigate small-scale,
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distributed solar PV penetration were assessed when connected at utility or grid-scale (i.e.,
large-storage units) and connected to stand-alone or multiple PV systems (i.e., small-storage
units), which receive the name of solar-plus-storage systems. The latter included a review of
economic incentives in place in some countries to foster domestic PV penetration.

While several open questions have emerged throughout this chapter, the following re-
search questions condense and address the challenges derived from the integration of small-
scale solar PV, both stand-alone solar and solar-plus-storage, in power systems:

1. How to estimate the total power output of small-scale, solar photovoltaic installations
scattered across large territories when data availability can be limited?

2. Could that estimation of power output be monitored in a temporal resolution high
enough to support planning, operation and market activities in power systems?

3. How will the anticipated mass-deployment of small-scale, solar-plus-storage systems
affect the total electric demand patterns and other related activities of power systems?

The chapters to follow in this thesis aim to answer these research questions. The first
two questions refer to challenges that could have an applicability in power networks with
increasing solar PV presence as known today. These questions will be identified as RQ 1.A
and RQ 1.B throughout the thesis and are addressed in Chapter 4 and 5, which conform the
first part of this work, Part I — Solar PV integration in today’s power networks. The third
question, which will be identified as RQ 2, refers to a challenge that is anticipated for the
future and is addressed in Chapters 6 and 7, representing Part II — Solar PV integration in
tomorrow’s power networks.



Chapter 3

Principles and Modelling of Solar
Photovoltaic Energy

3.1 Introduction

This chapter reviews the theory about solar radiation, the photovoltaic technology and its
modelling. This content represents a background knowledge that will help understand and
follow the argument in the remaining chapters of this thesis. The chapter begins in section 3.2
by introducing principles related to the position and nature of the sunlight that reaches the top
of the atmosphere (i.e. extra-terrestrial solar radiation) and the ground level (i.e. terrestrial
solar radiation). This section also includes a survey of several key algorithms related to
photovoltaic modelling, such as clear-sky radiation models and solar radiation decomposition
and transposition models. The chapter then continues with section 3.3 covering the physical
conversion of sunlight to power, where the photovoltaic effect, as observed within a single
solar cell, is described together with other characteristics of the electric behaviour of PV
cells and a survey of PV physical performance models. The penultimate section (section 3.4)
presents a higher level overview of the elements and typologies of grid-connected PV
installations, including those connected with battery energy storage systems. Finally, the
several evaluation metrics utilised through the thesis are defined in section 3.5.

Some of the types of algorithms described and surveyed in this chapter (i.e. clear-sky
radiation, decomposition, transposition and PV performance models) are methods utilised in
the development of the models introduced in the chapters to follow.
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3.2 Sunlight

This section introduces the core concepts and theory related to solar physics including the
position of the sun, its irradiance before and after the attenuation in the atmosphere, the solar
radiation components, and the irradiance in tilted surfaces in relation to solar PV systems.

3.2.1 Solar position

The incident radiation from the sun to the Earth is known as solar radiation. The extra-
terrestrial radiation, usually expressed as irradiance (W/m2), is the intensity of the sun at the
top of the Earth’s atmosphere. It changes through the year based on the distance between
the Earth and the sun due to the elliptical orbit of the Earth. The sun and the Earth are at
an average distance of 149,597,870 km and the Earth’s ellipsoidal orbit has an eccentricity
of 0.0167 and it takes 365.256 days to complete this orbit. An example of the evolution of
the position of the sun in the sky at a fixed location (i.e. Belfast, UK) at the mean solar time
(i.e. 12:00h UTC), a.k.a. analemma, is illustrated in Fig. 3.1. The maximum and minimum of
the solar elevation happen during the summer and winter solstice, respectively, which are at
opposite dates for the Northern and Southern hemispheres. Besides the variation throughout
the year, the sun’s position changes within a daily basis. Also for Belfast, a complete sun
path diagram is shown in Fig. 3.2. It can be seen the wide range of solar elevations and
azimuth angles that we observed in the sun at different hours of the day through the year and
the daily path for the days of summer (21 June) and winter (21 December) solstices and the
vernal (spring) equinox (21 March).

The position of the sun is defined according to several celestial coordinate systems
(e.g. horizontal, equatorial, ecliptic, galactic, etc.). For most and solar energy applications the
horizontal coordinate system is used [28]. This reference system utilises the observer’s local
horizon at Earth’s location as a reference or centre point and it is defined by characteristic
locations: the altitude or solar elevation (α) is the angle measured between the horizon (α =

0◦) and the sun; the solar zenith angle (z) is then the distance from the zenith (z = 90◦−α);
the azimuth (A) is measured from the north clockwise in the plane of the horizon [150]. An
illustration of the horizontal coordinate system with the characteristic variables is shown in
Fig. 3.3.

3.2.2 Extra-terrestrial solar radiation

A body emits certain amount energy in the form of electromagnetic radiation when its
temperature is greater than absolute zero (0 K, -273.15◦C). The Stefan-Boltzmann law in
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Fig. 3.1 Analemma at 12:00h UTC in Belfast (54.583, -5.93), UK.

physics explains the relationship between the amount of radiation emitted and the body’s
temperature:

E = σT 4 (3.1)

where E represents the energy flux, σ denotes the Stefan-Boltzmann constant (5.67·10−8

W/m2K4) and T is the body’s temperature in Kelvin.
When an opaque body does not reflect any radiation and absorbs all light, it is called

a perfect absorber or blackbody. The spectral blackbody emissive power distribution was
found out by Max Planck [151] using quantum theory and it is known today as Planck’s law.
Although the sun is not a perfect blackbody, its emission spectrum behaves very nearly like
a blackbody at 5777 K [152] and therefore, emits radiant energy, which reaches the Earth
through the space.

Top of the atmosphere irradiance

The total solar irradiance (TSI), denoted by G0, incident at the top of the atmosphere is
affected by the solar activity and varies throughout the day and the year. The TSI is measured,
over all wavelengths, perpendicular to the direction of the incoming light and it is fully direct
beam radiation [153]. The mean average TSI at a distance of one astronomical unit (AU),
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Fig. 3.2 Sun path for Belfast (54.583, -5.93), UK.

which is the average distance between the sun and the Earth15, is referred to as solar constant
GSC and takes the value of 1,366.1 W·m−2. Later studies proposed new values of the solar
constant, such as 1,360.8 W·m−2 [154] and 1,361.1 W·m−2 [155]. A theoretical estimation
of the variation of the TSI throughout the year with the solar constant is illustrated in Fig. 3.4
and it is given by Eq. 3.2 using the solar constant, the zenith angle and the day of the year
(d) [156].

G0 = GSC (1+0.33 cos
360d
365

) cosz (3.2)

Irradiance spectrum of the sun

The TSI is emitted in a wavelength spectrum expanding from 100 nm to 1 mm. The range
between 100 nm and 3,000 nm is known as the incident downward short-wave surface
radiation (DSSR), surface solar irradiance (SSI) or insolation; and above 3,000 nm is con-
sidered long-wave radiation. The DSSR includes the ultra-violet, visible and the near and
short-wavelength infra-red spectra [152].

The extra-terrestrial spectrum irradiance is generally referred to as AM0 spectrum, where
AM denotes air mass and the ‘0’ (zero) representing the extra-terrestrial conditions, without
atmosphere. There exist a number of models allowing the estimation of the solar AM0

151 AU equals approximately 149,597,870.7 km
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(a)
(b)

Fig. 3.3 Horizontal coordinate system: (a) Solar azimuth angle A and (b) solar elevation α and zenith
angle z.

spectra, which have found application in the aerospace, satellite and solar energy industries
over the years. For example, standardised models for the extra-terrestrial solar irradiance
spectrum are the Wehrli Standard Extra-terrestrial Solar Irradiance Spectrum from 1985 or
the American Society for Testing and Materials (ASTM), ASTM standard extra-terrestrial
spectrum reference E-490 from 2000 [157]; non-standardised models include the Simple
Model of the Atmospheric Radiative Transfer of Sunshine (SMARTS) [158, 159]. The
irradiance spectrum at AM0 is presented in Fig. 3.5, where the blackbody behaviour of the
sun is shown according to Planck’s law.

3.2.3 Terrestrial solar radiation

The solar radiant energy that reaches the top of the atmosphere experiences an attenuation
as it passes through it. This subsection describes the changes in the radiation until reaching
ground level, a.k.a. terrestrial solar radiation, as for the encounter of gases, aerosols and
clouds.

Atmospheric attenuation of solar radiation

The solar radiation that reaches the Earth’s surface depends on the clearness of the atmosphere.
Aerosols play an important role in the clearness of the atmosphere and the available solar
radiation at ground level. Aerosols are particles of minute size suspended in the atmosphere,
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Fig. 3.4 Estimation of the evolution throughout the year of total extra-terrestrial solar irradiance and
the solar constant.

which when sufficiently large can absorb and scatter sunlight. The aerosols are measured
by the Aerosol Optical Depth (AOD) at particular wavelengths, a highly clean atmosphere
would correspond to a value of 0.01, while a value of 0.40 would correspond to a very
hazy condition [160]. The origin of aerosols is either nature-made (e.g. desert dust) or
human-made (e.g. pollution). The presence of aerosols can significantly reduce the irradiance
at ground level. While that can sometimes have no impact in the annual solar PV production,
there is usually a lower yearly solar generation that can range from 8% [161] to 20% [162].
Over the total life span of a solar PV system, the effect of aerosols can translate in an energy
loss up to 2,000 kWh/kWp [162].

The clearness index, kt , is the fraction of the solar extra-terrestrial radiation that is
transmitted through the atmosphere to strike the surface of the Earth (see Eq. 3.3). It is a
dimensionless number between zero and one.

kt =
Gsur f ace

Gextraterrestrial
(3.3)

While aerosols, together with ozone and water vapour in the atmosphere are the most
affecting variables to solar radiation under sunny (clear-sky) conditions, clouds are the
primary factor affecting the variability of solar radiation at the Earth’s surface level [163].

Clouds are diverse, the main types are illustrated in Fig. 3.6. In general, these are classified
by their location in the atmosphere, although there exist sub-classifications attending to their
height shape, colour and associated weather. Low clouds extend up to 2.5 km from the
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Fig. 3.5 Zero airmass (AM0) solar spectrum with the SMARTS models and blackbody responses to
selected temperatures.

ground level, middle clouds are in the range from 2.5 to 6 km and above 6 km, these are
considered high clouds [164]. Low clouds (e.g. cumulus) are generally warmer and thicker,
and reflect short-wave incoming radiation back to space. High clouds (e.g. cirrus) absorb
infra-red long-wave radiation emitted by the Earth and emit it to space.

The clear-sky radiation Gcs and the radiation at the Earth’s surface are related by the
clear-sky index, kc. This index is the ratio of the global horizontal irradiance at ground level
to the global horizontal irradiance under clear-sky conditions. The solar radiation at ground
level without the influence of clouds can be estimated for a particular location in Earth by
assuming characteristics of components in the atmosphere, the algorithms estimating the
solar irradiance under cloudless conditions are covered in the following subsection.

kc =
Gsur f ace

Gcs
(3.4)

Cloud cover is measured in oktas (i.e. eighths), tenths or percentage. A relationship between
the cloud cover and clear-sky index was proposed by Kasten and Czeplak [165] for solar
elevation angles above 5◦:
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Fig. 3.6 Main clouds types and classification by height. Source: Australian Bureau of Meteorol-
ogy [164].

kc = 1−0.75(N/8)3.4 (3.5)

where N is the cloud cover expressed in oktas. Based on Eq. 3.5, the theoretical clear-sky
index for each value that N can take may be calculated. These theoretical values are presented
in Table 3.1.

Table 3.1 Theoretical clear-sky index values based on cloud cover (CC) according to the Kasten and
Czeplak model [165].

CC kc CC kc CC kc

0 1.0 3 0.6406 6 0.3956
1 0.8423 4 0.5541 7 0.3215
2 0.7348 5 0.4728 8 0.25

The spectral irradiance changes in a daily and seasonal basis, an example of an intra-day
spectral irradiance distribution is shown in Fig. 3.7 for a day with a sunny morning and a
cloudy afternoon. It can be observed the large difference between the 15h and 16h readings
with the rest. As a result, standardised solar spectrums at ground level are utilised in solar
simulators for the evaluation of the performance of solar cells, such as the ASTM G-173-
03 [29]. Similarly to the extra-terrestrial spectra (i.e. AM0), terrestrial solar irradiance spectra
are referred to as per their air mass. AM1, unity air mass, corresponds to the attenuation of
the atmosphere as measured perpendicular to the Earth’s surface. AM1.5, which is used as
standardised reference, corresponds to an air mass of 1.5 times the atmosphere and represents
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the sunlight passing through the atmosphere with an angle corresponding to 37◦ [153]. An
example of the standardised spectra AM0 and AM1.5 with global, direct normal and diffuse
components is presented in Fig. 3.8.

Fig. 3.7 Spectral solar irradiance distribution at ground level on 24 November 1987 in San Ramon,
California (USA). Time expressed in Pacific Daylight Time. Data source: NREL, USA [166].

Components of radiation

The terrestrial solar radiation can be separated into three main components attending to how
it reaches the ground level. The main components of irradiance are: (i) global horizontal
irradiance (GHI, denoted as Gh); (ii) direct normal or beam irradiance (DNI, denoted by
Gbeam); and (iii) diffuse horizontal irradiance (DHI, denoted by Gdi f f ). GHI corresponds to
the total solar irradiance reaching the ground level in an horizontal place; DNI refers to the
direct beam of sunlight after passing the atmosphere; and DHI represents to the radiation
reaching the ground after its absorption and reflection by the clouds, particles and molecules
in the atmosphere. These components are related as per the following equation:

Gh = Gbeam · cos(z)+Gdi f f (3.6)
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Fig. 3.8 Reference spectral irradiance AM1.5 used in solar PV performance testing.

The most widely available measurements of solar radiation data are global irradiance on a
horizontal surface (i.e. GHI) from where the direct and diffuse components can be estimated
using correlations; the algorithms analysing such correlation are the solar decomposition
models, which are presented in section 3.2.5.

3.2.4 Clear-sky radiation models

Clear-sky irradiance, Gcs, refers to the theoretical GHI at a given location and time with a
cloudless sky. The mathematical algorithms, a.k.a. clear-sky radiation models, are modelling
the properties and behaviour of the aerosols, water vapour and gases in the atmosphere
carrying out radiative transfer calculation to obtain this theoretical GHI [167]. The clear-sky
irradiance models used in this thesis were partly implemented using the Python library
pvlib [168]. There are multiple models which vary in the number of input variables and
complexity.

Very simple clear-sky radiation models are considered those based on geometric calcula-
tions. For instance, the model developed by Kasten and Czeplak [165], which is a simple
model using only the solar zenith angle and where GHI is defined as per Eq. 3.7:



3.2 Sunlight 62

Gcs = 910 · cos(z)−30 (3.7)

Also the model proposed by Robledo and Soler [169], defined by Eq. 3.8, falls within
this category.

Gcs = 1159.24 · (cosz)1.179 · exp(−0.0019 · (90− z)) (3.8)

Simple models are considered those that, besides the solar zenith angle, integrate some
basic atmospheric parameters (e.g. air temperature, atmospheric pressure, aerosol content,
etc.). In this category belongs, for example, the model proposed by Ineichen and Perez [170]
defined by Eq. 3.9 to Eq. 3.11.

Gcs = cg1 ·G0 · cos(z) · exp(−cg2 ·AM · ( fh1 + fh2(T L−1))) · exp(0.01 ·AM1.8) (3.9)

where AM is the air mass (AM = 1/cosz), T L represents the Linke Turbidity, h the elevation
or altitude, cg1 and cg2 are defined by Eq. 3.10 and fh1 and fh2 are given by Eq. 3.11.

cg1 = 5.09e−5 ·h+0.868 and cg2 = 3.92e−5 ·h+0.0387 (3.10)

fh1 = exp(−h/8000) and fh2 = exp(−h/1250) (3.11)

Complex models consider various measurable atmospheric parameters like ozone, aerosols,
and perceptible water. In this category are the simplified Solis model [171] and the Bird
model [172]. The simplified Solis model, which is based on the Lambert–Beer relation, is
defined as per Eq. 3.12:

Gcs = G0 · exp(− τ

sing z
) · sinz (3.12)

where τ is the total atmospheric optical depth, and g are fitting parameters obtained from
radiative transfer model calculations depending on precipitable water (w) and AOD at 700
nm:

g =−0.0147 · log(w)−0.3079 ·AOD2
700 +0.2846 ·AOD700 +0.3798 (3.13)

The Bird model is a more complex model using the AOD wavelengths at 380 and 500 nm,
precipitable water, and atmospheric ozone, among other variables. There are other clear-sky
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radiation models in the literature, such as the ESRA model [173], the Perez model [174], the
REST2 model [175], or the McClear model [176] and comparative assessments can be found
in the literature [177–179].

3.2.5 Decomposition models

Solar decomposition models are the mathematical algorithms that aim at disaggregating the
GHI into its diffuse and direct components. There are various models in the literature that
permit the estimation of the diffuse fraction kd , ratio of the diffuse to global solar radiation,
from correlation with the clearness index and other atmospheric variables, such as solar
elevation, air temperature or relative humidity [156]. Examples of these models are: (i) the
work by Liu and Jordan [180], which was the pioneering work in this area in 1960; (ii) the
model proposed by Erbs et al. [181]; (iii) the method developed by Reindl et al. [182]; and
(iv) the work by Lam and Li [183].

The Liu and Jordan model [180] uses the atmospheric transmittance τ , the optical air
mass, the extra-terrestrial irradiance G0, and the solar zenith angle to obtain the diffuse
horizontal irradiance as by the following equation:

Gdi f f = 0.3 · (1− τ
AM) ·G0 · cosz (3.14)

The Erbs model [181] applies an empirical relationship based on a piecewise segmented
function between the clearness index (kt) and the diffuse fraction as defined by Eq. 3.15.

kd(kt) =


kt ≤ 0.22 kd = 1−0.09kt

0.22 < kt ≤ 0.8 kd = 0.9511−0.1604kt +4.388k2
t −16.638k3

t +12.336k4
t

kt > 0.8 kd = 0.165,

(3.15)

where the DHI is estimated with kd and DNI can then be calculated using Eq. 3.6.
The Reindl model [182], Eq. 3.16, proposes that the diffuse fraction is also a piecewise

segmented function but it considers additional atmospheric variables: the clearness index
(kt), the solar elevation (α), the air temperature (Ta), and the relative humidity (RH).

kd(kt) =


0 ≤ kt ≤ 0.3 kd = 1.0−0.232kt +0.0239sinα −0.000682Ta +0.019RH

0.3 < kt ≤ 0.78 kd = 1.329−1.716kt +0.267sinα −0.00357Ta +0.106RH

kt > 0.78 kd = 0.426kt +0.256sinα −0.00349Ta +0.0734RH

(3.16)
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The Lam and Li model [183] presents a simpler relationship between diffused fraction
and the clearness index, given by:

kd(kt) =


kt ≤ 0.15 kd = 0.977

0.15 < kt ≤ 0.7 kd = 1.237−1.361kt

kt > 0.8 kd = 0.273

(3.17)

3.2.6 Transposition models

Solar PV systems are generally installed at a tilted angle β so that the incident irradiance
in the panel can be closer to a perpendicular position from the sun at solar noon. The solar
irradiance at a tilted surface receives the name of plane-of-array (POA) irradiance and it is
defined as follows:

GPOA = Gbeam,t +Gd,sky +Gd,gnd (3.18)

where Gbeam,t is the direct beam irradiance at a designated tilt angle, Gd,sky is the diffuse
irradiance from the sky at a designated tilt angle and Gd,gnd is the ground diffuse irradiance
at a designated plane-of-array. Graphically, the solar radiation components in a tilted surface
are illustrated in Fig. 3.9 including the solar angle of incidence θ and the tilt angle β .

Fig. 3.9 Solar radiation components in a tilted surface.

The diffuse component irradiance from the sky can be separated into isotropic Gd,iso,
circumsolar Gd,cs and horizon brightening Gd,hb components (see Eq. 3.19). The ground
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diffuse irradiance is estimated using Eq. 3.20, which depends on the ground albedo ρ , β , and
GHI [184].

Gd,sky = Gd,iso +Gd,cs +Gd,hb (3.19)

Gd,gnd = Gh ·ρ
1− cosβ

2
(3.20)

The mathematical algorithms used to obtain the components of the POA irradiance are the
so-called solar radiation transposition models, which are used to change the relative position
of the irradiance from a designated azimuth A and tilt β angles to another. Transposition
models, together with the decomposition models, are essential to obtain the irradiance on a
tilted or inclined surface. The procedure to obtain the complementation of both decomposition
and transposition models to obtain GPOA is illustrated in Fig. 3.10.

Fig. 3.10 Role of decomposition and transposition models into the estimation of the plane-of-array
irradiance depending on the available data.

The transposition models can be classified into isotropic and anisotropic. Isotropic models
are those considering the diffuse irradiance to be distributed in a uniform way over the sky
dome and do not include the circumsolar and horizon brightening components. In these
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models, the diffuse irradiance is scaled from the GHI by a factor depending on β accounting
for the portion of the sky dome visible from that tilted plane [185]. Example of isotropic sky
models are the Hottel and Woertz’s model [186] as defined in [184] or the Liu and Jordan
model [180].

Gd,iso = Gdi f f
1+ cosβ

2
(3.21)

Nevertheless, the diffuse irradiance is rarely isotropic due to cloud cover mainly; there
will be parts of the sky brighter than others (e.g. around the sun’s location or during the
sunrise and sunset). The anisotropic models use additional variables to estimate these brighter
areas of the sky around the sun (i.e. circumsolar) and the horizon brightening. Anisotropic
methods include the Klucher model [187], Hay and Davies [188], and Reindl et al. [189].

Klucher [187] (Eq. 3.22 and Eq. 3.23) proposed the estimation of the sky diffuse irradiance
with a model whose the first two terms are similar to the Hottel and Woertz’s model, the third
term includes, among other, the angle-of-incidence (AOI) with respect to the panel normal
denoted with the Greek symbol θ :

Gd,sky = Gdi f f
1+ cosβ

2
(1+F ′ sin3(β/2))(1+F ′ cos2

θ sin3 z) (3.22)

F ′ = 1− (Gdi f f /Gh) (3.23)

The Hay and Davies’s transposition model [188] determines the diffuse irradiance from
the sky on a tilted surface using DHI, DNI, extra-terrestrial irradiance, solar azimuth angle,
solar zenith angle, surface tilt angle, and surface azimuth angle.

Gd,sky = Gdi f f (A ·Rb +(1−A)(
1+ cosβ

2
)) (3.24)

where A is the anisotropy index defined as ratio of the beam irradiance to the beam extra-
terrestrial irradiance and Rb is the ratio of beam or direct irradiance on the tilted surface to
that on horizontal. Reindl et al. [189] proposed a method based on the Hay and Davies model
with additional consideration of the beam irradiance and the global horizontal irradiance:

Gd,sky = Gdi f f (A ·Rb +(1−A)(
1+ cosβ

2
))(1+

√
Gbeam

Gh
sin3(β/2))) (3.25)

When only GHI measurements are available, the selection of combination of decomposition
and transposition models is important, since the output of the first becomes the input of the
second as shown in Fig. 3.10. The models Erbs and Hay and Davies have shown higher
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accuracy and less bias than other combinations of models. Comparison details can be found
in the literature [190, 191]. When, instead, POA irradiance measurements are available, there
are transposition models that use the POA irradiance as an input to calculate the global, direct
and diffuse components of irradiance, such as the GTI-DIRINT model [192].

Tilted surfaces are characterised by the azimuth angle A and inclination or tilt angle β

of the surface of the solar PV panels. The optimal tilt angle of solar arrays should consider
the height of the modules and the spacing between rows of modules [193]. An industry rule
of thumb for the tilt angle is subtracting 15◦ from the latitude coordinate [194]. However,
typical average values for PV systems in the UK are an azimuth angle of 178.93◦ and a tilt
angle of 31.8◦, which are values derived from a metadata analysis from a large number of
small-scale sites in the region developed by Killinger et al. [195]. For the case of the city of
Belfast, with a latitude of 54.58◦ and following the conventional industry rule-of-thumb the
result would be an orientation around 39.6◦. In small-scale rooftop PV installations, the tilt
and the azimuth will depend on architectural features of the building where installed, such as
the orientation, angle and available surface of the roof. Therefore, the resulting azimuth angle
and tilt angle can necessarily be different to the optimal for that PV system. Nevertheless,
it is for new developments and large restoration projects that architectural and engineering
design to integrate renewable energy generation and energy efficiency can be planned for the
optimal yield of the solar systems.

3.3 Sunlight to Electric Power: the Conversion in Photo-
voltaic Systems

3.3.1 The photovoltaic effect

Solar cells are the most elementary photovoltaic element and a solar module is formed by a
group of interconnected solar cells environmentally protected [196]. The majority of solar
cells to date are made of semiconductors, mainly silicon; although other semiconductors
include germanium, gallium arsenide and cadmium telluride. Semiconductor materials
conduct electricity when there is sufficient energy in a photon of light to raise an electron
from the valence band to the conduction band. This amount of energy required to change the
band is called the band gap, which depends on the material and it takes the value of 0.67 eV
in germanium, 1.11 eV in silicon, 1.43 eV in gallium arsenide, and 1.49 eV in cadmium
telluride [29]. When a photon of energy greater than the band gap is absorbed, the energy
retained by the electron raised from the valence band to the conduction band is that of the
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band gap and the excess of energy is dissipated as heat. In this process, the electron takes
one negative charge away and leaves the atom with a positive charge known as a hole [153].

In pure silicon, which belongs to the group IV of the periodic table of elements, a photon
of light with energy greater than the band gap would just fall back into the hole and its
energy would be dissipated as heat. The separation of the electrons from the holes and the
production of an electric current is obtained through doping the material by introducing
other elements [153]. If elements from the group III of the periodic table (with three valence
electrons) are introduced, this produces a neutral charge (number of electrons and protons are
equal) and a lack of an electron. The resulting doped material is called p-type semiconductor
or acceptor, which can accommodate electrons as it presents lack of them. In the contrary,
if elements from the group V of the periodic table (with five valence electrons) are added,
this produces an extra electron not engaged in a covalent bond. The resulting doped material
is called n-type semiconductor or donor, and has excess electrons, which are available for
conduction. The interface where these two types of semiconductors come together receives
the name of p-n junction, which separates the electrons and holes to generate external electric
current [28, 29, 153].

In a typical solar silicon cell, the base is p-type silicon, lightly doped with boron and
the n-type silicon is highly doped with phosphorous. When a photon of light enters the cell
and this is absorbed by a valence electron of an atom, the electron’s energy is increased
by the energy of the photon. If this energy is higher than its band gap, it will cross to the
conduction band. The electron can be removed by an electric field across the front and back
of the photovoltaic material through the p-n junction, flowing and creating an electric current.
The process in which voltage or electric current is generated in a photovoltaic cell due to
sunlight exposure is the photovoltaic effect [28, 29]. If the photon’s energy is smaller than
that of the band gap energy, the electron will remain in the valence band and the excess of
energy is converted into kinetic energy of the electrons and, consequently, an increase of
temperature. Regardless of the energy level of the photon compared to the band gap energy
of the semiconductor material, only a single electron can be freed. This is the reason for the
low efficiency of the PV cells [28].

3.3.2 Electric characteristics of solar cells

An ideal solar cell can be represented by a current source connected in parallel with a
rectifying diode as shown in the equivalent electric circuit of Fig. 3.11. In this equivalent
circuit, the p-n junction is modelled as a current source with magnitude IL depending on
the photon flux. The recombination of electrons and holes within the cell is modelled as a
current ID flowing through a diode and it does not contribute to the output current of the cell.
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The series resistance Rseries represents the electrons’ travel through the n-type layer to get to
a surface electrode. The shunt resistor Rshunt represents the internal shorting within the cell
and it typically is in the range of MΩ · cm2 as lower values would cause power losses in the
cells [153].

Fig. 3.11 Single-diode equivalent circuit of a solar cell.

The current I of the solar cell is then defined by Eq. 3.26 and the open circuit voltage is
given by Eq. 3.27 [29].

I = IL − ID(e
qV

kBT −1) (3.26)

where the kB is the Boltzmann constant (1.381·10−23 J/K), T is the absolute temperature, q is
the electron charge (1.602·10−19 C), and V is the voltage at the terminals of the cell. A solar
cell no-light conditions behaves like a diode, therefore ID corresponds to the diode saturation
current.

VOC =
kBT

q
ln(1+

IL

ID
) (3.27)

The output power of the solar cell is then given by the product of voltage and current
P= I ·V and results in the I-V characteristic curve shown in Fig. 3.12, where the characteristic
variables defining a solar cell are illustrated: short-circuit current ISC, open-circuit voltage
VOC, and the points of maximum power, current IMPP, voltage VMPP and power PMPP.

3.3.3 Photovoltaic technologies

Solar PV technologies are generally classified from two perspectives according to: (i) the
generation of the solar cell technology or (ii) the absorber material.
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Fig. 3.12 Characteristic I-V and P-V curves of a solar cell. Source: Own elaboration using data from
CEC module database (module SPR-335NX-BLK-D) from the System Advisor Model tool [197].

The generation-based classification presents four generations: the first generation (1GEN)
refers to semiconductor materials based on thick crystalline films from silicon, both mono-
crystalline (m-Si) and poly-crystalline (p-Si), and gallium arsenide (GaAs). These technolo-
gies are the oldest, have relatively moderate efficiencies and present low/medium costs to
manufacture. The second generation (2GEN) is primarily focused on thin-film technology
with an aim to reduce the costs compared to 1GEN by using lower amount of material and of
poorer quality, what leads to more defects and lower performances. In this group belong the
amorphous silicon (a-Si) and microcrystalline silicon (µc-Si) , cadmium telluride (CdTe) and
copper indium gallium selenide (CIGS) solar cells. The third generation (3GEN) solar cells
use new materials trying to overcome the radiative efficiency limit or Shockley-Queisser
limit of single band gap solar cells. They have higher efficiency ranges and use non-toxic
and very abundant materials. Technologies in these group are dye-sensitised solar cells
(DSSC), organic and polymeric solar cells, perovskite, cells, quantum dot (QD) cells, and
multi-junction cells. The fourth generation (4GEN) combines the lower cost and flexibility
of polymer thin films with the stability of novel inorganic nanostructures using organic-based
nanomaterials (e.g. graphene and carbon nanotubes) and currently under research and de-
velopment stage [29, 198]. Typical efficiencies of solar cells according to the generation
and semiconductor material are presented in Table 3.2. The classification according to the
absorber material can be then understood by the material of the solar cell used.
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Table 3.2 Typical efficiency of solar cells per generation and semiconductor material. Data
source: [198, 199].

Generation Semiconductor Material
of Solar Cell Efficiency (%)

1GEN
m-Si 24.4
p-Si 19.9

GaAs 18.4 - 28.8

2GEN

a-Si 10.2
µc-Si 11.9 - 14.0
CIGS 22.3
CdTe 21

3GEN

DSSC <20
QD 11.3 - 17.0

Organic 9.7 - 11.2
Perovskite 21.1 - 21.6

Multi-junction >40

4GEN Perovskite Graphene/Polymer 1.07-11.95

Multi-junction cells are made with multiple p-n junctions of several semiconductor
materials optimised to absorb higher energy levels from photons. The voltage is additive, and
as a result, these can much more power than the single cells, often exceeding the theoretical
Shockley–Queisser limit [29]. Fig. 3.13 helps understand the concept as it presents the
typical spectral response for some of the most common semiconductor materials used in
solar cells. Multi-junction solar cells are designed to cover a broader spectrum to yield higher
electricity production and thus, higher efficiencies.

The commercial models available in the market and that are deployed in solar PV systems
correspond to the more mature technologies, i.e. earliest generations. Wafer-based crystalline
silicon are about 92% of the commercial modules, while thin film represent the remaining
8% of the market. Amorphous silicon modules account for less than 1% of the thin film
market, cadmium telluride for 5%, and copper indium gallium selenide for 2% [204].

There are additional PV-module technologies in the market not based in the semiconductor
material. The PV modules with passivated emitter and rear contact (PERC) technology differ
from the traditional aluminum back surface field design. PERC modules include an additional
dielectric passivation layer at the bottom of the cell, which blocks the flow of free electrons
through the solar cell and reduces the recombination probability of the electrons. This helps
the absorption of sunlight and prevents losses of electron. Overall, PERC provides higher
current and voltage levels, leading to higher efficiencies [205]. PERC technology offers
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Fig. 3.13 Spectral response for several PV cell technologies: mono-crystalline silicon (m-Si), amor-
phous silicon (a-Si), copper indium gallium selenide (CIGS), Cadmium telluride (CdTe), gallium
aluminum arsenide (GaAsAl), and gallium arsenide (GaAs). Source: Own elaboration using data
from [200–203], NREL and GreenRhinoEnergy.com.

current and future prospects of commercial solar cell efficiency in the range of 21-24% and it
is expected to represent around 60% of the market within the silicon cell technologies by
2025 [206].

Bifacial solar modules are another PV-module technology with gaining popularity. Bifa-
cial modules expose both the front and rear-side of the solar cells, instead of the using an
opaque back-sheet like traditional monofacial modules. Bifacial solar modules combined
with PERC technology have proven efficiencies of 22% and 15% in the front and rear side,
respectively [207]. There are additional variables to consider in PV systems with bifacial
modules affecting the rear irradiance of the panel, such as the albedo of the horizontal
surface, the height of the module, and the clearance distance between rows of panels [208].
Bifacial solar modules are starting to represent a technology mean stream with high potential,
particularly for utility-scale installations.
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3.3.4 Operation conditions: rating conditions and losses

The operational conditions of installed solar PV modules will differ in a multitude of variables
primarily related to the weather conditions to which the modules are exposed. It was observed
in section 3.2.3 how irradiance levels, cloud cover patterns and spectral distribution of the
solar irradiance change in a daily and seasonal basis, that is why standardised conditions
are set for the measurement of performance of solar PV cells and modules under laboratory
conditions. These conditions refer to the irradiance level, the temperature and the solar
spectrum used.

The performance of PV cells, modules and panels are implemented in laboratory condi-
tions under so-called Standard Test Conditions (STC). STC conditions are: an irradiance of
1,000 W·m−2, a cell temperature of 25◦C and a solar spectrum corresponding to AM1.5. STC
conditions are a benchmark to compare cells and modules in the photovoltaic industry [28].

However, STC conditions do not relate to real-life outdoor conditions and the Nominal
Operating Cell Temperature (NOCT) conditions aim to cover that. NOCT conditions are:
an irradiance of 800 W·m−2, an air temperature of 20◦C, a solar spectrum corresponding to
AM1.5, and a wind speed of 1 m/s [28].

A warranty of 25 years is common in solar PV modules. When installed outdoors, the
modules are subject to degradation over time. Analyses in the literature show that the median
annual degradation is 0.5%/year for silicon-based modules, while thin-film degradation rates
are circa 1%/year [209]. The degradation over time ηage can be then calculated from the
annual degradation rate and the age of the installation. In addition, there are additional losses
affecting PV systems with regards to initial light-induced exposition, soiling, electrical losses
in the installations and maintenance. Typical values of these losses are: soiling losses due
to dirt in the cells (2%), shading (3%), mismatch due to manufacturing imperfections that
slightly modify the cells current-voltage characteristics (2%), wiring losses (2%), resistive
losses in electrical connections (0.5%), light-induced degradation of the PV cells (1.5%),
nameplate rating accuracy (1%), and availability losses due to system’s scheduled and
unscheduled shutdowns for maintenance or other operational reasons (3%) [210]. The overall
losses are then computed as for Eq. 3.28 [210], where Li denotes each of the type of loss.

Ltotal(%) = 100[1−∏
i
(1− Li

100
)] (3.28)

3.3.5 Physical performance methods for PV power output modelling

Physical models have been developed over the years for the analysis of the performance
of individual modules or entire systems, which are key to perform simulations and assess
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solar energy resources. The mathematical algorithms that analyse the conversion of solar
irradiance into solar PV power are known as PV performance modelling methods.

PV power output models can be differentiated by their approach to model power gener-
ation. These approaches can be based on: (i) the physical response of the module to solar
irradiance; or (ii) the electrical equivalent circuit, a.k.a. current-voltage models.

Models considering the physical response of the module to solar irradiance are: (i) Huld et
al. [211]; (ii) Dierauf et al. [212]; and (iii) Beyer et al. [213]. Current-voltage models are
based on the equivalent circuit of the solar cell and are defined by Eq. 3.34. In the model by
Huld et al. [211], which has been widely validated and applied in the solar energy industry,
the power output is assumed to depend on irradiance on the module GPOA and the module
temperature Tm as described by Eq. 3.29 and Eq. 3.30.

P = PSTC · GPOA

GSTC
·ηrel(G′,T ′

m) (3.29)

ηrel(G′,T ′
m)= 1+k1 ln(G′)+k2 ln(G′)2+k3T ′

m+k4T ′
m ln(G′)+k5T ′

m ln(G′)2+k6T ′2
m (3.30)

where, GSTC is 1,000 W·m−2, PSTC is the rated power of the module and ηrel is the relative
efficiency of the module as function of corrected values for irradiance and module temperature
according to standard test conditions (STC). G′ and T ′

m are defined as: G′ = GPOA/GSTC and
T ′

m = Tm −25. The coefficients k1 to k6, which are shown in Table 3.3, depend on the PV
module technology. An example of the power output responses according to the technology
of the module is illustrated in Fig. 3.14, where the model from Huld et al. is computed for
air temperature equal to 25◦C and with no wind.

Dierauf et al. [212] proposed a different model given by Eq. 3.31, where δ is the
temperature coefficient for the cell and Tcell−avg −Tcell is the average cell temperature minus
the cell temperature.

Table 3.3 Coefficients for the PV performance model of Huld et al. [214].

Coefficient c-Si CIGS CdTe

k1 -0.01724 -0.00555 -0.04669
k2 -0.04047 -0.03872 -0.07284
k3 -0.0047 -0.00372 -0.00226
k4 0.000149 -0.00091 0.000276
k5 0.00017 -0.00126 0.000159
k6 0.000005 0.000001 -0.000006
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Fig. 3.14 Normalised power output as function of solar irradiance for different technologies of
photovoltaic modules as for the Huld et al. model.

P = PSTC · GPOA

GSTC
· (1− δ

100
(Tcell−avg −Tcell)) (3.31)

The model by Beyer et al. [213] estimates the power output from the efficiency of the
maximum power point performance of the PV module ηMPP using a polynomial function
depending on the plane-of-array irradiance and the module temperature and it is defined by
Eq. 3.32 and Eq. 3.33.

ηMPP(GPOA,Tm) = (a1 +a2GPOA +a3ln(GPOA)) · (1−α(Tm −25)) (3.32)

P =
ηMPP

ηSTC
· GPOA

1000
(3.33)

where coefficients a1 to a3 are module specific parameters, α is the temperature coefficient
of the module, ηSTC is the efficiency reported under STC conditions.

Current-voltage models are based on the diode equivalent-circuit model of the solar cell
presented in Fig. 3.11. These models are popular and the current is calculated according to
the following equation [215]:
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I = IL − ID[exp(
V + IRseries

nNsVT
)−1]− V + IRseries

Rshunt
(3.34)

where n is the diode ideality factor, Ns is the number of cells in series in the module and VT

is the thermal voltage, VT = kTc/q. The equation needs five parameters from the PV module
to solve for current and voltage (IL, ID, n, Rseries and Rshunt).

The operation of PV modules is subject to temperature dependences. This is an obvious
appreciation when looking at the formulation of the models introduced, as the temperature
of the solar cell Tcell or the module Tm are a common input. There are a number of models
available for the estimation of those variables: (i) Lasnier and Ang [28, 216]; (ii) Kratochvil et
al. [217]; and (iii) Faiman [218].

Lasnier and Ang [216] proposed an empirical formula for p-Si solar cells depending on
the air temperature Ta and the incoming radiation:

Tcell = 30+0.0175(GPOA −300)+1.14(Ta −25) (3.35)

Kratochvil et al. [217] proposed a model to obtain the solar cell temperature from the
module temperature Tm, given by:

Tcell = Tm +
GPOA

GSTC
·∆Tcnd (3.36)

Tm = GPOA · exp(aPV +bPV ·Ws)+Ta (3.37)

where ∆Tcnd is the conduction temperature drop, Ws is the wind speed expressed in m·s−1and
aPV and bPV are empirical heat transfer coefficients specific for each PV technology. The
model by Faiman [218] also utilises air temperature, irradiance G, wind speed, and heat
transfer coefficients, U0 and U1.

Tm = Ta +G · (U0 +U1 ·Ws)
−1 (3.38)

Overall, the nature of the inputs utilised in the physical performance models is related
to solar radiation, other atmospheric-related variables (e.g. air temperature and wind speed)
and thermal transfer coefficients. As observed in the formulation of the models, technology-
specific coefficients are often needed.

The total power output Pout (Eq. 3.39) generated by the PV system will depend on the
power P, the different losses (see Eq. 3.28), the degradation due to age, and the efficiency of
the solar AC/DC inverter ηinv. Solar inverters and other components of grid-connected PV
systems are introduced in section 3.4.
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Pout = P · (1− Ltotal

100
) ·ηage ·ηinv (3.39)

Indexes to evaluate the performance of PV systems have been proposed in the literature.
For example, the clear-sky for photovoltaics kPV proposed by Engerer and Mills [219]. The
index provides a normalisation of the PV output similar in concept to the clear-sky index
and considering specific characteristics of the PV system, such as its hardware configuration,
orientation and shading, among others. kPV is defined as the ratio of the instantaneous PV
power output to the instantaneous theoretical clear-sky power output (Pout,cs) as estimated
from a clear-sky radiation model and a PV performance model (Eq. 3.40).

kPV =
Pout

Pout,cs
(3.40)

3.4 Grid-Connected PV installations

Solar PV systems connected to the grid, a.k.a. on grid or utility interactive systems, are in-
stallations that consume electricity from the grid when there is not enough solar energy being
generated locally to cover their demand or at night. This section describes the generalities
for this type of systems and the some of their components and, in the context of this thesis,
solar PV-plus-storage are also described in section 3.4.2.

A grid-connected PV system can be represented by the equivalent circuit shown in
Fig. 3.15, where the PV generation is represented by an ideal current generator, the power
network by an ideal voltage generator and the consumer installation by the resistor Ru [196].
The currents are related as given in Eq. 3.41. The current supplied by the power grid can
be defined by Eq. 3.42 showing that if PV generation is greater than the load (Ig > Iu), the
power network current Ir can be negative and, therefore, the PV system would be feeding
back to the grid.

Iu = Ig + Ir (3.41)

Ir =
U
Ru

− Ig (3.42)

where Iu is the consumer’s load current, Ig is the current generated by the PV system and Ir

is the current supplied by the power network at supply voltage U .
Fig. 3.16 shows a generic diagram for a grid-connected PV system of small scale, typically

present in the residential or small commercial applications. The most representative elements
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Fig. 3.15 Equivalent circuit of a grid-connected PV system.

are illustrated: PV array, solar inverter, electrical protections in the AC and DC side, and
energy metering devices.

Fig. 3.16 General diagram of a grid-connected, small-scale, stand-alone PV system in a residential or
small commercial application.

• Several PV panels, which are formed by several modules assembled into a single
structure, connected in series are called a string and several strings in parallel represent
the PV array. The size of the array will be determined by the requirements of the solar
inverter in terms of range of maximum current, open-circuit voltage and power rating.
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• The solar inverter is the electronic equipment that converts the DC-produced output
of the PV system into an AC output, since it is as essential as the PV modules, it is
further described below, in section 3.4.1.

• Electrical protections are present upstream of the panels (i.e. DC side) and upstream
of the inverter (i.e. AC side). The electrical protections in the DC side would usually
include fuses, switch disconnectors and a surge protective device, whereas the AC
side would include a circuit breaker with thermal and magnetic protection and a surge
protective device [196].

• Energy metering in PV systems would usually only involve real power measurements.
Small-scale solar generators can be connected by either a behind-the-meter or a front-
of-the-meter system, this depends on the position of the generation system with respect
to the energy meter. The power provided in a front-of-the-meter system passes through
an energy meter before reaching the consumer. In Fig. 3.16, if the PV generation meter
is for private purposes or it is not present, this would represent a behind-the-meter
system. Most of the solar distributed generation is connected in a behind-the-meter
basis, leaving the utility company without information about the locally generation
energy.

3.4.1 Solar inverters

Solar inverters have the key function, besides converting DC to AC, to ensure the maximum
power point of operation of the PV array, through the maximum power point tracker (MPPP)
control. The inverter is also responsible for controlling the quality of the electricity fed back
into the facility (e.g. house, residential or commercial building) and into the grid.

The inverter’s efficiency, ηinv, is characterised by a dependency in the power:

ηinv =
Pout

Pin
=

VacIaccosφ

VdcIdc
(3.43)

where cosφ is the power factor, Idc and Vdc are the current and voltage, respectively, required
by the inverter from the DC side [28]. An example of the efficiency characteristic curve of a
solar inverter as function of the input power is illustrated in Fig. 3.17. Inverters’ efficiency
reaches its maximum for an input power usually between 30 to 50% of its rated capacity [28].
The maximum efficiencies for most commercially available solar inverters range from 90 to
98% depending on manufacturer and inverter size.

The configuration of the PV arrays defines the architecture of the inverter and control
methods. The typical architectures of solar inverters are:
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Fig. 3.17 Example of efficiency curve of a solar inverter as function of the rated output power. Source:
Own elaboration using data from CEC module database (inverter SPR-X21-350-BLK-E-AC) from
the System Advisor Model tool [197].

• Central inverters, a single inverter representing the interface with the grid in large
PV power plants and can be in the range of MW. The main benefit is lower capital
expenditure (CAPEX) but with the drawback of using a single MPPT algorithm, which
limits the overall efficiency with regards to the most shaded solar array in the site [196,
220].

• Multi-string inverters, an inverter covering several strings of panels. Although uses a
single MPPT for multiple strings of panels in a similar way than central inverters, it
can help the modularity and division of a medium to large size PV plants.

• String inverters, an inverter per string with dedicated MPPT control. String inverters
are in the range from over 1.2 kW to to 175 kW and are the usual solution in residential,
commercial and industrial buildings. These configuration simpler fault finding and
better operational expenditure (OPEX) [196, 220].

• Micro-inverters are inverters covering single or few panels and are installed nearby
the panel (i.e. behind or in the rear side of the panel), they provide MPPT control
at panel level and are typically rated up to 500 W. The main advantages are single
module performance monitoring, and improvement in the power loss due to partial
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shadows in the installations and high modularity. However, CAPEX is higher than
other solutions [196, 220].

Solar inverters usually have different DC and AC power ratings. The DC power is usually
higher, although the maximum output power is given by the AC power rating. The DC/AC
power ratio is a design consideration of the PV array, with typical ratios being around 1.1-
1.2; the higher the ratio, the more power and energy will be generated at times when solar
irradiance does not lead to the maximum peak power production. However, the higher this
ratio, the higher the capital costs (i.e. PV modules, structure, wiring, etc.) and operational
costs in the long term. At times when the maximum DC power produced by the PV array is
higher than the AC power rating of the inverter, the power will be clipped to the AC power
level.

Technological developments have permitted PV inverters evolving from simple DC to
AC converters to smart devices with the ability to support the grid by controlling their real
and reactive energy dispatch based on the particular characteristics on the network. There are
several control strategies for smart PV inverters, which include: (i) operating at a specified
(fixed) power factor based on the real power production; (ii) a Volt-Var control where the
reactive power is controlled as a function of the grid voltage and can support stabilizing
over- and under-voltage events; (iii) Frequency-Watt control, where the inverter regulates
the active power feed-in as function of the system frequency; and (iv) Volt-Watt control,
where real power injection is reduced as function of the grid voltage [221, 222]. The smart
control strategies of the PV inverters are defined through a set of threshold levels of the
variables controlled. These settings are illustrated in Fig. 3.18 for Volt-Var, Volt-Watt and
Frequency-Watt.
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(a) Volt-Var control

(b) Volt-Watt control

(c) Frequency-Watt control

Fig. 3.18 Operational strategies of smart PV inverters.
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3.4.2 Solar PV-plus-storage installations

As introduced in Chapter 1 and Chapter 2, solar PV-plus-storage systems in the context
of residential storage systems are becoming more attractive and the predictions anticipate
further penetration of stand-alone PV and PV coupled with battery storage in the future (see
Fig. 1.8). The equivalent circuit of the electric battery and the typical configurations of PV
systems coupled with battery storage are introduced below. The presence of the multiple
battery technologies and their applications in power systems were already introduced in
Chapter 2, see section 2.4.

In general, an electric battery can be represented as a voltage source, E, in series with an
internal resistance, R0, as shown in Fig. 3.19. The voltage in the terminals of the battery is
then given by [28]:

V = E − IR0 (3.44)

Fig. 3.19 Simplified diagram of an electric battery.

There are two usual configurations of solar PV systems coupled with electric battery
storage, which refer to the connection of the batteries in the system. These configurations
are: DC-connected and AC-connected systems; their architecture is shown in Fig. 3.20.

In an AC-connected system, Fig. 3.20a, the PV system is connected through a solar
inverter to the electrical system of the facility and the electric battery is connected through a
bi-directional inverter/charger the same AC supply. The batteries can be charged from both,
the grid and the locally generated solar energy.
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In a DC-connected system, Fig. 3.20b, the PV array and the batteries have a common DC
to AC inverter. It depends on the specific system whether the batteries can be charged either
by solar energy only or by both the grid and the PV system.

The selection of the system’s configuration can be made according to budget constraint,
available space or the choice can be even influenced by governmental policies or regulations
by local utility companies. AC-coupled systems are predominant in retrofit installations,
since DC-coupled systems require the solar inverter to be replaced. In new installations, DC-
connected systems tend to have lower CAPEX due to shared inverter and reduced wiring costs.
However, DC-connected systems require the batteries to be electrically inserted between the
PV array and the inverter, what can be an issue if there is limited space [223]. DC-connected
systems have higher efficiencies than AC-connected systems since the conversion from AC
to DC is avoided and avoid solar PV clipping by the inverters.

In a PV-plus-storage system, the dispatch of the energy stored in the batteries is essential
to make cost-effective the system. There is a vast literature about dispatch control algorithms
for BESS, which responds to an optimisation problem. There are different control strategies
that present various objective functions depending on the application or perspective of the
study. Multiple variables of the PV-plus-storage systems are considered for the optimisation,
such as configuration, energy capacity, maximum power output, state-of-charge, period of
the day, amount of local PV power generated, and electricity prices, among others. Studies
in the literature can be found where these dispatch strategies are proposed and analysed in
detail, such as [99, 224–226].

3.5 Metrics Utilised in This Thesis

This section introduces the metrics utilised in the chapters to follow of this thesis to evaluate
the performance, both statistical and economic, and measure the errors of the results from
the proposed models.

3.5.1 Statistical performance metrics

For regression and forecasting problems, the error metrics provide a method to compare
models quantitatively. Error metrics can be classified according to prediction errors of:
(i) bias, (ii) correlation and (iii) variance [227].

The statistical performance metrics utilised in this thesis are: (i) the mean bias error
(MBE); (ii) the mean absolute error (MAE); (iii) the root mean square error (RMSE); and
(iv) the coefficient of determination (R-square or R2). The MBE (Eq. 3.45) is the average
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(a)

(b)

Fig. 3.20 Configurations of PV-plus-storage systems: (a) AC-coupled system and (b) DC-coupled
system.

error representing a systematic error to under- or overestimate, the MAE (Eq. 3.46) provides
the magnitude of the error or bias and the RMSE (Eq. 3.47) is a measure of the dispersion of
the deviations, which weights outliers more heavily than does the MAE [228]. RMSE and
MAE are common metrics to evaluate the variance of the predictions [227], and have great
acceptance and use for solar irradiance modelling [229]. These metrics can be expressed as
an absolute or relative metric. R-square (Eq. 3.48) represents the proportion of the variance
explained by the variables of the regression model.

MBE =
1
n

n

∑
i=1

(xo,i − xe,i) (3.45)
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MAE =
1
n

n

∑
i=1

|xe,i − xo,i| (3.46)

RMSE =

√
1
n

n

∑
i=1

(xe,i − xo,i)2 (3.47)

R− square or R2 =
∑

n
i=1(xe,i − xo,i)

2

∑
n
i=1(xo,i − xo,i)2 (3.48)

where xe,i and xo,i are the ith estimated and observed values, respectively. xo,i is the mean of
the observed observations and n denotes the size of the sample.

In addition to the absolute form presented in the equations above, the MBE, MAE and
RMSE can be expressed in a relative form (%), which is obtained by dividing each of the
metrics by the average of the observed/true values. The relative metrics are denoted as rMBE,
rMAE and rRMSE. A model’s precision can be interpreted from the rRMSE attending to the
following ranges: excellent for rRMSE < 10%; good for 10% < rRMSE < 20%; fair for
20% < rRMSE < 30%; and poor for rRMSE > 30% [230].

There exist more performance metrics, such as the Kolmogorov-Smirnoff integral (KSI)
metric, time horizon-invariant (THI) metric and the index of agreement (IA) [227, 230].
These metrics are common in the assessment of renewable energy forecasting models in solar
and wind applications. Further details about these and other performance metrics can be
found in studies [227, 229–232].

3.5.2 Economic performance metrics

In chapters 6 of this thesis, economic performance metrics are utilised in order to assess
the cost-effectiveness of the PV-plus-storage solutions in the residential sector. The metrics
utilised are: payback period, levelised cost of energy and net present value.

The payback period is a very popular financial tool and it is defined in several ways in the
literature. The simple payback (PB) is the number of years necessary to recover the project
cost of an investment under consideration [233]; for energy systems that definition is given
by Eq. 3.49.

PB =
Pro ject Cost

Annual Energy Savings
(3.49)

The levelised cost of energy (LCOE) is a metric widely used to benchmark alternative
sources of energy and it is used by governmental and non-governmental organisations. The
LCOE provides an indication of the unit energy cost over the total life-cycle of the project,
including capital, operational and financial costs [234, 235]. There are however several
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definitions in the literature for the LCOE, the definition used in the work is the simple
levelised cost of energy [235, 236]:

LCOE =
C0 ·CRF +O f

8760 ·CF
+ f ·h+Ov (3.50)

where C0 is the initial capital cost, O f the fixed operation and maintenance costs, CF the
capacity factor, f the fuel cost, h the heat rate, and Ov variable operation cost. The capital
recovery factor CRF is given by:

CRF =
i(1+ i)a

(1+ i)a −1
(3.51)

where i is the real discount rate, and a is the number of annual payments made to repay
capital. The LCOE represents the minimum price at which energy must be sold for an energy
project to start being cost-effective [235].

The levelised cost of storage (LCOS) is similar in concept to the LCOE but it includes
the costs and revenue streams associated to the energy storage system present in the energy
project [136]. The net present value (NPV) is the difference between the present value of the
cash inflows and the present value of the cash outflows over a period of time. In other words,
it represents the return on investment after the period of time of a project [233].

3.6 Chapter Summary

This chapter has covered solar energy concepts and modelling theory from the extra-terrestrial
solar radiation to the conversion into electric power. The chapter has provided a review
of the diverse methods utilised in solar energy modelling and the formulation of methods
utilised in the subsequent technical chapters of this thesis has been introduced, which will
help understand and follow the content expressed. Within each of the chapters where any of
these methods are used, references are made to the methods and the formulation. In addition,
the topologies and concepts related to grid-connected PV systems (i.e., stand-alone solar
and solar-plus-storage systems) were presented. This provides background knowledge and
context for the thesis, primarily in Part II, which addresses the integration of small-scale solar
PV-plus-storage systems in electricity networks. Finally, the performance metrics utilised
throughout the thesis have been introduced, both of statistical and economic nature.



Part I

Solar PV Integration in Today’s Power
Networks



Chapter 4

Spatial Aggregation of Small-Scale Solar
Photovoltaic Generation in Large
Geographical Areas

4.1 Introduction

Solar forecasting models can be used to predict either solar irradiance values or power
outputs. While many of these algorithms are usually presented in the context of single solar
photovoltaic installations, models in a regional scale are required when thousands of small-
scale solar generators are to be considered. The research question addressed in this chapter
is RQ 1.A and it asks how it is possible to estimate the overall power output of small-scale
solar photovoltaic installations scattered across large territories when data availability is
limited. Having records and electricity generation data from all small-scale photovoltaic
generators would be a complex, demanding task. Data required for the assessment of solar
energy grid integration are often scarce and protected by personal data protection regulations.
Consequently, the existence of these databases is very rare and open access even more limited.
In this context, methodologies to assess solar photovoltaic electricity generation from limited
data become important.

This chapter presents a solution for spatially aggregating solar photovoltaic generation
across large territories, e.g. at the regional or national level, from the perspective of power
system operators. The known locations of electrical infrastructure, i.e. bulk supply points,
and the small-scale photovoltaic connected downwards are utilised as part of the model to
estimate the overall aggregated electricity generation. The chapter begins by presenting the
need and importance for this type of methods and a review of scale-up or up-scale methods
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used in the literature in section 4.2. Then, the proposed methodology based on Voronoi
decomposition and physical models for photovoltaic performance is introduced in section
4.3. The case study and data used are presented in section 4.4. The modelling results in
section 4.5 showcase the performance of the model using examples from all the seasons of
the year, while the validation stage uses one-year data. The model is validated in section 4.6,
this validation stage includes data from real installations and a comparison of the proposed
method to other available methods. Finally, modelling and validation results are discussed
and the key points, contributions and potential applications are presented.

Modelling was carried with Python programming and with the open-source tool for
geographical information systems QGIS. The model to estimate the aggregate solar power
generation of small-scale installations presented in this chapter was condensed and published
in [237]. The application of the model is demonstrated in the Northern Irish system.

4.2 Spatial Distribution of Solar Photovoltaic Systems

The operation of power networks is being affected by the continuous expansion of solar
photovoltaic systems. The implications of incorporating solar energy into the grid were
described in Chapter 2 and the predictions of growth of these systems will boost these issues
and increase the difficulty in managing solar grid integration.

Assessing solar grid integration requires multiple data from the generators. As solar
radiation varies in both a spatial and temporal dimension, the higher the resolution of these
dimensions will allow a better understanding on how generation of PV systems varies. Ideally,
production from PV installations should be considered individually, where the particular
characteristics of each site would be studied. This would permit the assessment of the
independent effect that each PV system produces and its influence in a larger PV systems’
fleet. Aggregation or scale-up techniques are utilised to estimate the whole generation of PV
fleets to assess their impact on the electricity networks without studying each installation
independently. Scale-up methods used in the literature and that can serve for solar energy
purposes are introduced in the following subsection. Data from small-scale installations are
often not readily available for a number of reasons; these and the implications of this data
scarcity are also covered in this section.

4.2.1 Scaling-up solar photovoltaic generation

Methods to scale-up or up-scale use a number of representative elements or features to
estimate the behaviour of a larger group as an approach to generalise a behaviour or response.
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Applied to solar energy, these elements can be solar PV installations with a certain number
of attributes and a location. Scale-up methods would then consider the distribution of PV
fleets in the space. Classical techniques to scale-up geographically distributed datasets are
based on single or multiple locations to be utilised as representative points. The use of
single locations simplifies the analysis. There are several methods for the selection of single
representative locations: (i) random selection; (ii) justified representativeness of a point;
(iii) mean centre or spatial mean; (iv) median centre or spatial median; and (v) centre of
minimum distance. Random selection would assign an aleatory name to a data point in a
group. Justified representativeness would select a feature based on certain criteria that would
make such a point a typical point to represent all of them. This method requires an analysis
of the attributes of the data and arguments supporting the selection of that single point. The
mean centre or spatial mean identifies the geographic centre or midpoint for a set of data
points. The formulation for the spatial mean is presented in Eq. 4.1 [238]. When some data
points contribute more than others, a weighted mean centre can be also implemented as
defined by Eq. 4.2 [238]. This method results in a new point feature with location in the mean
coordinates and with other numeric features as the average of all the existing data points. The
location of the mean centre does not necessarily correspond to any of the previous existing
data points. The median centre or spatial median identifies the location that minimises the
distance among the features in a dataset. The element selected presents a central tendency
that is robust to outliers and it is located in the median of the dataset [239]. The centre of
minimum distance is the feature with the absolute minimum travel distance to all the features
in a dataset. Applied to physical geography, the spatial median and the centre of minimum
distance are computed by calculating the accumulated travel distances from each feature to
the rest. The spatial median point would then correspond to that in the 50th percentile and the
point with the minimum distance to the feature representing the centre of minimum distance.
Unlike the mean centre, the solution of these methods results in an existing point within the
dataset. The spatial mean and spatial median methods have found large application in the
field of spatial statistics [238].

φ =
∑

n
i=1 φi

n
, λ =

∑
n
i=1 λi

n
(4.1)

φω =
∑

n
i=1 ωiφi

∑
n
i=1 ωi

, λω =
∑

n
i=1 ωiλi

∑
n
i=1 ωi

(4.2)

where φi and λi are the coordinates for feature i, n is equal to the total number of features
and ωi is the weight at feature i.
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In addition to these methods, there are approaches considering multiple representative
locations that include: (i) clustering; (ii) sub-setting; and (iii) random allocation. Clustering
is the process of grouping a set of N d-dimensional objects into K clusters of similar objects.
K-means clustering is a distance-based clustering algorithm [240]. Clustering results in a
new feature in the centroid of each cluster. The sub-setting method consists of selecting a
representative feature for a pre-defined number of clusters. It would be the equivalent to the
single-location method ‘justified representativeness’ applied to several groups of data. These
methods have found application in the field of solar photovoltaic energy. An up-scaling
method using k-means clustering of PV sites based on their known location was proposed
by Pierro et al. [73] to estimate PV generation at regional level. This method made use
of weather forecasts at the geometric centre of the cluster of the installations to estimate
solar production. Clustering and sub-clustering techniques had been also used by Wolff et
al. [241] for PV power forecasting. Subsetting combined with interpolation was evaluated by
Saint-Drenan et al. [242], where the performance was analysed based on the average distance
between reference PV plants. Shaker et al. [74] estimated the total electricity generation
of rooftop installations by subsetting power output time-series from a number of sites, and
processing the data with dimension reduction techniques based on k-means clustering and
principal component analysis. Clustering and subsetting techniques require the coordinates
of the PV systems to be assessed. Random spatial allocation of PV fleets usually considers
the total installed capacity in a region, as well as a typical installation’s size and assigns
PV locations based on certain criteria. These criteria may include: (i) type of land use;
(ii) type of area: urban or rural; (iii) number of customers or load density; and (iv) distance
to transmission and/or distribution networks. Random allocation of residential PV systems
considering urban and rural areas and PV concentration based on load density was performed
in [243]. The authors assessed the impact of PV on medium-voltage distribution networks
for power losses and voltage level analysis. The main shortcoming of these multiple-location
methods, particularly clustering and sub-setting, is the requirement of detailed and extensive
amount of data, as they data-driven approaches.

The models reviewed in Chapter 2 (e.g. [53, 70, 72]) addressing the variability of solar
irradiance and PV generation in single large or multiples sites nearby illustrate that the
correlations over distance are subject to higher uncertainty in the range of tens of kilometres.
Therefore, when comparing single and multiple-location methods, given the variation of
solar radiation in a spatial dimension, multiple locations will better serve the purpose of
estimating the solar generation in a large-geographical area. Additionally, data from small-
scale installations are often not readily available by cause of confidentiality issues or by lack
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of data. Consequently, up-scaling methods able to bypass the lack of data and produce results
with performance levels in range with existing methods are needed.

4.2.2 Data scarcity from solar installations and its implications

Small-scale solar installations, mostly rooftop, are in its majority present in residential,
commercial and industrial premises, which are generally own by private individuals or
organisations. Characteristics of each site, e.g. hardware configuration, orientation, tilt
angle, among others, are not readily available. Due to general data protection legislations,
the exact location or address of individual small-scale solar PV installations are generally
withheld information. For example, the European regulation 2016/679EU [244] applies for
this matter in Europe on General Data Protection. Distribution system operators or aggregator
companies would not exchange or provide such data, when available, from their customers
due to this type of legislation. There are exceptions when individuals directly and voluntarily
decide to share their data and participate in crowdsourcing platforms. For example, technical
characteristics, location information and sometimes historic generation data from small-scale
PV installations in the residential sector are available in platforms like PVOutput.org [245].
The number of installations in such platforms are often a minority for a particular region or
country. When large PV data are available, data-driven statistical analysis can be performed
as it was demonstrated by Taylor et al. [246] or Shaker et al. [74].

When data and production time-series from each or subsets of PV systems in an area are
not available, an alternative is the study of solar generation from solar irradiation through
physical models. PV performance physical models were surveyed and presented in Chapter 3,
section 3.3.5. Modelling solar generation using PV performance models does still require
basic data, such as installed capacity, titled angle and orientation. In large geographical areas,
e.g. a town or a city, the available data of a relatively small spatial dimension regarding small-
scale generators and abiding to the requirements of personal data protection legislations,
may be sites referred to by postcode as studied in [247] or at the bulk supply points when
relating to electrical infrastructure. Bulk supply points are the step-down high- to medium-
voltage electric substations, e.g. 110/33 kV, supplying electricity from the transmission to
the distribution network [248]. The installed capacity of small-scale solar PV connected to
these substations would represent the starting point from where PV generation and its impact
on the power network could be analysed for a particular area.
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4.3 Methodology for the Aggregation of PV Generation

This section presents the methodology proposed in order to estimate the overall power output
of small-scale solar photovoltaic systems in a large territory. The proposed methodology
applies a novel scale-up method, which considers multiple representative locations and it
is based on Voronoi decomposition. The methodology and its methods can be grouped in
four differentiated stages: (i) spatial division and estimation of representative locations;
(ii) modelling plane-of-array solar irradiance; (iii) estimation of aggregated electricity gener-
ation; and (iv) selection of days of interest. A diagram illustrating the steps and stages of the
methodology is presented below (Fig. 4.1), where the workflow would be left to right.

Fig. 4.1 Diagram with the steps of the methodology utilised.

The spatial analysis component was performed using the open-source geographical
information systems (GIS) software QGIS [249]. The solar production modelling was
performed in Python programming and related libraries. A script file with the physical models
used in this chapter is appended to this thesis in Appendix C. The Python library pvlib [168,
250] was used for the decomposition and transposition of solar radiation components to a
tilted surface.

4.3.1 Spatial division and estimation of representative locations

The proposed approach to establish the spatial distribution of PV systems considers multiple
representative locations and it is based on Voronoi decomposition, a stochastic model for
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space division. In a Voronoi diagram, the space is divided into polyhedral tessellations or
polygons where each of them consists of all points closer to the known point, also called
nucleus or generator point, than any other point. The polygon created by those points defines
an area of influence around its nucleus [251]. A generic Voronoi diagram and its elements is
illustrated in Fig. 4.2, where each of the vertex in the resulting Voronoi polygon corresponds
to the point of intersection of the perpendicular bisectors formed by the triangulation of the
generator point pi and other two generator points.

Mathematically, let φ = {x1,x2, . . . ,xi, . . . ,xn} be a locally finite system of points in the
d-dimensional Euclidean space Rd . Each location in Rd is associated to its nearest point(s)
belonging to φ . The neighbourhood or Voronoi cell C(xi,φ) of a point xi, called the nucleus
or generator, of φ is defined by:

C(xi,φ) = {y ∈ Rd : ∥y− xi∥ ≤ ∥y− x j∥∀ j ̸= i} (4.3)

The C(xi,φ) are all convex polygons with the xi as inner points. The Voronoi diagram
represents the union of all Voronoi polygons developed from the generating points φ [252].
These diagrams are named after Georgy Feofosevich Voronoi (1868-1908), a mathematician
born in the times of the Russian Empire in a region of today’s Ukraine. Voronoi diagrams
are also called Voronoi tessellation, Voronoi partition, Thiessen polygons (after Alfred H.
Thiessen (1872-1956), an American meteorologist), or Dirichlet tessellation (after Peter
Gustav Lejeune Dirichlet (1805-1859), a German mathematician) [253].

Voronoi diagrams are an interdisciplinary concept that have been broadly used in many
different fields including, but not limited to, astronomy, cartography, computational geometry,
geology, meteorology (first used by Alfred H. Thiessen for interpolation of measurements),
and physics [253]. In the field of power systems, Voronoi decomposition have been used
in the literature for design and planning of large distribution networks. Optimal locations
and sizes for power distribution substations and transformers using Voronoi polygons were
used in [254–256]. Spatial division with Voronoi diagrams was also used as an approach
for planning infrastructure of electric vehicles in a trade-off among economic cost, traffic
congestion and power grid constraints [257]. In those cases, Voronoi decomposition helped
find an optimised spatial division based on the considered planning zones. Applied to
renewable energy and electricity markets, Voronoi polygons were obtained using the locations
of wind generators to investigate correlations between wind speed and electricity locational
marginal price among sub-areas of a region [258].

In the proposed model, Voronoi decomposition is applied to the known locations of bulk
supply points, i.e. 110/33 kV electric substations. Bulk supply points (BSPs) are considered
for two main reasons: (i) BSPs may be the highest resolution data of installed PV data abiding
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Fig. 4.2 Generic Voronoi diagram for a given point pi and its components.

for anonymity and personal data protection regulations, e.g. it is the case in Northern Ireland;
and (ii) distribution codes often establish that distributed generation issues (e.g. reverse
power flows) in the distribution network system shall not reach the transmission system,
that is, go upstream of BSPs. In this manner, electrical infrastructure related to renewable
distributed generation is considered as part of the scale-up stage to estimate regional PV
production. This establishes an approach that links the cause and effect to evaluate the impact
of small-scale generation on power networks. Developing the understanding of small-scale
PV installations beyond their spatial distribution.

In the resulted Voronoi polygons or tessallations, any point (PV system) within that poly-
gon is closer to the BSP of that polygon than to the BSP of any other polygon. Following the
estimation of the tessellations, the centroids of each polygon are obtained as a representative
local in that area. The use of the centroid, i.e. arithmetic mean or centre of mass, assumes
that the variance of solar irradiance within each polygon is at its minimum at the centroid.
Then, solar irradiation from satellite observations can be analysed and PV generation can be
computed using a photovoltaic physical performance model. The regional PV generation can
be then obtained based on the installed capacity connected to each BSP and corrected by a
factor reflecting the age degradation of the region’s PV fleet. This first stage involves the
steps related to spatial analysis, which are illustrated in Fig. 4.3, and they can be summarised
as follows:
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a) Estimating Voronoi polygons from the coordinates of bulk supply points (Fig. 4.3b).

b) Clipping the polygons to the limits of the region of study, i.e. Northern Ireland, UK
(Fig. 4.3c).

c) Obtaining the centroids of the resulted Voronoi polygons (Fig. 4.3d).

The geometric centre or centroid of each resulting Voronoi tessellations is a representative
local point of the area of study or area of influence. The use of the centroids as representative
study points has been already used in the literature. For instance, Pierro et al. [73] used it as
part of the clustering upscaling technique in their model.

(a) (b)

(c) (d)

Fig. 4.3 Spatial division using Voronoi decomposition: (a) start input data; (b) Voronoi polygons
calculation; (c) clipping the polygons to the limits of region or country assessed; and (d) obtaining the
centroids of the Voronoi polygons.
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4.3.2 Modelling plane-of-array solar irradiance

This stage includes the steps used to model the plane-of-array irradiance (GPOA) from
global horizontal irradiance measurements, which is a three-step process. First, GHI time-
series were obtained at the coordinates of the centroids. Second, the Erbs decomposition
model [181] was used to obtain the diffuse and direct components of the solar irradiance.
Third, GPOA was estimated following the Hay and Davies method [188]. The combination of
the models Erbs and Hay and Davies was selected as their combination has shown to achieve
higher accuracy and less bias than other combinations of models [190]. The ground diffuse
irradiance was modelled following Eq. 3.20 using a ground albedo of 0.0276 [259], which
corresponded to the annual average for 2018 as obtained from the satellite-derived data used.

The characteristics of the tilted surface in terms of typical azimuth and tilt angles used in
the transposition model were selected considering average values in the UK. These values
were selected as an approximation to the characteristics of the PV systems in the region of
the study and had been presented in [195]. An azimuth angle of 178.93◦ and a tilt angle of
31.8◦ were used. The outputs of this stage are multiple time-series of POA irradiance at the
centroids of the resulted Voronoi polygons.

4.3.3 Estimation of aggregated electricity generation

The estimation of the total electricity generation of the PV fleet consists of three differentiated
steps: (i) solar power generation modelled from POA irradiance; (ii) the estimation of the PV
fleet effective capacity and (iii) estimation of the aggregated PV generation.

Estimation of power generation from solar radiation

This step involves the estimation of the electricity generation of the entire regional PV fleet.
The conversion from sunlight to electricity must consider affecting factors to the performance
of the PV system, namely: (i) solar radiation; (ii) module temperature; (iii) shadowing,
either from nearby trees, buildings or structures; (iv) the ageing of the modules; (v) losses
in the electrical installation, mainly wiring; and (vi) the efficiency of the solar inverter. As
introduced in section 3.3.5, the mathematical algorithms analysing the physical properties of
PV modules and from which power output can be computed are known as PV performance
models. The model presented by Huld et al. [211] (Eq. 3.29 and Eq. 3.30) was used in this
study, which has been widely validated and applied in the solar energy industry. PSTC that
represents the rated power of the module was set to 1 kWp to obtain normalised kW/kWp
values.
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It was assumed that the distribution of the PV fleet in the region corresponds to the market
shares of the different PV modules’ technologies: wafer-based crystalline silicon 92% and
thin-film the remaining 8% of the market. Within thin-film, CdTe represent 5%, CIGS 2%
and a-Si modules account for less than 1% of the thin-film market [204]. Since the k1 to k6

coefficients for the Huld et al. model (see Table 3.3) are not available for a-Si, that share was
assumed as CIGS technology.

The module temperature was modelled according to Faiman’s model [218], Eq. 3.38. The
heat loss coefficients U0 and U1 were set equal 25.0 W·m−2·K−1 and 6.84 W·m−3·s·K−1,
respectively [218]. The air temperature and wind speed were taken from the closest official
weather station from the MetOffice by calculating its distance to the desired point using the
Haversine formula Eq. 4.4 [260].

a = sin2(∆φ

2 )+ cosφ1 · cosφ2 · sin2(∆λ

2 )

d = 2 ·R ·arcsin(
√

a)
(4.4)

where φ is the latitude, λ is the longitude and R is the Earth’s volumetric mean radius (6,371
km), with all the angles expressed in radians.

The combination of the Huld et al. and Faiman model was selected as these are the
models used in the tool PVGIS [214], a well-established and highly-recognised tool for the
assessment of solar photovoltaic resources.

Concerning the losses, these were calculated using typical values in PV systems and
were computed as for Eq. 3.28 and resulted in 14.08% of total losses. The breakdown of
values used are: soiling losses due to dirt in the cells (2%), shading (3%), mismatch due to
manufacturing imperfections that slightly modify the cells current-voltage characteristics
(2%), wiring losses (2%), resistive losses in electrical connections (0.5%), light-induced
degradation of the PV cells (1.5%), nameplate rating accuracy (1%), and availability losses
due to system’s scheduled and unscheduled shutdowns for maintenance or other operational
reasons (3%) [210, 215]. The normalised total power output Pout that considers all the losses
was calculated according to Eq. 3.39. A typical efficiency of the solar inverter (ηinv) of 0.96
was selected and the age degradation factor ηage for the whole installed PV fleet is described
below.

Estimation of the PV fleet effective capacity

Deterioration over time for a single PV site could be modelled considering its installation
date. However, for an entire PV fleet of thousands, this information would not be readily
available. Therefore, a theoretical effective installed photovoltaic capacity Pe f f , defined as
per Eq. 4.5, was modelled assuming linear performance based on typical values of minimum
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guaranteed performance over time from manufacturers of PV modules. Manufacturers would
guarantee that the maximum output power is not less than a percentage value specified
in the data-sheet of the PV module. Generally, these percentages are, at least 97% after
the first year, 90% by year 10 and 80% by year 25. Given those three reference points, a
first order polynomial of the type y = ax+ b could be fitted, where y is the performance
of the PV module in percentage and x is the time of the installation expressed in months.
The points used were: Year(x,y) = 1(12,97),10(120,90),25(300,80); being the resulted
function: y = −0.0587x+97.449. There is a different ηage for each time step considered,
as the existing and newly installed PV sites modify this factor every time the total PV fleet
capacity changes.

Pe f f =
k

∑
i=0

ax+b
100

·Pi (4.5)

ηage =
Pe f f

Ptotal
(4.6)

where Pe f f is the effective installed capacity in the region corrected by age degradation, k
is the number of the month for which the degradation is estimated, a and b are the above
mentioned coefficients of the fitted first order polynomial, Pi is the new installed capacity
for each k step, and x = k − i. After calculating the effective installed capacity, the
age degradation factor is estimated as for Eq. 4.6, where Ptotal is the accumulated installed
capacity in the region of study up to the time of k.

Estimation of the aggregated PV generation

After estimating the normalised PV generation (Pout) in the centroid of each polygon accord-
ing to the available solar resource and the age degradation factor (ηage), the aggregated solar
PV generation in each Voronoi polygon can be calculated multiplying those values by the
installed capacity in each BSP (Pinstalled). The all-region solar PV generation (Pregion) would
thus be equal to the sum of the generation of each area as shown in the following equation:

Pregion = ∑Pout ·ηage ·Pinstalled (4.7)

4.3.4 Selection of days of interest

The methods in the previous stages of the methodology are sufficient to estimate the overall
solar PV generation of a large fleet of installations scattered across large territories. These
methods provide a time-series that can be extended as long as the timeline of the data
available. Certain criterion is then required to select days of interest for further analysis. The
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mean daily variability index (VI) was used for this purpose. This index developed by Stein et
al. [66] was proposed as a metric to measure variability in irradiance and power output of
single PV sites considering both global horizontal and clear sky irradiance.

V I =
∑

n
k=2

√
(GHIk −GHIk−1)2 +∆t2

∑
n
k=2

√
(CSIk −CSIk−1)2 +∆t2

(4.8)

where, GHIk and GHIk−1 are vectors of length n of global horizontal irradiance values
averaged at a stated time interval in minutes, ∆t, and CSIk and CSIk−1 are vectors calculated
from clear sky horizontal irradiance values for the same stated times as the previous vectors.
The daily VI score was applied to the totality of resulting areas, i.e. 33 areas, using 1-
minute resolution time-series of GHI. After calculating the mean daily VI score for each
day and location, the standard deviation across all the values was calculated for each day
as an approach to define a new inter-area metric to select days of interest considering solar
resource and PV output variability. Using the standard deviation of daily VI scores (σV I)
helps understand how solar resource varies over time and space across large geographical
areas. At the same time, it provides insights of local weather factors affecting solar resource
and consequently, highlighting differences in solar PV generation across subareas.

4.4 Case Study and Data Sources

The proposed methods are applied to the Northern Irish power system, where small-scale
solar generators accounted for 110.8 MW, connected to the distribution network and spread
across 16,107 sites, in January 2019. As presented in Chapter 1, the installed capacity of
small-scale PV has continued growing and it was 148.7 MW at the end of 2020. General data
protection laws protect from disclosing the locations of those PV installations. As a result,
the amount of PV connected to each bulk supply point is the available data with the highest
spatial resolution that can be obtained to assess the impact of small-scale PV generators on
the power network. As anticipated in Chapter 1, small-scale generators in Northern Ireland
include distributed generation up to 5 MW and are classified according to two schemes: G98
and G99. The analysis addresses generators in each of these schemes and both combined.

The data sources used to carry out the modelling of this chapter are:

• Geospatial data. Geospatial information from Northern Ireland used to work out the
spatial Voronoi decomposition in the boundaries of the region. Shapefiles that provided
location, shape and attributes of geographical information were obtained from the open
data portal OpenDataNI [261].
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• Solar radiation data. The Copernicus Atmosphere Monitoring Service (CAMS) all-
sky radiation service provided solar radiation data at the desired coordinates. Time
series data of global horizontal irradiance and clear-sky irradiance with temporal
resolution of 1 minute were obtained from the Copernicus portal [259].

• Weather data. Temperature and wind speed to be used in the PV performance model
for each particular location were taken from their closest official weather station
belonging to the UK land surface observing network [262].

• Solar photovoltaic fleet data. The distribution system operator of Northern Ireland,
NIE networks, provided with the data on small-scale photovoltaic systems connected
at the bulk supply points in Northern Ireland as of January 2019. The solar PV
capacity and the number of sites connected to each bulk supply point are the data
with the highest spatial resolution made available adhering to general data protection
laws. Data regarding the monthly deployment of solar photovoltaic capacity used to
compute the age degradation factor of the whole PV fleet, are made available by the
UK’s Department for Business, Energy & Industrial Strategy (BEIS) of the UK [38].
Electricity generation from small-scale PV systems in Northern Ireland were used
to validate the methodology. These datasets were obtained from the open platform
PVoutput.org [245] and from a test PV array available to the author.

4.5 Results

This section presents the modelling results, which can be differentiated in: (i) spatial di-
vision and distribution of solar generators; (ii) inter-area analysis of solar resource; and
(iii) estimation of the overall small-scale solar generation.

4.5.1 Spatial division and distribution of solar generators

The results of the Voronoi decomposition to divide the Northern Ireland in local areas for the
assessment of solar resources and photovoltaic generation are presented in Fig. 4.4a. The
figure is similar to Fig. 4.3d but additionally includes the solar installed capacity connected
to the electric bulk supply points in each resulting area and the human settlements over 500
people.

The Voronoi polygons describe the area of influence associated to each bulk supply
point are numbered to ease identification, in ascending order West to East according to the
longitude of the bulk supply point. It can be observed that the distribution of the main human
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(a) Total installed capacity

(b) Capacity up to 3.68 kW (1ph.) / 11.04 kW (3-ph), scheme G98

(c) Capacity from 11.05 kW to 5 MW, scheme G99

Fig. 4.4 Distribution of small-scale solar generators in Northern Ireland in January 2019.
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settlements and solar PV installed capacity across the country have a negative relationship.
For example, the capital city of Belfast, areas 19 and 23-26 in the North East, and the second-
largest main city, Derry/Londonderry, areas 3, 4 and 6 in the North West of the country,
present the lowest numbers of installed solar PV capacity. It is worth noting that more bulk
supply points are concentrated around those areas, as large cities are usually ‘energy sinks’.
While Fig. 4.4a showcases the total deployment of small-scale PV per bulk supply point, Fig.
4.4b and 4.4c show the spatial distributions for each of the schemes defined for small-scale
generators in Northern Ireland.

The resulted Voronoi polygons can be compared to the existing 33 kV network, which
runs from the bulk supply points to lower-voltage distribution networks. Fig. 4.5 provides
such overlay representation and it can be observed how the divisions achieved through
Voronoi decomposition closely relate to the 33 kV electrical infrastructure, mainly in rural
areas where the 33 kV network fits well within the proposed Voronoi areas.

Fig. 4.5 Resulted Voronoi polygons for small-scale PV estimation and 33 kV electric distribution
network in Northern Ireland. Source: 33 kV electric distribution network by NIE Networks [263].
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4.5.2 Inter-area analysis of solar resource

As introduced in the methodology (section 4.3), an inter-area metric was defined to assess
solar resource and PV output variability from the variability index as defined by Eq. 4.8. The
standard deviation of the daily VI scores (σV I) across the 33 resulting Voronoi polygons
during the year 2018 is presented in Fig. 4.6. The day with the highest deviation across all
the areas was the 14th June, followed by the 1st March with 0.543 and 0.513, respectively.
Contrarily, the days with the lowest standard deviation of their daily variability indexes
were 29th June and 17th November with 0.005 and 0.019, respectively. The maximum and
minimum deviation for each of the seasons is presented in Table 4.1. It can be noted that
similar dispersion of daily VI across areas can be found during very sunny days or periods
(late-June) and completely overcast days (early January or mid November). Furthermore,
the annual series of inter-area σV I does not suggest any seasonal relationship, which can
be confirmed by the Augmented Dickey-Fuller test (ADF). The ADF test evaluates the
null hypothesis that a unit root is present in a series; in other words, if the time-series is
stationary or not. The results of the ADF test are shown in Table 4.2 and illustrate that the
series is stationary, i.e. mean and variance are independent through time. The stationarity is
evidenced by a test statistic (-4.449) lower than the reference critical values at 1% (-3.448)
and probability value (p-value 0.0243%) below a 5% reference threshold. Although the
inter-area σV I is stationary and presents no seasonality, it is possible to observe higher peak-
to-peak amplitudes during summer first and then spring than in winter or autumn. The use
of this metric helps selecting days of interest to analyse. Intra-hourly spatial and temporal
analysis of solar resource for the days of minimum and maximum standard deviation of daily
VI score for each season are presented below.

Table 4.1 Days of observation with maximum and minimum standard deviation of inter-area VI score
per meteorological season.

Maximum Minimum

Season Date Std. Dev.
VI score (σV I)

Date Std. Dev.
VI score (σV I)

Winter 28/02/2018 0.4349 06/01/2018 0.0323
Spring 01/03/2018 0.5126 29/05/2018 0.0282
Summer 14/06/2018 0.5433 29/06/2018 0.0058
Autumn 16/10/2018 0.3786 17/11/2018 0.0194
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Fig. 4.6 Standard deviation of daily VI score (σV I) across area during 2018 differentiated by meteoro-
logical season.

Winter

The 6 January was the day of minimum inter-area standard deviation of VI score in the winter
season. As shown in Fig. 4.7-A, a high degree of uniformity was registered across all the
areas during the late afternoon with the exception of BSP area 29 with lower irradiance levels
(darker shades) due to a larger presence of clouds. During the morning and early afternoon of
that day (until 14:00h), it was a cloudy day where cloud coverage led to slight differences of
solar irradiance between adjacent areas; for example, areas 4-5, 21-22, or 27-29 from 10:00h
to 11:30h.

The day with the maximum inter-area standard deviation in winter was the 28 February.
That day, there were multiple disparities of solar irradiance (see Fig. 4.7-B), particularly in
morning hours, as it can be observed in areas 2-12 from 10:30h to 13:30h and areas 14-27
from 10:00h to 11:00h. Despite registering full clear sky hours in the core hours of the day,
e.g. areas 21-33, it was overall a day with local intermittent cloudiness.
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Table 4.2 Augmented Dickey-Fuller test results for the standard deviation of inter-area VI score (σV I).

Test Statistic (t-statistic) -4.449019
Probability (p-value) 0.000243

#Lags Used 7
Number of Observations Used 357

Critical Value (1%) -3.448801
Critical Value (5%) -2.869670
Critical Value (10%) -2.571101

Fig. 4.7 Daily evolution of 15-minute mean global horizontal irradiance across all the areas for the
winter days with the minimum, 6 January 2018 (A), and maximum standard deviation of daily VI
score, 28 February 2018 (B).

Spring

The day of minimum inter-area standard deviation of VI score in spring was the 29 May
(Fig. 4.8-A). That day registered complete clear skies in Northern Ireland, as shown by a
high uniformity across all the areas for each time step. In addition, the highest levels of GHI
were recorded compared to the rest of selected days. This day would represent a potential
day where solar PV could pose a challenge to the power system in terms of the limits of solar
renewable integration in the grid. In contrast, the day of maximum inter-area deviation in
spring (1 March) was a highly cloudy day with clouds dissipating in morning hours in areas
1, 2 and 7, as shown in Fig. 4.8-B.

Summer

The day of minimum inter-area standard deviation of VI score in summer was the 29 June.
That day registered complete cloudless skies, as shown by the homogeneity across all the
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Fig. 4.8 Daily evolution of 15-minute mean global horizontal irradiance across all the areas for the
spring days with the minimum, 29 May 2018 (A), and maximum standard deviation of daily VI score,
1 March 2018 (B).

areas throughout the day (see Fig. 4.9-A). This day fell within a period when the UK and
Ireland suffered one of the most severe heat waves ever recorded [264]. Similarly to the
29 May in spring, PV installations would generate among their maximum power outputs
potentially representing a challenge to the power system in terms of grid penetration. In
comparison, on the day of maximum standard deviation of mean daily VI (14 June, Fig.
4.9-B) there was a strong contrast in the observed radiation values across the areas, which
is noticeable from adjacent to distant areas. For example, some areas between area 1 to 20
experience differences over 300 W·m−2 during the core hours of the day. Overall, this day
was a day with few and scattered clouds in the majority of the territory and it coincides it was
the precedent day to the arrival of Storm Hector. This storm produced considerable damage
to the electricity network with nearly 600 faults in Northern Ireland [265].

Autumn

The selected days of interest in autumn were cloudy days. The day of minimum inter-area
standard deviation of VI score, 17 November, was a complete overcast day in all the territory
with minor exception in areas 32 and 33 during 13:00h to 14:30h (Fig. 4.10-A). This day
registered the lowest GHI numbers among the selected days of interest. Similarly, the day
of maximum inter-area deviation in autumn (the 16 October) was a cloudy day with higher
incoming solar radiation in the core hours of day as observed in Fig. 4.10-B. For example, in
areas 1-13 from noon to 14:00h approximately.
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Fig. 4.9 Daily evolution of 15-minute mean global horizontal irradiance across all the areas for the
summer days with the minimum, 29 June 2018 (A), and maximum standard deviation of daily VI
score, 14 June 2018 (B).

4.5.3 Estimation of the overall small-scale generation

The results of the overall small-scale solar generation power output are presented below.
This subsection begins with the introduction of the results about the effective capacity of the
whole PV fleet. The results then focus on the normalised and total aggregated power output
for all the selected days of interest.

Effective photovoltaic fleet capacity

Following the application of the losses of factors to estimate the power output of the PV fleet,
the total installed capacity was age-corrected as per Eq. 4.5. The effective installed PV fleet
capacity over time is illustrated in Fig. 4.11. In January 2019, the age degradation factor
ηage defined by Eq. 4.6 resulted 0.947 (134.15 MW of effective capacity over 141.65 MW of
the total installed capacity). In other words, the capacity of the existing PV fleet had fade
over 5% due to the expected natural wear off of the modules. It is worth mentioning that the
numbers of total installed capacity shown by Fig. 4.11 and those described in section 4.4
of this chapter do not match as their data sources are different as remarked in that section.
Computing the age degradation factor required a time-series as provided by [38]. However,
the proposed model was computed using data from the distribution system operator, NIE
Networks, which was believed more reliable.
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Fig. 4.10 Daily evolution of 15-minute mean global horizontal irradiance across all the areas for the
autumn days with the minimum, 17 November 2018 (A), and maximum standard deviation of daily
VI score, 16 October 2018 (B).

Normalised and total power output

In the process of modelling the photovoltaic power output, the module’s temperature is
estimated using Faiman’s model (see Eq. 3.38), which requires air temperature and wind
speed as inputs. These were assigned from the closest official weather station and the hourly
readings were applied to all the time-steps within the same hour as these variables do not
suffer sudden variations at intra-hourly basis. An overview of the official weather stations
available and the associated station to each Voronoi polygon is shown in Fig. 4.12. For the
designated days of interest, normalised solar PV power per area was computed and it is shown
in Fig. 4.13. The 29 May and 29 June were clear-sky days in all the locations and had similar
per-unit power output. The 28 February and 14 June were days of high cloud intermittency
across the country. The normalised power output on the 1 March and 16 October shows that
those days were mostly cloudy with a fewer clouds in some of the areas afterwards. The 6
January was an overcast day until the afternoon and observed clear skies in the most of the
areas. Finally, the 17 November was a complete overcast day with minimum power output.
It is worth noting several spikes observed during the early morning or late evening in some
cases, these are due to the modelling through decomposition and transposition models. These
models are based on trigonometric ratios and do not convergence correctly for very low solar
elevations (below 1 degree) when the reported GHI are relatively high.

Considering the installed capacity connected to each BSP, the aggregated power output
for the designated days of interest was estimated and it is shown in Fig. 4.14. The maximum
power output among the analysed days was recorded in 29 May 2018, reaching 80.2 MW,
followed by 76.9 MW and 76.7 MW, in the days 29 and 14 June 2018, respectively. In
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Fig. 4.11 Total and effective installed capacity of small-scale photovoltaic generators over time,
January 2010 - January 2019.

contrast, the day with the minimum power output was 17 November reaching only 4.8 MW
around 13:40h.

The days of June are the days with the maximum and minimum standard deviation of VI
score among all the studied days. While the maximum electricity power output in both days
were similar in range, the contribution of each area to the total drastically changed throughout
the 14 June. These differences can be observed in the daily energy production across the
areas, which is shown in Fig. 4.15. That day the maximum daily solar energy recorded was
6.13 kWh per kilowatt peak installed in area 27, representing a difference 42.5% compared
to the minimum value recorded in area 15 of 3.52 kWh/kWp. This had been anticipated
in Fig. 4.9-B where areas 8, 9 and 21 to 33 experienced longer cloudless periods making
available more solar radiation locally that day.

4.5.4 Value of small-scale PV generation

Following the estimation of the overall production from small-scale rooftop PV, this sub-
section explores the value of small-scale PV as if those systems would have participated
in the electricity market in a similar way to other large utility-scale renewable generators.
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Fig. 4.12 Available official weather stations (MetOffice) associated to each polygon, bulk supply
points and centroids of Voronoi polygons.

An estimate of their total contribution and value can be estimated as if small-scale PV pro-
duction was combined in one or multiple agents, e.g. an aggregator(s) bringing together all
generators.

In order to illustrate the value of small-scale PV, it is considered that: (i) the dispatch of
small-scale PV would, at least, be the minimum tradable amount of energy in the Irish Single
Electricity Market (SEM), i.e. 10 MW during a trading period of 30 minutes (i.e. 5 MWh);
(ii) as a renewable energy source, whenever available, small-scale PV would be included in
the energy mix; (iii) the potential revenue is calculated from the day-ahead market price for
that trading period16. The revenue can then be estimated as the energy produced in a trading
period multiplied by the day-ahead market price for the same trading period.

Given these considerations, the annual revenue can be estimated and it is shown monthly
in Fig. 4.16, where the monthly revenue varies from 38,542 GBP in December to 636,604
GBP in May. A histogram with the frequency of the tradable energy is also presented in
Fig. 4.17, which illustrates that the energy delivered is, in most cases, between 5 to 10 MWh,
and it reaches a maximum of 40 to 45 MWh. Overall, if small-scale rooftop PV participated
in the whole-sale electricity market through aggregators or other agents, it would have:

16Since the SEM market changed its regulations in October 2018, the day-ahead market prices for 2019 are
taken to consider 1-year of data in the new market structure.
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(a) Winter (b) Spring

(c) Summer (d) Autumn

Fig. 4.13 Normalised PV power outputs (kW/kWp) per bulk supply point area for the days of interest
in each meteorological season.

• been able to dispatch energy in 5,116 periods (29.2%) of the total 30-minute tradable
periods;

• produced 99.108 GWh of energy, of which 90.378 GWh (91.2%) would have qualified
as tradable energy (i.e. greater or equal output to 10 MW and 5 MWh);

• had an annual market value of 4,171,021.54 GBP;

• had an average generation revenue of 46.15 GBP/MWh.

This analysis of the value of small-scale PV illustrates the opportunities in the electricity
business models as more and more DG is deployed and considering the growth prospects of
small-scale PV.
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Fig. 4.14 Aggregated small-scale solar PV generation for the days of interest.

4.6 Validation of the Model

The validation process consisted of a two-step process: (i) the validation of the results
compared to real-data from small-scale solar installations and (ii) comparison of the scale-up
method based on Voronoi decomposition with other methods available in the literature,
i.e. benchmarking.

4.6.1 Validation against real data from solar installations

Many small-scale solar generators are generally not monitored nor controlled. This com-
plicates the access to data from multiple PV sites to validate models. In this case, this data
constraint was solved by accessing power generation from PV sites available in the open
platform PVoutput.org. Fourteen sites with available intra-day power output during 2018
were retrieved. Additionally, data from a rooftop PV array existing in the urban campus of
Queen’s University Belfast was included. Altogether, fifteen solar PV installations with an
accumulated capacity of 71.08 kW, across twelve of the considered areas, and with resolution
ranging from 5 to 15 minutes were used to validate the estimated power outputs of the model.
The validation against real-data was carried in two differentiated stages. First, the normalised
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Fig. 4.15 Normalised (kWh/kWp) daily solar generation in Northern Ireland, 14 June 2018.

power output (kW/kWp) of each installation available for validation was compared to the
modelled normalised power output at the BSP area where each site is contained. Second,
the power output of the fleet formed by the available sites across the country was compared
against the equivalent modelled output at the areas’ centroids that a PV fleet of similar size
would obtain. The mean power output at 15-minute and 30-minute resolution and the energy
generation at 1-hour, 3-hour and daily basis were analysed. The results were analysed using
as performance metrics the root mean square error (RMSE) and the coefficient of determi-
nation (R-square or R2). These metrics are defined by Eq. 3.47 and Eq. 3.48, respectively.
The RMSE is also presented in the results with its normalised form (nRMSE) expressed in
kW/kWp, which is obtained from dividing RMSE by the installed capacity of the validation
PV fleet. General information from the 15 validation sites is presented in Table 4.3.

Normalised output

The normalised results of power output at 15-minute resolution for all the sites range from
0.1057 to 0.1616 kW/kWp in nRMSE and reach an R2 up to 0.7156. For the daily solar
energy generation, which is the temporal resolution in which the coefficients of determination
are the highest (0.8784 to 0.9489), the nRMSE values for the different installations range
from 0.210 to 0.629 kWh/kWp. The results of normalised output for all the sites and temporal
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Fig. 4.16 Monthly revenue for small-scale PV systems due to participation in the whole-sale electricity
market.

resolutions are presented as a table in Appendix B. Graphs with the regression analysis for
each of the validation sites for 1-day resolution are also included.

Equivalent-size PV fleet output

The output for a fleet with the size equivalent to the total capacity of the available validation
sites (i.e. 71.08 kW) was modelled at the same temporal resolutions. The regression results of
the overall power output at 15-minute resolution is presented in Fig. 4.18, where the RMSE
is 6.834 kW, what represents a normalised RMSE of 0.0962 kW/kWp. The results for all the
temporal resolutions studied are presented in Table 4.4. Monthly nRMSE for the overall total
output at 15-minute resolution varies from 0.036 to 0.121 kW/kWp in December and May,
respectively. The monthly data is available in Appendix B.

4.6.2 Benchmarking: comparison to other models

As introduced in section 4.2, there are several approaches to scale-up geographically dis-
tributed datasets, which use single or multiple representative locations. In this subsection,
some of the available approaches in the literature are compared to the proposed methodology
in terms of performance. In this case and for the purpose of validation, the differences in
the application of these methods are the selection for the location(s) selected to model PV

17Power and energy data expressed in kW/kWp and kWh/kWp, respectively.
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Fig. 4.17 Histogram of annual energy dispatched by small-scale solar PV if participated in the
whole-sale electricity market.

output from solar irradiance data. The same physical performance models and parameters
were used to obtain for each method the aggregated power output. The methods evaluated
are: (i) spatial mean or mean centre, (ii) spatial median or median centre and (iii) centre of
minimum distance, and (iv) clustering.

An overview of the methods for spatial scale-up are presented in Table 4.5 and the
graphical solution is shown in Fig. 4.19. The mean centre method is computed according
to Eq. 4.1. It is worth noting that the spatial mean coordinates fall within a water body
(i.e. Lough Neagh, the largest lake in the UK and Ireland) and thus, it cannot be utilised.
In this case, solar radiation observations in those coordinates would have higher values of
albedo, which would not be representative of a typical solar installation. The spatial median
and centre of minimum distances were implemented as per their definition. The accumulated
travel distances from each validation site to the rest range from 1,291.68 km for the bulk
supply point 21 to 3,161 km for the BSP 1. The site corresponding located at the median
distance, and therefore representing the median centre, is the BSP 12 with 1,635.02 km.
All the distances are presented in Appendix A. The clustering method is implemented from
estimated coordinates of the validation PV sites as observed in PVoutput.org. Analysis of
solar resources were computed in each of the clusters’ centres. Additionally, the clustering
method requires a distance radius to be implemented. As 30 km can correspond to the
maximum horizontal distance for the validity of cloud cover in a local area [266], this
distance and half this distance were selected as indicative to assess this method. For the
clustering, the method consisted of: (i) the distance radius is applied to each location and
the areas that overlap conform a cluster from which the centroid is computed. And (ii) solar
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Table 4.3 Information on the validation sites.

Site BSP area City / Town Size (W) Days of data

Site 01 4 Killaloo 3,680 365
Site 02 8 Dungannon 4,000 362
Site 03 10 Ballymoney 20,000 334
Site 04 17 Antrim 3,680 293
Site 05 20 Ballyclare 4,000 365
Site 06 20 Newtownabbey 3,680 365
Site 07 21 Belfast 3,680 265
Site 08 22 Newtownabbey 6,500 365
Site 09 27 Lisburn 3,680 285
Site 10 29 Larne 3,300 365
Site 11 30 Dundonald 3,900 365
Site 12 30 Belfast 3,900 365
Site 13 31 Carrickfergus 400 365
Site 14 32 Newtownards 3,000 361
Site 15 32 Ards 3,680 365

Table 4.4 Validation results for the regression analysis of the aggregated power (15 and 30-minute
data) and energy generation (1-hour, 3-hour and 1-day data) of the validation PV fleet.

Metric 15 min 30 min 1 hour 3 hour 1 day

nRMSE 17 0.0962 0.0950 0.0660 0.1785 0.4598
R-square 0.750 0.763 0.848 0.869 0.930

power output is then modelled as per the methodology described at each cluster’s centroid
and the total aggregated output is proportionally weighted from installed capacity at each
sub-cluster.

The results of the spatial analysis for each of the method is presented in Table 4.6. With
those locations, solar power generation was modelled for a PV fleet with the same size than
the total capacity of the validation sites. The results for all the benchmarked methods based
on the same metrics are presented in Table 4.7. The proposed methodology based on Voronoi
decomposition outperforms any of the other methods benchmarked. The clustering method
at 15 km resolution to perform with the highest accuracy among the methods reproduced
from the literature. The method based on the centre of minimum distance is the single-
representative location method that best performs.
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Fig. 4.18 Estimated vs observed 15-minute mean solar power output generated by the validation PV
fleet.

4.7 Discussion of Results

4.7.1 Spatial division and distribution of PV installations

The use of Voronoi decomposition permits obtaining a spatial distribution of small-scale solar
PV installations, which is not available a priori. The assumption of Voronoi decomposition,
and its limitation, is that space is Euclidean (i.e. geometric space) rather than geographic.
Therefore, it does not take into account topography and it considers space as flat. Nevertheless,
it deals with the initial constraints related to data availability and permits the estimation of
total PV generation in a regional scale. The Voronoi-based division was compared to the 33
kV electrical distribution network (see Fig. 4.5) in order to visualise the geographical overlay
with existing electrical infrastructure. The Voronoi polygons showed a good geographical
match between the defined areas and the existing primary distribution networks, which
reinforces the usefulness of the proposed method.

The spatial distribution of small-scale solar PV installations was shown in Fig. 4.4a to 4.4c,
where the human settlements and the amount of solar PV in each area can be analysed. These
figures indicate that small-scale solar installations may be largely present in rural areas rather
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Fig. 4.19 Representation of benchmarked up-scaling methods and approximate location of validation
sites.

than in urban areas. This finding is consistent with that of Westacott and Candelise [267],
who found a predominance of domestic grid-connected PV installations in rural areas. The
results shown extend the analysis to all type of small-scale solar PV installations, instead
of only those in the domestic sector. The distribution of sites under G99 scheme (Fig. 4.4c)
showed that larger small-scale PV generators aggregate in metropolitan and sub-urban areas.
Given that under this scheme generally includes industry and larger commercial premises, it
can be stated that larger small-scale PV generators concentrate in the peripheral area of cities,
industrial estates outside urban areas or other highly energy demanding facilities, such as
shopping malls or airports. This would indicate that the solar generation is consumed locally,
minimising the use of electrical infrastructure in the distribution networks.

4.7.2 Selection of days of interest

For the selection of days of interest, the VI-score defined as per Eq. 4.8, is utilised. This
metric requires time-series vectors of both clear sky and global horizontal irradiances. As
clear-sky irradiance can be computed from a number of different models (see section 3.2.4),
the selection of a model will intrinsically lead to variations in the VI score. This is however
not a critical issue if VI scores estimated differently are not mixed. Similarly, the data
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Table 4.5 Overview of spatial scale-up methods used for benchmarking.

Method’s Category Method Type of
Resulted Location

Single-representative
location

Spatial mean or
mean centre

New

Single-representative
location

Spatial median or
median centre

Existing

Single-representative
location

Centre of
minimum distance

Existing

Multiple-representative
location

Clustering
(30 km)

New (several)

Multiple-representative
location

Clustering
(15 km)

New (several)

source of GHI will also affect the outcome of the VI scores. In this chapter, satellite
observations for both clear and global horizontal radiation provided smoother, less dispersed
VI scores compared to what land observations of GHI could produce. This is because of
the frequency in which the inputs of satellite observations are measured. For example, the
satellite observations used utilise cloud properties at a 15-minute resolution and aerosols
properties, total column content in ozone and total column water vapour content at a 3-hour
resolution [259]. In spite of that, the use of the standard deviation of VI scores (σV I) across
a number of areas facilitates the assessment of spatial solar resources’ variability in large
geographical areas. This new proposed metric is valid regardless of the nature (i.e. land or
satellite observation) and frequency (e.g. 1-minute to 3-hour) of GHI time-series to compute
the VI-score for a given day. The effect of extreme weather conditions in solar energy and
consequently, the impact of these on the power networks, can be also assessed using the
standard deviation of VI score across areas of interest. As described in section 4.5.2, the
trend of this new metric can correlate to heatwaves, intense storms and other meteorological
conditions, which can serve as a reference for future meteorological phenomena, specially
with the increasing extreme weather events due to climate change. The results also suggested
that amplitude in the metric is stationary and has no seasonal relation.

4.7.3 Inter-area solar resource and PV fleet electricity generation

The inter-area analysis of solar resource serves as a method to evaluate and visualise the spatio-
temporal evolution of solar irradiance and consequently, power output. When modelling
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Table 4.6 Validation results: spatial analysis results for benchmarked methods.

Scale-up
Method

Sites
Scaled-up

Resulted
Location

Weight
(only

clustering)

Weather
Station

Associated

Spatial mean All
In Water body
(incompatible

location)
- -

Spatial median All At BSP 12 - 1530

Centre of
minimum dist.

All At BSP 21 - 1450

Cluster 1 (30 km) 1 and 2
Cluster’s
Centroid

0.108 1543

Cluster 2 (30 km) 3 to 15
Cluster’s
Centroid

0.892 1450

Cluster 1 (15 km) 4 to 15
Cluster’s
Centroid

0.6105 1450

Cluster 2 (15 km) 1 Outlier 0.0517 1543

Cluster 3 (15 km) 2 Outlier 0.0563 1530

Cluster 4 (15 km) 3 Outlier 0.2814 1467

Table 4.7 Validation results: comparison of metrics among proposed and benchmarked methods for
15-minute resolution data.

Scale-up Method RMSE
(kW)

nRMSE
(kW/kWp) R-square

Median centre 10.796 0.1519 0.670
Centre of Minimum distance 10.116 0.1423 0.710
Clustering (30 km distance radius) 9.629 0.1355 0.732
Clustering (15 km distance radius) 8.940 0.1258 0.750
Voronoi decomposition (proposed) 6.834 0.0962 0.750
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photovoltaic generation from solar irradiation, the proposed methodology has a limitation
concerning the solar decomposition model. Oversized, un-real values are sometimes resulted
from the Erbs’ model for very low solar elevations (below 1 degree) due to the trigonometric
ratios on the model. The effect of this limitation can be easily observed in the plots of
normalised power output for some of the selected days in winter, spring and autumn in
Fig. 4.13, where outliers with high values appear in the first and late time steps of the day.
However, this limitation can be evaded by filtering the time-series by solar elevations over a
certain threshold, for example, 5 or 8 degrees, which was not implemented in Fig. 4.13 nor
Fig. 4.14. In addition, filtering by 5 or 8 degrees can also help remove time-steps when the
horizon height at a certain site could produce shades in the PV systems. This is a common
practice observed in the literature when using land-based measurements, for instance, study
[268] considered 8◦ as the minimum solar elevation to evaluate meteorological data linked to
solar radiation.

Following the assessment of inter-area solar resource in heat maps of solar resource
resulted from each Voronoi polygons as those presented in Fig. 4.8 to Fig. 4.10, it needs to
be taken into consideration that the polygons may present different areas when observing the
data.

The assessment made in the individual power output of each area reveals where small-
scale solar PV is subject to raise issues to the power network. According to the location
(e.g. in the residential sector) and size of small-scale generators, it is evident that large part
of their generation would be self-consumed behind the meter. In addition, when surplus of
solar production is fed back to the electricity network, this is probably consumed locally.
Nevertheless, the aggregated solar generation of large rooftop PV fleets remains of high
interest as it affects the instantaneous electricity demand. First, locally in the facilities where
they are installed and in the low-voltage networks supplying them, and extending its impact
along the power system up to the transmission system. At that level, the total electricity
demand of a region or country can be partly masked by the overall combined small-scale
solar generation. Most of the existing small-scale photovoltaic installations are uncontrolled
and unmonitored. Given the current growth trend of small-scale solar installations, if further
uncontrolled and unmonitored sites are deployed, these are set to represent a larger challenge
in electrical networks leading to additional demand masking. This would represent a counter-
productive step in the transition towards power systems with high integration of renewable
sources. As the control of variable RES and demand side management are key elements
in such transition [269]. Consequences of this invisible demand at the largest level can be
disturbances in the operation of the power system, requirements for load enhancement or
relief and alterations in the unit commitment and scheduling of large generators. Thus, it is
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important to bring a level of visibility to small-scale solar power generation, turning it from
constraint to predicted resource in the electricity system.

An attempt was made to quantify the value of small-scale PV as if these generators
were considered part of the whole-sale electricity market. The results show that small-scale
PV could dispatch energy in over half the trading periods, leading an annual multi-million
revenue. This is indicative of potential for the development of business models and new
opportunities in the electricity sector as these evolve and higher shares of distributed PV are
deployed, not only in the Irish power system but in other electricity markets across the globe.

4.7.4 Validation of the results

Concerning the validation of the proposed methodology, a two-step validation process was
presented using available data from a fleet of 15 small-scale solar PV sites in the residential
and industry sector. The power and energy modelled results have been evaluated at different
temporal resolutions, i.e. 15-minute and 30-minute for power values and 1-hour, 3-hour and
1-day for energy values (see Table 4.4 and refer to Appendix B for extended results). The
results show higher coefficient of determination the lower the temporal resolution analysed.
For the highest resolution assessed (i.e. 15 minute), the aggregated power of the validation
PV fleet obtained an nRMSE of 0.0962 kW/kWp, which is within a 10% error tolerance. It
can also be observed that the model is prone to estimating higher generation (see Fig. 4.18).
These differences may be subject to the assumptions for the losses of the system, for example,
the real non-constant performance of solar inverters, which is considered constant in the
model, or additional shadowing. Real differences between the azimuth and tilted angles of
each installation compared to the typical values used may have also led to positive bias. In
that same figure, it can be observed that the bias is higher closer to the winter period (more
density of dark green to blue colours above the fitted line), what may be result of how GHI
is calculated under all-sky conditions from satellite measurements, as those are typically
cloudier months. When focusing on how the proposed model performs against other methods
in the literature, the results are in range with other studies, for instance, those in [242] for a
distance between reference PV plants of 20 km, nRMSE: 0.075 and 0.1287 kW/kWp. This
distance of 20 km is similar to the average separation between centroids in each Voronoi
polygon. An appropriate comparison with other spatial scaling-up or upscaling methods
in the literature has been shown by replicating those methods and applying them to the
same case study. The proposed model outperforms any of the other benchmarked methods
concerning nRMSE and the coefficient of determination (R2). It is worth noting that the
spatial mean or mean centre method could not be performed as the solution falls within a
water body (i.e. a lake), revealing that this method is circumstantial and it is not always
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possible to implement it. Other methods whose solution is a new location are also subject to
this circumstantiality, e.g. clustering, if the cluster’s centroids fell in non-feasible locations.

4.8 Chapter Summary

Key points and contributions

This chapter has analysed the aggregated power generation of a large fleet of photovoltaic
installations in a territory as large as 14,100 square kilometres plus, with ca. 175 km at its
widest point and ca. 130 km at its longest point. A methodology was proposed using Voronoi
decomposition and physical performance models. The novelty of this methodology is the use
of Voronoi decomposition to find representative locations to scale-up solar generation from
a large fleet of small-scale PV generators with unknown location. This approach manages
the uncertainty in the location of PV sites, sometimes protected by general data protection
legislations. In addition, the method helps deal with the variability of solar resource in
space by considering multiple locations as part of the total PV generation. The spatial
division permitted obtaining subdivided areas of the territory where inter-area assessment of
solar resource was implemented and photovoltaic generation estimated. There are manifold
contributions in this chapter, these are:

1. A model permitting the estimation of local and total solar photovoltaic generation of
small-scale installations, where:

(a) Voronoi decomposition is used for spatial division. Using solar PV capacity
connected to particular electrical infrastructure helps better understand the impact
of grid-connected installations beyond their actual location.

(b) The reduced amount of data required deals with restrictions in data access and
availability. Only the installed capacity at the bulk suply points is required.

(c) The overall solar PV capacity of small-scale generators in a region or country
can be age-corrected to model an overall effective PV capacity.

(d) The validation results showed that the proposed methodology outperforms other
benchmarked methods, including data-driven approaches, such as the clustering
method.

2. Inspired by an existing metric to asses variability of daily solar resource of single
PV sites (i.e. variability index [66]), a new metric σV I was proposed for wide-area
monitoring of solar PV generation in order to identify days or moments of the day
when solar generation can pose a challenge to the power networks.
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The estimation of the locally generated and aggregated small-scale solar power production
brings an added value to these type of renewable-based energy hubs in the residential, tertiary
and industry sectors. Concurrently, it increases the visibility to turn these installations from
unseen threats to predictable resource.

Applicability

The estimation of the overall solar photovoltaic generation across a large geographical area
can have multiple relevant applications within the operation, planning of power systems and
electricity markets. Concerning the operation and planning of power systems, the overall solar
generation of a large small-scale PV fleet can help quantify the effect in the system’s demand
as the electricity demand is invisible and masked to system operators. The total generation
of small-scale solar installations would support the operation and planning activities at
transmission system level, whereas solar generation at specific areas could serve as reference
in distribution networks to increase solar integration. Forecasted solar irradiance time-series
can replace historic time-series to use the proposed methodology in the assessment of where,
when and in what amount solar PV is expected to be generated in an N-day(s) ahead basis.
System operators would then know the location and time when solar PV could pose a risk to
the operation of the power systems, permitting the management and planning of additional
local or global resources to ease solar integration in the grid. The requirements for relief
and enhancement of load could be managed on time with additional generation, demand
side units or energy storage systems. Scheduled generation in wholesale electricity markets,
which can be affected by the sudden intermittent generation of large small-scale PV fleets,
could minimise their requests to reduce and increase their output. As a result, ancillary
services, which compensate supply–demand imbalances caused by small-scale generators,
could be diminished avoiding more expensive energy prices and a less efficient power market.
Additionally, business opportunities related to virtual power plants or agents like aggregators
open when bringing to light the value of small-scale solar PV generation and its contribution
to the total electricity production.

The potential application of this model into the daily tasks of system operators would
require continuous access to updated solar radiation data to input into solar production
monitoring and forecasting models. The following chapter evaluates an alternative data
source to enable access to solar radiation data for near real-time applications.



Chapter 5

Near Real-Time Monitoring of Solar PV
Generation Using Personal Weather
Stations

5.1 Introduction

The previous chapter addressed issues related to the estimation of production from pop-
ulations of small-scale solar photovoltaic installations as a whole posed by RQ 1.A. To
that end, Chapter 4 presented a model for aggregating the generation output of PV fleets
scattered across large territories, and it was tested in an area of over 100 km wide. If that
model was combined with a solar forecasting model, they could be used to forecast the
aggregated solar PV generation in a region. Similarly, it could be used for solar production
monitoring. However, that implementation poses a barrier for the daily activities of power
system operators, as it requires continuous access to up-to-date, intra-hourly solar radiation
data.

In this context, this chapter addresses RQ 1.B and identifies personal or amateur weather
stations as a way to implement regional intra-day solar generation forecasting. The solar
radiation data reported by these stations could be used as inputs for the forecasting models
and enable updating such models in a temporal resolution as high as five minutes to the
current time (t − 5 min). The chapter includes an analysis of the potential and quality of
the measurements from such stations and a calibration method considering the sensor’s
temperature, the solar zenith angle and the clear-sky index.

The chapter begins with an introduction to personal weather stations and a review of
the benefits, presence in the literature and their irradiance measurements. The two sections
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that follow focus on the quality and accuracy of these measurements and the application of
personal weather stations in the real world: section 5.3 introduces an evaluation of the quality
of solar irradiance measurements by personal weather stations and a calibration method under
all-sky conditions is proposed. Then, the application of these stations is explored to assess
the intra-hourly variability of solar PV generation in section 5.4. The chapter continues in
section 5.5 with a discussion of the results from both previous sections. Finally, the chapter
concludes by presenting the overall contributions.

The evaluation of the quality and correction method are presented for 30 personal weather
stations located in 5 climate zones worldwide; whereas the applicability and potential
of personal weather stations is presented for a case-study with 3 utility-scale PV plants
in Northern Ireland. The content of this chapter was condensed and published in [270]
and [271].

5.2 Personal Weather Stations as a Solar Radiation Data
Source

Solar radiation data are essential for photovoltaic and thermal solar applications in climate,
energy and environmental sciences. The most accurate sources of irradiance (G) data are land-
based measurements obtained by well-maintained, calibrated thermopile pyranometers [272].
Depending on the application, up to intra-minute resolution may be required. However,
high-quality measurements of solar irradiance with such resolution are often available for
a limited number of locations due to high cost and maintenance needs. On the other side,
Personal Weather Stations (PWS) record irradiance and other meteorological data and can
help increase the spatial resolution of the available data. This increased spatial resolution
can be observed in Fig. 5.1, where the locations of official stations and PWS recording solar
irradiance in Northern Ireland are displayed18. The UK land surface observing network
managed by the UK meteorological office (MetOffice) has currently only four stations
reporting hourly and daily solar radiation in Northern Ireland (an area over 14,000 km2). The
average distance between these stations is 63 km, therefore features as partial clouds in clear
sky or broken clouds’ days, may not be detected. There are however over 30 PWS providing
solar irradiance measurements reporting every 5 to 30 minutes in Northern Ireland.

A personal weather station is an outdoor weather station equipped with: (i) a thermometer;
(ii) barometer; (iii) anemometer; (iv) hygrometer; and (v) wind vanes. Some more advanced
models would equip a silicon-photodiode pyranometer, ultraviolet index and/or air quality

18The list of personal weather stations corresponded to those with irradiance measurements available in the
online platform Weather Underground [273] as of June 2019.
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Fig. 5.1 Available official (MetOffice) and personal weather stations performing solar radiation
observations in Northern Ireland, UK.

sensors. An example of this type of weather station is shown in Fig. 5.2. PWS are owned by
private individuals (e.g. weather enthusiasts) or organisations, who may voluntarily donate
their data. PWS data are regularly uploaded and made accessible on websites like Weath-
erLink, Netatmo Weathermap, Weather Underground, or EUweather. Since most of these
devices report every 5 to 15 minutes, data are publicly available for free and often with auto-
mated access much faster than other open solar radiation data sources, i.e. satellite-based or
official weather stations from national meteorological services. For instance, the Copernicus
Atmosphere Monitoring Service [259], which offers meteorological services with geograph-
ical coverage including Europe, provides free historic data with a time coverage equal to
t −2 days ago. An option for the automated near real-time estimation of irradiance data is
the ‘HelioClim-3 Persistence Forecast Services’ which provides solar radiation readings in a
time coverage of t −15 minutes ago, but its automated access is not free. To this end, PWS
represent a type of meteorological data source that is open, free and with automated access in
a time coverage up to t −5 minutes ago. Data from single or multiple PWS simultaneously
have been extensively used in the literature for a wide range of applications and scientific
fields. This is due to the diverse meteorological data produced by PWS and a growing support
within the scientific community [274]. For example, PWS data were used in studies of hydro-
meteorological phenomena, such as flash-flood [275] or rainfall monitoring [276]. PWS were
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Fig. 5.2 Example of personal weather station installed in a rooftop at Queen’s University Belfast in
February 2019. Model Davis Vantage Pro2. Source: author’s own private collection.

used as inputs for air quality prediction [277], for energy modelling studies [278, 279] and for
energy efficiency investigations [280]. In the field of renewable energy and power systems,
data from PWS were used to model wind production [281], solar photovoltaic power output
in the context of smart grids management [282] and solar generation forecasting [283]. In the
analysis of solar resources, one of the publications derived from the content of this chapter
(i.e. [270]) was the first, to the author’s knowledge, analysing the correlation and potential of
PWS data applied to intra-hourly solar variability at the time of publication.

Despite the benefits these data have (e.g. open source and high temporal and spatial
resolution), there are also several limitations, specially concerning the quality accuracy of
the measurements. In relation to irradiance observations, incorrect maintenance and lack
of recalibration plans can affect the measurements of solar radiation sensors due to degra-
dation from soiling and annual drift. Consistency cannot be guaranteed in relation to the
installation (e.g. orientation or shadowing) affecting their operation. In addition, PWS are
often presented as plug-and-play products and on-site calibration is rare. PWS typically
use silicon-photodiode pyranometers, which are a lower-cost option with less maintenance
requirements and faster response times [284]. However, these silicon-photodiode sensors
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present higher uncertainty compared to research-class, thermopile technology pyranometers
due to differences in the solar response and spectrum covered. There are a number of factors
influencing the response of silicon-photodiode devices: (i) angle of incidence; (ii) device
temperature; (iii) tilt orientation; (iv) mechanical and optical asymmetries in the instrument;
(v) irradiance magnitude; and (vi) spectral response [285]. The differences in G readings be-
tween silicon-photodiode and thermopile pyranometers fall within ±5% when the devices are
correctly calibrated and maintained, and the data corrected [285–289]. Without corrections,
the differences can reach ±15% [290]. Silicon-photodiodes are generally calibrated against
high precision thermopile pyranometers (e.g. class A according to standard ISO 9060:2018,
previously secondary standard under ISO 9060:1990) by the manufacturers under testing
laboratory conditions. Typical full-scale uncertainty for thermopile sensors are around 1-3%,
depending on the model and for silicon-photodiodes is typically 5% [291]. The solar sensors
in PWS may as well be of lower quality than other stand-alone silicon-photodiode devices,
which often meet the relevant ISO standards. For example, the annual drift of an stand-alone
device is ≤ 0.5%, whereas PWS can have ≤ 2% [291].

Although Sengupta et al. [287] concluded that the uncertainties in the measurements
of silicon-based devices cannot be easily quantified, empirical correction procedures have
been proposed based on the absolute air mass, the angle of incidence and temperature of
the device, e.g. [285, 288–290]. Such empirical models require sensor-specific data that
may not be readily available for generic PWS. For the quality of rainfall measurements of
PWS networks, De Vos et al. [292] proposed a correction model based on filtering and bias
correction to enable operative rainfall monitoring in large areas (e.g. nation-wide).

5.3 Assessment and Calibration of Solar Irradiance Mea-
surements in PWS

In this section, the accuracy of solar radiation observations from personal weather stations
are assessed with an aim to enhance understanding about the quality and bias related to
the irradiance measurements from PWS. In addition, a correction function to estimate
the broadband irradiance from the reported (raw) irradiance measurements is proposed.
Measurements from multiple PWS are analysed and compared with nearby high-precision
pyranometers. The weather stations considered are located worldwide and include 5 climatic
zones according to the Köppen’s classification across 8 countries. The climate zones include
subcategories within tropical, dry, temperate, and continental climates. The scale of this
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study in terms of number of countries and climatic areas intends to exemplify the large-scale
deployment and potential of PWS.

5.3.1 Data sources to evaluate PWS irradiance data

This analysis required extensive solar radiation data, i.e. global horizontal irradiance, from
reference (thermopile) pyranometers and from personal weather stations. The reference
data belongs to the World Meteorological Organization’s Baseline Solar Radiation Network
(BSRN) and to the Measurement and Instrumentation Data Center (MIDC) by the National
Renewable Energy Laboratory (NREL) of the United States’ Department of Energy. The
BSRN provides per minute observations of basic solar radiation variables at ground level
in over 70 locations worldwide with different geographic, topographic and surface type
distributions, where some stations have been reporting since 1992. The MIDC also provides
1-minute irradiance and other meteorological data from multiple stations across the USA.
General information about the weather stations and periods of data accessed are presented in
Table 5.1.

Data from PWS were obtained from the Weather Underground platform [273], where
the selected stations provide 5-minute resolution meteorological data. Information about the
selected PWS is presented in Table 5.2. Overall, this study considers 9 reference stations
and 30 PWS, which are the closest available to those reference sites. The number of PWS
considered for each reference station ranges from 1 to 6, what depended on PWS’ availability.
The time range covered by the data ranges from over a month (37 days) to 8 years (3025
days). Those stations with less than 100 days may be subject to seasonality error in their
corrected form. The locations analysed extend over 5 different climatic zones according to
the Köppen climate classification across 9 countries worldwide. The climates included are:
(i) tropical savanna climate zone (As); (ii) dry semi-arid (steppe) climate (BSk); (iii) humid
subtropical climate (Cfa); (iv) oceanic, marine west coast climate (Cfb); and (v) warm
summer continental (Dfb). The PWS hardware producers19 are: Ambient Weather (Producer
1), Davis Instruments (Producer 2) and Oregon Scientific Professional (Producer 3).

19Mention of manufacturer’s name does not imply endorsement of any product over those offered by other
manufacturers but it is provided for the convenience of the reader. The author nor Queen’s University Belfast
have any relationship with the manufacturers of the devices described.
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Table 5.1 General data about the reference solar radiation stations with minutely global horizontal
irradiance, including Köppen climate zone and period assessed.

Site Location
Climate

Zone
Coordinates

(lat, lon)
Station Network

Period Analysed
(From, To)

A
Kailua-Kona,
Hawaii, USA

As
19.728,

-156.059
MIDC, NELHA;
[293]

Aug 2018,
Sep 2019

B
Boulder,
Colorado, USA

BSk
39.911,

-105.235
MIDC, NREL Flatirons Campus
(M2); [294]

Jul 2011,
Sep 2019

C
Sarriguren,
Spain

Cfb
42.816,
-1.601

BSRN station no: 45 (CNR);
[295]

Dec 2018,
Feb 2019

D
Fukuoka,
Japan

Cfa
33.582,
130.376

BSRN station no: 6 (FUA);
[296]

Jul 2014,
Jul 2019

E
Florianopolis,
Brazil

Cfa
-27.605,
-48.523

BSRN station no: 3 (FLO);
[297]

Jun 2018,
Aug 2019

F
Camborne,
UK

Cfb
50.217 ,
-5.317

BSRN station no: 50 (CAM);
[298]

May 2016,
Jul 2017

G
Cabauw,
Netherlands

Cfb
51.971,
4.927

BSRN station no: 53 (CAB);
[299]

Jan 2018,
Jul 2019

H
Sonnblick,
Austria

Cfb
47.054,
12.958

BSRN station no: 75 (SON);
[300]

Apr 2016,
Aug 2019

I Toravere, Estonia Dfb
58.254,
26.462

BSRN station no: 9 (TOR);
[301]

Jan 2016,
Aug 2019
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Table 5.2 General data about the personal weather stations (PWS) studied including days of data
available, valid data points under all-sky conditions, share of clear-sky samples over the total data
points, distance to reference site, and hardware producer.

PWS Station ID Days of
data

Valid
data points

Clear-sky
samples (%)

Distance to
reference site (km)

Hardware
producer

A1 KHIKAILU149 196 16,492 24 7.86 Producer 1
A2 KHIKAILU122 407 11,824 27 14.07 Producer 1
A3 KHIHOLUA14 83 6,909 12 14.28 Producer 1
A4 KHIHOLUA8 345 20,410 30 11.20 Producer 1
B1 KCOARVAD297 60 7,317 35 4.66 Producer 1
B2 KCOARVAD147 37 3,912 31 6.85 Producer 1
B3 KCOGOLDE242 286 25,254 20 7.34 Producer 1
B4 KCOARVAD291 138 16,973 26 8.15 Producer 1
B5 KCOLOUIS71 397 37,201 26 6.88 Producer 1
B6 KCOSUPER7 3,025 263,088 35 6.87 Producer 2
C1 INAURROZ2 88 2,968 14 12.60 N/A
D1 IIIZUKA5 266 23,925 19 28.14 Producer 1
D2 IFUKUOKA4 1,832 156,094 24 1.23 Producer 2
D3 I1118 1,552 125,084 20 12.75 Producer 2
E1 IFLORIAN25 433 38,737 24 11.39 Producer 1
E2 IFLORI30 41 3,691 30 7.38 Producer 1
E3 ISCLAGOA2 259 22,571 22 6.33 Producer 1
F1 IREDRUTH3 435 38,386 11 7.11 Producer 1
F2 IGWINEAR2 228 11,531 6 5.40 Producer 3
G1 ILOPIK10 94 12,126 13 2.03 N/A
G2 ISCHOONH5 538 50,569 21 5.36 Producer 1
G3 IBENSCHO5 561 47,938 16 5.33 N/A
G4 IHEKENDO4 143 17,000 20 9.36 N/A
H1 ISALZBUR156 1,244 97,948 12 15.19 N/A
H2 IHEILI2 147 15,895 15 8.13 Producer 1
H3 IMALLNIT3 987 74,456 9 17.34 N/A
I1 ITARTU39 88 10,153 17 21.92 N/A
I2 ILOHKV1 128 15,419 21 22.98 N/A
I3 ITARTUMA15 1,323 32,084 21 21.12 N/A
I4 ITARTU40 39 4,596 18 20.13 Producer 1
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5.3.2 Methodology for the assessment of PWS irradiance data

This subsection describes the methods used to analyse and correct the uncertainty of irradi-
ance measurements from the PWS compared to reference stations. A flowchart illustrating
the methodology utilised is presented in Fig. 5.3. The methodology consists of five stages as
follows: (i) detection of clear-sky periods; (ii) modelling of clear-sky irradiance; (iii) pre-
processing of PWS data; (iv) correction of the uncertainty of PWS measurements; and
(v) evaluation of the results.

Fig. 5.3 Flowchart of the methodology used in the assessment and calibration of PWS irradiance data.

Detection of clear-sky periods

Solar resource varies in time and space. As the PWS and the reference sites are not in the
same locations, this affects solar resource comparisons due to, for example, local cloud
cover [302]. To minimise the effect of the spatial variability of solar resources between
the locations assessed, only clear-sky periods were considered to elaborate the core part of
the proposed calibration method. Clear-sky conditions refer to moments with cloudless sky
(i.e. zero Oktas). In order to determine clear-sky periods, the method proposed by Reno
and Hansen [303] was applied. This method detects clear-sky periods within a time-series
of global horizontal irradiances, if a set of criteria is met. For a given time-series, these
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criteria refer to the: (i) mean irradiance; (ii) maximum irradiance; (iii) irradiance variability
considering the line length of the points; (iv) series slope variance; and (v) maximum
deviation of slope between the observed data and a modelled clear-sky series. If the variables
referred for a given time-series are in range with those of a modelled clear-sky irradiance
series, then those samples are considered clear-sky periods. Other methods for clear-sky
periods’ detection are available in the literature, for example, [176, 304–306]. In this study,
the data from each of the reference solar radiation stations were used to detect clear-sky
periods. This is due to the reason that minutely observations are required to apply this
method and PWS provide 5-minute resolution data. In addition, photodiodes are generally
characterised by a saturation region at high-irradiance levels, which depends on the series
resistance at the terminals of the device and it is different for each sensor [307].

Having obtained the clear-sky periods for each reference stations, common minutely
timestamps between the reference and PWS data were selected. This stage produced a
time-series, which was then filtered by solar elevations larger than 8 degrees to eliminate
timestamps with increased errors related to the cosine response of the instruments and in
which the horizon heights might be causing shadowing [268]. The detection of clear-sky
periods was implemented in Python programming using the library pvlib [168].

Clear-sky irradiance modelling

As introduced in Chapter 3, clear-sky irradiance, Gcs, refers to the theoretical GHI at a given
location and time with a cloudless sky. It can be modelled through clear-sky radiation models,
which model the properties and behaviour of the aerosols and gases in the atmosphere to
obtain this theoretical GHI.

In this solar resource assessment, the clear-sky irradiance serves as an input to imple-
ment the detection of clear-sky periods. Also, the proposed uncertainty correction method
utilises the clear-sky index (kc = G/Gcs). For the development of the model and the results
of this chapter, the clear-sky model developed by Ineichen and Perez in [170] was used.
However, given that each clear-sky radiation model proposes different assumptions related
the composition of gases in the atmosphere, section 5.3.3 assesses the differences in the
results for one of the PWS based on several clear-sky radiation models for the calculation of
kc. The models evaluated are: (i) Kasten and Czeplak (1980) [165]; (ii) Robledo and Soler
(2000) [169]; (iii) the simplified Solis model (2008) [171]; (iv) the Bird model (1981) [172];
and (v) Ineichen and Perez (2002) [170], the model used for the modelling of the proposed
calibration method. The formulation of these clear-sky models can be found as part of
chapter 3, in section 3.2.4.
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The AODs required in models iv and v were estimated from a 3-hour historic time-series
of AOD measurements at 550 and 1200 nm following the widely used Angstrom turbidity
index [308]; the data were obtained from the ECMWF CAMS radiation services [259] for
the same time-period than the PWS data. The precipitable water w was estimated using
the model by Gueymard [309] (Eq. 5.1 to Eq. 5.4), which uses the ambient temperature Ta

and relative humidity RH in the calculation, both are variables available from the PWS. The
ozone level utilised was the annual mean value at the coordinates of the PWS, i.e. 0.284
cm [259]. The clear-sky irradiance modelling was implemented using Python programming
and the Python library pvlib [168] was utilised to model some of the models.

w = 0.1Hvρv (5.1)

where Hv is the apparent water vapour scale height (in km) defined by Eq. 5.2; ρv is the
surface water vapour density expressed in g/m3 is given by Eq. 5.3, in which es corresponds
to the saturation water vapour pressure (millibar) and it is estimated with Eq. 5.4.

Hv = 0.4976+1.5265 ·Ta/273.15+ exp(13.6897 ·Ta/273.15−14.9188 · (Ta/273.15)3)

(5.2)
ρv = 216.7RHes/Ta (5.3)

es = exp(22.330−49.140 · (100/Ta)−10.922 · (100/Ta)
2 −0.39015 ·Ta/100) (5.4)

Pre-processing of PWS data

The meteorological data reported by PWS usually requires a level of pre-processing before
use. The pre-process tasks may depend on the format and quality of the raw data. The
steps of pre-process for PWS data in this study are described below and can serve as a
guideline for users of this type of data source. First, a verification of the reporting time
of the station is a key step for time-series analysis. PWS data may be reported in local
time, coordinated universal time (UTC) or both. When reporting in local time, additional
consideration needs to be made for daylight saving time to check if the reporting time
corresponds to the summer or winter local time. Second, eliminate timestamps with missing
data for the relevant variables, i.e. not a number (NaN) values. For the PWS data in this study,
this step was done for irradiance and air temperature. Typical values for missing data can be
‘nan’, ‘NaN’, ‘-999’, ‘-9999’, ‘inf’, ‘-inf’, or a white space character. Finally, for irradiance
measurements is important to remove not physically possible or rare observations that can
represent outliers. Valid PWS data measurements were identified using the method of the
International Commission on Illumination (CIE) as presented by Calça et al. [310]. This
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method considers valid GHI observations attending to two criteria: (i) 0 < G ≤ 1.2 ·G0; and
(ii) µG −2.57σG ≤ G ≤ µG +2.57σG, where µG and σG correspond to the daily mean and
standard deviation of GHI observations. The value of 2.57 multiplying the standard deviation
corresponds to the 99.5th percentile in a normal probability distribution. Any reported
irradiance value not meeting these two criteria were identified as outliers and removed from
the dataset.

Having performed the steps above, the time-series of PWS data were ready for the
selection of common timestamps with the reference data as described in section 5.3.2 and
illustrated in the flowchart (see Fig. 5.3). The size of the resulting time-series for each PWS
are those indicated as valid data points in Table 5.2.

Uncertainty correction procedure

The uncertainty of measurements produced by silicon-photodiode sensors has been a topic
of research interest, mainly due to the low-cost solution these sensors offer for land-based
measurements. A number of empirical methods has been proposed in the literature to estimate
the broadband solar irradiance captured by silicon-photodiode sensors [285, 288–290, 311].
Technical specifications about the sensor (e.g. sensor’s response to irradiance or temperature
coefficient), which would be needed to perform existing empirical methods, are not readily
available for PWS.

The operating temperature of the solar radiation sensor, T , is one of the factors which
affects the sensitivity of the measurements [312]. Generally, in silicon-photodiode pyranome-
ters, temperature-related effects are more prominent in the morning and afternoon, as the
average spectral distribution shifts to longer wavelengths [313]. However, the influence of
temperature in silicon-based irradiance sensors is typically low, around 0.1-0.15%/◦C [290,
312]. The operating temperature can be measured using thermocouples. Alternatively, for
some sensors it can be estimated with the air temperature plus an offset. For example, an
offset of 6◦C can be applied for the silicon-based pyranometer LICOR LI-200 [290]. PWS
manufacturers may sometimes indicate a temperature coefficient in the specifications sheet.
Correction for temperature effects is likely the only correction referred by PWS’ manufac-
turers. Correction for temperature effects is likely the only correction referred by PWS’
manufacturers and can be estimated with Eq. 5.5.

GT = G · [1+α(T −T0)] (5.5)
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where T0 is a reference temperature equal to 25◦C and T denotes the device temperature. The
temperature coefficient, α , would depend on the sensor. For example20, 0.082%/◦C for the
LICOR LI-200 sensor [290] or 0.12%/◦C for the Davis Instruments 6450 sensor, used in
their PWS [291].

The angle-of-incidence between the sun and the sensor, which corresponds to the solar
zenith angle for the GHI, is the factor which affects the most irradiance measurements by
silicon-based sensors [314]. PWS producers only provide some increased tolerances for
different ranges of incident angles in respect to the cosine response. Simple calibration
methods can compensate by multiplying the reading with a constant or linear function of
the solar zenith angle as derived from experiments. Existing empirical methods in the
literature utilise solar zenith angle to compensate the spectral mismatch and cosine response
effects, e.g. [285, 288–290]. Using the solar zenith angle, Augustyn et al. [311] proposed
a piece-wise, segmented function to compensate the so-called cat ears’ effect at high solar
zenith angles. The method developed by King et al. [290] is used as reference for the
calibration methods by Augustyn et al. [311] and Vignola et al. [288], which add or change
parameters. Although the calibration methods mentioned were produced using a LICOR
LI-200 pyranometer, the methods can be applicable to other silicon-based pyranometers
using Eq. 5.6 [311, 315]:

Gcor = G · Fα(T )
FA(AM) ·FB(z) ·FC(z)

(5.6)

where Fα is a function depending on the temperature of the device defined by [1+α(T −T0)],
FA is a polynomial function depending on the air mass given by Eq. 5.7 and FB (Eq. 5.8)
depends on the solar zenith angle [290]. FC is the piece-wise polynomial function depending
on the solar zenith angle added in [311] for the cat ear correction, Eq. 5.9. The method in
[288] uses a different air mass function, while maintaining the same Fα and FB than King et
al. [290].

FA = 2.631 ·10−4 ·AM3 −6.319 ·10−3 ·AM2 +5.401 ·10−2 ·AM+0.932 (5.7)

FB =−4.504 ·10−7 · z3 +1.357 ·10−5 · z2 +6.074 ·10−4 · z+1 (5.8)
20Mention of manufacturer’s name does not imply endorsement of any product over those offered by other

manufacturers but it is provided for the convenience of the reader.
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FC =


75◦ < z < 81◦; 10.165−0.242 · z+1.603 ·10−3 · z2

81◦ ≤ z < 83.2◦; −58.034+1.458 · z−8.99 ·10−3 · z2

0◦ ≤ z ≤ 75◦∨ z ≥ 83.2◦; 1

(5.9)

In this chapter, a multivariate correction function is presented to estimate the broadband
solar irradiance of silicon-photodiode pyranometers used in PWS under all-sky conditions,
given that technical specifications (e.g. sensor’s response to irradiance, temperature coefficient
or calibration constants) are often not readily available for sensors in these stations. The
proposed model is conceived so as to be fed with basic information and data from PWS. The
approach is data-driven based on historic data from multiple PWS and high-resolution GHI
measurements from thermopile pyranometers. The correction model considers: (i) the device
temperature derived from air temperature, (ii) the solar zenith angle, and (iii) the clear-sky
index.

In the proposed algorithm, the corrected irradiance (Gcor) is defined as the actual irradi-
ance reading from the PWS (G) plus an estimated error (ε), which depends on the irradiance,
the device temperature and the solar zenith angle, and that it is multiplied by a constant (κ)
depending on the clear-sky index, Eq. 5.10:

Gcor = G+ ε(G,T,z) ·κ(kc) (5.10)

ε is defined as per Eq. 5.11, where GT is the temperature-corrected irradiance estimated
with Eq. 5.5 using an offset of the air temperature for the device temperature (T = Ta +6◦C)
and a temperature coefficient of 0.12%/◦C [291]. A and B are dimensionless polynomial of
third order depending on z. The values fitted to obtain the polynomials A and B correspond
to the slope and interceptor coefficients, respectively, of a first-order polynomial repeatedly
fitted in a function GT vs ∆G under clear-sky conditions only, where ∆G is the difference
between the irradiance measurements from the reference (thermopile-based) and PWS data
(∆G = Gre f −G).

ε = A(z) ·GT (G,T )+B(z) (5.11)

κ is a coefficient representing an adjusted clear-sky index (kc) to the [0,1] interval.
Eq. 5.12 is used to obtain κ for each observation i, where kc,min and kc,max correspond to 0.25
and 1, respectively. The variable is saturated to 1 for kc greater than 1 and to 0 for kc below
0.25.

κi =
kc,i − kc,min

kc,max − kc,min
(5.12)
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The amount of data used to compute the fitting coefficients of A and B vary according to
the number of stations considered. In this model, two options to estimate these coefficients
are considered: (i) climate-specific correction and (ii) PWS hardware-specific correction. The
correction attending to climate fitting includes the data from all the PWS in the same climate
zone. The hardware fitting option considers the data from all the weather stations with the
same producer; information that is often available in the metadata of the PWS. These fitting
options, which use multiple stations, intend to create a calibration model able to deal with
particular ‘bad-fitting’ derived from any unhealthy PWS used in the study. The coefficients
of the polynomial functions A and B to obtain ε , which permit the direct application of
the calibration method, are presented in Table 5.3 for the different climates and hardware
producers of the PWS studied. In addition, an example of the polynomial fitting performed to
obtain the polynomial A and B that help estimate the uncertainty (ε) is illustrated in Fig. 5.4
for one of the climate zones assessed.

Fig. 5.4 Slope and interceptor values resulted from the linear fitting along the solar angle-of-incidence
(AOI) and the third polynomial fitted functions to estimate ε . Data for climate Cfa.

Evaluation and performance metrics

In order to evaluate the proposed calibration model in unseen data, a split between training
and validation data was done for each station. The training data were the combined data from
all stations in the same climate zone or from the same producer, depending on the fitting
option. Each station contributed to the training data with 50% of its clear-sky samples to
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Table 5.3 Coefficients for the dimensionless polynomials A and B function of the solar zenith angle
provided by climate zone and PWS manufacturer analysed.

Coefficients

A0 A1 A2 A3 B0 B1 B2 B3

As -0.929 -7.26E-03 2.14E-04 -1.70E-06 997.27 6.310 -0.334 1.58E-03
BSk -0.514 -2.77E-02 5.61E-04 -3.56E-06 724.59 20.305 -0.599 3.18E-03
Cfa -1.038 4.01E-03 -7.59E-05 6.44E-07 1118.09 -4.993 -0.121 3.79E-04
Cfb 0.481 -9.45E-02 1.71E-03 -9.76E-06 278.33 57.877 -1.292 6.93E-03
Dfb -0.872 -4.48E-03 2.15E-05 2.07E-07 568.24 28.316 -0.682 3.30E-03

Producer 1 -0.963 1.05E-03 -5.58E-05 4.45E-07 1007.82 3.838 -0.264 1.04E-03
Producer 2 -0.929 -3.12E-03 1.62E-04 -1.60E-06 931.12 4.679 -0.311 1.61E-03

build the model. The remaining samples, both clear-sky and all-sky instances, were then
used as the validation dataset for the statistical analysis presented.

The results and the proposed calibration model are evaluated with: (i) relative mean
bias error (rMBE); (ii) relative mean absolute error (rMAE); (iii) relative root mean square
error (rRMSE); and (iv) coefficient of determination (R-square or R2). These metrics are the
relative form of MBE, MAE and RMSE as introduced in section 3.5 and defined by Eq. 3.45
to Eq. 3.48.

5.3.3 Evaluation of PWS measurements and the correction procedure

This section presents the results of the pre- and post-corrected irradiance for the PWS
evaluated. First, the pre-corrected irradiance measurements are assessed. Next, the results are
presented for corrected irradiances with both correction fitting options under clear and all-sky
conditions. The proposed method is then compared to other simple and empiric literature
methods. Finally, the variations in the results considering different clear-sky irradiance
models as part of the methodology are assessed.

Evaluation of PWS pre-corrected irradiance measurements

The evaluation of the performance metrics of uncorrected irradiance measurements is highly
important as it shows the typical uncertainty and errors that PWS data can have without
any correction. It also serves as a basis to highlight the importance of calibration methods.
Silicon photodiodes are generally calibrated against high-precision thermopile pyranometers
(e.g. class A according to standard ISO 9060:2018, previously secondary standard under
ISO 9060:1990) by the manufacturers under testing laboratory conditions. Typical full-
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Fig. 5.5 rMAE of uncorrected irradiance, G, as function of distance to reference site per climate and
producer for all PWS assessed under clear-sky conditions.

scale uncertainty for thermopile sensors are around 1-3%, depending on the model and for
silicon-photodiodes is typically 5% [291].

The average rMBE and rMAE of all the PWS evaluated under clear-sky conditions are
18.4% and 21.7%, respectively (see Table 5.4 in the following subsection for a complete set
of results). Since irradiance varies in a spatial dimension, the distance between the location
of the PWS and the reference site is expected to have an impact on the error metrics. The
distribution of the rMAE for clear-sky samples as function of the distance to the reference
site for all the PWS is illustrated in Fig. 5.5. Clear-sky samples were chosen in an attempt to
compare all the stations in similar sky conditions. The figure reveals a positive relationship
between the error and the distance and it has been differentiated by climate zone and producer.
It can be observed how clusters can be easier identified by climate zone than by producer.
Overall, stations in climate Cfa and BSk present the least average rMAE. There seems to
be a nearly linear relationship with distance when looking at the PWS from ‘Producer 1’
(with circle marker), with the existence of outliers. Similarly, stations by ‘Producer 2’ (with
diamond marker) suggest a more moderate increase in rMAE over distance.

Corrected PWS irradiance

The increased bias of uncorrected PWS irradiance measurements, which has been shown of
18.4% in average and that can reach over 40% for some stations under clear-sky conditions,
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shows the importance of calibration procedures. This subsection presents the results of the
proposed correction method. These are first assessed for clear-sky samples, followed by an
assessment under all-sky conditions.

Clear-sky observations Following the methodology described in section 5.3.2, the correc-
tion was performed fitting the model with data from each climate zone and PWS hardware
producer.

Each fitting option led to different corrected irradiances, which were assessed for each
station. Scatter plots illustrating the relationship between the reference measurements and the
pre- and post-corrected irradiances using climate fit are shown for several selected personal
weather stations in Fig. 5.6. It can be observed how the overall bias is reduced with the
correction model. The saturation of silicon-photodiodes happening at high irradiance levels
is also partly mitigated with the correction model, for example, station B5 (Fig. 5.6a), G2
(Fig. 5.6c), and I2 (Fig. 5.6d). The correction model achieves a more robust, compact dataset
even in PWS that perform well, such as station D2 (Fig. 5.6b).

Figure 5.7 illustrates how the corrected irradiance (Gcor) translates into a time-series for
a given day and weather station. The uncorrected and corrected time series can be seen in
Fig. 5.7a, where the saturation of the silicon-photodiode pyranometer in the uncorrected
measurements (G) starts at irradiance levels around 800 W·m−2. As anticipated in the scatter
plot for the same station (Fig. 5.6c), the saturation is compensated in the corrected series.
It is worth noting how both fitting options of the calibration model improve the initial GHI
observations and are closer to the reference series. Nevertheless, since the corrected series
are based on the uncorrected readings, sudden irradiance dips and swells present in the raw
measurement transfer to the corrected values.

For the same day and station, Fig. 5.7b illustrates the irradiance ratio (i.e. PWS (silicon)
over reference (thermopile)) for the raw measurements and the corrected series of the
calibration model. It can be observed how the irradiance ratios for both corrected options
remain approximately constant around unity for solar zenith angles below 50-60◦. For
the uncorrected data, the saturation of the silicon-photodiode sensor is noticeable at the
lower range of solar zenith angles, which are the moments with the highest irradiance levels.
Concerning the cosine response at higher solar zenith angles, the corrected series are less
penalised by the cosine response over 60 degrees than the uncorrected irradiance values,
which drop significantly at the highest solar zenith angles.

The mean and standard deviation of the evaluation metrics for the 30 stations analysed
are presented in Table 5.4 under clear-sky observations and for both fitting options. In
the proposed calibration models, the average errors of the corrected data under clear-sky
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(a) Station B5 - climate BSk

(b) Station D2 - climate Cfa

(c) Station G2 - climate Cfb

(d) Station I2 - climate Dfb

Fig. 5.6 Observed (thermopile-based) irradiance versus irradiance before (G) and after correction
using climate fitting (Gcor,c) for a few selected PWS. Data for clear-sky samples only.
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(a) (b)

Fig. 5.7 Global horizontal irradiance time-series (a) and irradiance ratio as function of solar zenith
angle (b) for the uncorrected (G), the reference thermopile-based (Gre f ) and the corrected irradiance
with climate fit (Gcor,c) and hardware fit (Gcor,h). Data for station G2 in a clear-sky day, 29th June
2019.

conditions are the following: rMBE, 3.8% and 1.9%; rMAE, 10.4% and 7.7%; rRMSE,
13.4% and 10.6% and the coefficients of determination are 0.90 for climate and hardware fit,
respectively. These metrics represent a substantial improvement compared to uncorrected
data. Although, the differences between fitting options are not large, the model fitted with
PWS data from the same hardware producer obtains better performance.

Considering the error metrics from individual PWS, station C1 presented the largest error
in its uncorrected form (rMBE: 41.0%; rMAE: 41.0%; rRMSE: 41.5% and R-square: 0.89)
and the calibration method with climate fit more than halves the errors (rMBE: 15.3%; rMAE:
15.4%; rRMSE: 16.9% and R-square: 0.90). On the contrary, station D2 ranked the best
PWS without correction (rMBE: 1.1%; rMAE: 5.5%; rRMSE: 7.1% and R-square: 0.98) as
observed in the uncorrected scatter plot (see Fig. 5.6b), the correction method with climate fit
still improves those performance metrics in terms of rRMSE and coefficient of determination
(rMBE: -4.6%; rMAE: 5.6%; rRMSE: 6.7% and R-square: 0.99). A breakdown of the
performance metrics per climate zone and per hardware producer are reported below.

The application of the correction model with data from sensors in the same climate zone
can highlight particular meteorological characteristics with performance implications, such
as similar annual rainfall or temperature. Soiling in the sensors and temperature-related
effects may be reflected when using climate-specific fitting. Table 5.5 presents the overall
evaluation metrics for each of the Köppen climate zones with PWS evaluated.

Similarly to the observed in Fig. 5.5 as part of the evaluation of uncorrected data, humid
subtropical (Cfa) and dry semi-arid (BSk) are also the climate zones with the least errors after
applying the correction model per climate. The tropical savanna (As) climate obtained the
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Table 5.4 Mean and standard deviation of the evaluation metrics for the 30 PWS in the study for
uncorrected (G), temperature-corrected (GT ) data and the correction method with climate fit (Gcor,c)
and hardware fit (Gcor,h). Observations under clear-sky.

rMBE (%) rMAE (%) rRMSE (%) R-square

Correction
Method

Mean
Std.
Dev.

Mean
Std.
Dev.

Mean
Std.
Dev.

Mean
Std.
Dev.

G 18.4 11.1 21.7 11.1 25.6 12.3 0.79 0.20
GT 18.1 11.2 21.5 11.2 25.4 12.4 0.79 0.20
Gcor,c 3.8 8.8 10.4 6.2 13.4 7.5 0.90 0.12
Gcor,h 1.9 5.1 7.7 4.2 10.6 6.1 0.90 0.13

largest errors overall. This could be related to the different locations of the PWS compared
to the reference station. In the island of Hawaii (location of those weather stations), cloud
formation is diverse due to the presence of mountains and highly depends on the prevalent
winds from the Pacific ocean. Therefore, samples identified as clear-sky in the reference
location, may not necessarily relate to clear-sky observations at the PWS’ locations. The
model for oceanic, marine west coast (Cfb) climate reports the highest deviations in its
performance metrics, what could be related with the diversity of locations involved in
assessment evaluation for this climate, i.e. 10 stations across 4 reference sites.

Table 5.5 Mean and standard deviation of the error metrics per climate zone for the corrected irradiance
using climate fit (Gcor,c). Observations under clear-sky conditions.

rMBE (%) rMAE (%) rRMSE (%) R-square

Climate Zone Mean
Std.
Dev.

Mean
Std.
Dev.

Mean
Std.
Dev.

Mean
Std.
Dev.

Tropical
Savanna (As)

9.3 3.3 15.8 1.8 22.2 2.2 0.64 0.08

Dry Semi-Arid
(BSk)

3.7 7.0 7.8 6.4 10.2 7.6 0.94 0.06

Humid
Subtropical (Cfa)

0.3 3.1 5.4 1.4 7.4 1.7 0.97 0.01

Oceanic, Marine
West Coast (Cfb)

5.1 12.7 13.8 6.4 16.2 7.5 0.93 0.06

Warm Summer
Continental (Dfb)

0.1 4.0 8.3 3.2 11.2 4.2 0.94 0.02
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In relation to the correction method per PWS producer, sensor-specific characteristics
with performance implications (e.g. sensor’s response to irradiance or internal resistor values)
could be reflected when fitting the calibration model using PWS data from the same producer
regardless of their location. Table 5.6 reports the average evaluation metrics for the correction
method fitted with the data differentiated by PWS producer. It was assumed that PWS
producers utilise the same solar radiation sensors for all the PWS series in their portfolio.
While the results are relatively good for ‘Producer 1’ and ‘Producer 2’, both rMBE are within
a 5% tolerance band, it can be observed how the rest of metrics for ‘Producer 1’ suggest
larger errors under clear-sky conditions. The error metrics for ‘Producer 3’ are not reported
since the data correspond to a single PWS.

Table 5.6 Mean and standard deviation of the error metrics per producer for the corrected irradiance
using hardware fit (Gcor,h). Observations under clear-sky conditions.

rMBE (%) rMAE (%) rRMSE (%) R-square

PWS hardware Mean
Std.
Dev.

Mean
Std.
Dev.

Mean
Std.
Dev.

Mean
Std.
Dev.

Producer 1 3.1 5.1 8.1 4.6 11.3 6.7 0.88 0.14
Producer 2 -3.1 1.9 5.6 0.9 7.3 1.4 0.97 0.02

All-sky observations This subsection introduces the results under all-sky conditions. The
evaluation metrics reported are only of those PWS stations within a 5 km distance to their
reference site. This is due to the acute solar radiation variability that can occur in space
under all-sky conditions for the instantaneous irradiance measurements in two close locations.
Therefore, the stations assessed under all-sky conditions are: B1, D2 and G1. It is worth
noting that stations B1 and G1 may be subject to seasonality errors since their available data
include less than 100 days.

The effect of the correction method is presented for station B1 in Fig. 5.8, where it can
be observed that the correction under all-sky conditions reduces the overall bias, produces
a more compact dataset and decreases the density of samples scattered. Although outliers
remain in the corrected form, it cannot be concluded from the data whether these more
dispersed samples correspond to uncertainty from PWS under all-sky conditions or from
changing atmospheric conditions between the locations of the reference station and PWS.

In this respect, the evolution of the irradiance for a given day under all-sky conditions
is illustrated in Fig. 5.9, where a selected day with intermittent sky for the same station is
shown. It can be seen how that day commences with fairly clear-sky conditions until 9:00h,
where the corrected irradiance (Gcor,c) is closer to the reference time series (Gre f ) than the
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Fig. 5.8 Observed (thermopile-based) irradiance versus irradiance before (G) and after correction
using climate fitting (Gcor,c) for station B1 under all-sky conditions.

uncorrected measurements reported by the PWS (G). Similarly, the corrected irradiance
is closer to the reference data between 12:00h to 14:00h, what seems to be moments of
clearer sky conditions. The first sudden drop of irradiance, happening around 9:30h, is only
observed in the PWS data and not in the reference site and produces a difference around
600 W·m−2 in that instant. The following sudden drop of irradiance, shortly after, is reported
by both sensors. Throughout that day, it can be observed how there are rapid, abrupt changes
in the samples reported, which differ and coincide at times, between the reference and
PWS observations. Therefore, the large differences reported in the 5-minute instantaneous
irradiance measurements could be influenced by local cloud cover or atmospheric phenomena
present at different times in such locations over a long period of time.

The evaluation metrics are presented in Table 5.7, where it is shown that, on average,
both corrected options significantly reduce the rMBE. Both fits of the correction model
for the 3 stations report an rMBE within a ±5% tolerance band. However, the rMAE,
rRMSE and R-square do not vary as much and only observe a moderate improvement of
about 1-4% depending on the metric and fitting option. The station D2 is, as occurred for
clear-sky conditions, the station with the best operation under all-sky conditions with the
best performance metrics among the stations assessed.

Comparison of the calibration model against other existing methods

This section presents the results of comparing the proposed calibration method to other
available methods, both simple and complex. The methods evaluated are: (i) constant
correction; (ii) linear correction; (iii) the method developed in King et al. [290]; (iv) the
method by Augustyn et al. [311]; and (v) the method by Vignola et al. [288].
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Fig. 5.9 Global horizontal irradiance time series of the uncorrected (G), the reference thermopile-based
(Gre f ) and the corrected irradiance with climate fit (Gcor,c). All-sky conditions data for station B1, 9th

September 2019.

The constant and linear correction methods were obtained from the relationship between
the irradiance readings from the PWS and reference site under clear-sky conditions. The
methods iii and iv were directly applied using Eq. 5.7 to Eq. 5.9. Although these methods
were developed using the LICOR LI-200 pyranometers, they are often used for all kind
of silicon-photodiode sensors permitting a comparison with the proposed method using
Eq. 5.6 [315].

The mean and standard deviation of the performance metrics under all-sky conditions
are presented in Table 5.8 for the same 3 stations previously assessed. Since the method by
Augustyn et al. [311] uses the King et al. [290] method and expands it with an equation for
cat ear irradiance correction at large solar zenith angles, the metrics are very similar.

Among the benchmarked methods, those from the literature, with the exception of
Vignola et al., perform in range with the simple constant or linear correction. Although,
they report higher rMBE (i.e. 7.9%) than the simple methods, which is outside of a ±5%
tolerance band and it is considered the typical acceptance band for bias. Between the simple
methods, constant correction reports better accuracy than a linear calibration as function of
the solar zenith angle. The proposed method fitted with data from the same manufacturer
(i.e., hardware fit) outperforms the rest of the methods. With regard to the rMAE and rRMSE,
the methods tested do present similar performance than the uncorrected data.
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Table 5.7 Evaluation metrics for selected PWS under all-sky conditions for uncorrected (G) and
temperature-correction (GT ) data and the correction method with climate fit (Gcor,c) and hardware fit
(Gcor,h).

rMBE (%) rMAE (%)

PWS G GT Gcor,c Gcor,h PWS G GT Gcor,c Gcor,h

B1 12.9 12.1 3.5 3.2 B1 28.5 28.3 24.4 24.3
D2 5.3 4.9 -2.5 -2.7 D2 15.2 15.2 16.8 16.6
G1 19.1 18.9 1.1 - G1 23.3 23.2 22.3 -

Mean 12.4 12.0 0.7 0.3 Mean 22.3 22.2 21.1 20.4

rRMSE (%) R-square

PWS G GT Gcor,c Gcor,h PWS G GT Gcor,c Gcor,h

B1 44.7 44.7 43.6 43.5 B1 0.49 0.49 0.50 0.50
D2 28.1 28.2 28.2 28.1 D2 0.83 0.83 0.83 0.83
G1 34.6 34.5 34.1 - G1 0.76 0.76 0.74 -

Mean 35.8 35.8 35.3 35.8 Mean 0.69 0.69 0.69 0.67

Sensitivity of results due to clear-sky irradiance modelling

Since the proposed calibration method utilises the clear-sky index, kc, and this is estimated
from the clear-sky irradiance, Gcs, the variation in the error metrics when utilising different
clear-sky radiation models is presented below. As introduced in section 5.3.2, four clear-sky
models are compared to the one used in the model. Table 5.9 introduces the error metrics
for the station D2 under all-sky observations using the climate-specific polynomial fit of the
model. The results show that the selection of the clear-sky radiation model have overall a
moderate impact. The most significant effect is reported in the rMBE with differences up
to 3.8% between models, the rMAE and rRMSE show maximum differences around 2%
and the R-square observes minimal changes. The Ineichen and Perez model [170] used as
part of the correction procedure ranks second, only outperformed by the Robledo and Soler
model [169] and closely followed by the Bird and Hulstrom model [172].

5.4 Potential for Intra-Hourly Analysis of Solar PV Gener-
ation

After the calibration method proposed in the previous section, this section evaluates how
personal weather stations can be an asset to analyse solar PV generation. Intra-hourly power
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Table 5.8 Comparison of mean and standard deviation of the performance metrics under all-sky
conditions: uncorrected data (G), temperature correction (GT ), existing literature methods and
proposed correction methods with climate fit (Gcor,c) and hardware fit (Gcor,h).

rMBE (%) rMAE (%) rRMSE (%) R-square

Calibration method Mean
Std.
Dev.

Mean
Std.
Dev.

Mean
Std.
Dev.

Mean
Std.
Dev.

Uncorrected, G 12.4 5.6 22.3 5.5 35.8 6.8 0.69 0.15

Temperature corr., GT 12.0 5.7 22.2 5.4 35.8 6.8 0.69 0.15

Constant correction 2.6 8.5 21.9 3.8 34.5 6.6 0.69 0.15

Linear correction 3.3 8.2 21.9 3.7 34.6 6.5 0.68 0.14

King et al. [290] 7.9 7.0 21.9 6.5 35.6 8.3 0.69 0.18

Augustyn et al. [311] 7.9 7.0 21.9 6.5 35.6 8.3 0.69 0.18

Vignola et al. [288] 26.4 5.0 34.9 6.0 43.8 7.5 0.70 0.17

Proposed with
climate fit, Gcor,c

0.7 2.5 21.1 3.2 35.3 6.3 0.69 0.14

Proposed with
hardware fit, Gcor,h

0.3 2.9 20.4 3.8 35.8 7.7 0.67 0.16

output of three utility-scale solar PV plants is compared to open solar radiation data obtained
from PWS and official national meteorological services. The comparison is made between
plane-of-array solar irradiance from both the PWS and official stations and the generation
output of the PV plants. This is done to minimise the processing steps of the raw data.
Since solar irradiance is directly proportional to the power output of solar PV modules, the
correlation between solar irradiance and power output can be analysed.

5.4.1 Methodology for the intra-hourly comparison of solar data

The methodology consisted of three steps: (i) spatial interpolation of GHI measurements;
(ii) estimation of plane-of-array irradiance; and (iii) analysis of the results. A flowchart of
the methods applied is presented in Fig. 5.10.

Spatial interpolation of GHI measurements

The PWS irradiance measurements were interpolated at the location of each solar PV plant
using a spatial interpolation method. Ordinary Kriging, fitted by a spherical variogram
model [316] is selected in this study. Kriging or Gaussian process regression is a probabilistic
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Table 5.9 Comparison of error metrics for different clear-sky radiation models to implement the
proposed correction model. Data for station D2 under all-sky observations using the correction model
fitted with climate-specific data.

Clear-sky model rMBE (%) rMAE (%) rRMSE (%) R-square

Bird and Hulstrom [172] -2.8 16.9 28.3 0.83
Ineichen and Perez [170] -2.5 16.8 28.2 0.83
Kasten and Czeplak [165] -4.8 17.8 29.0 0.83
Robledo and Soler [169] -1.6 16.2 27.9 0.83
Simpl. Solis, Ineichen [171] -5.3 18.3 29.3 0.82

interpolation method that assumes the distance between measured points reflects a spatial
correlation that can explain the variation of the value through space [316]. The value at a
given point is estimated from a weighted average of the known values of the function in the
neighbour points. There are different Kriging methods based on assumptions of the weighted
average, such as ordinary, simple and universal, among others. Ordinary Kriging assumes
constant unknown mean in the local neighbourhood for the estimate [317]. Kriging interpo-
lation is often used for climate data, soil science and geology and it has been successfully
applied for solar radiation observations [318–320]. Other classical techniques for spatial
interpolation are inverse distance weighting (IDW), nearest neighbour and triangulations, lin-
ear and polynomial (splines) interpolation and artificial neural network [316]. Comparisons
of these methods can be found in the literature [321–323].

Estimation of plane-of-array irradiance

Having interpolated the GHI time-series to each of the solar plants, the estimation of plane-
of-array (POA) irradiance was carried. First, the resulted time-series were filtered by solar
elevation higher than 8 degrees, threshold used to remove sunset/sunrise time steps where
horizon heights (e.g. mountains and hills) for a given location may cause shadowing and
increased errors due to the cosine response of the devices [268]. Second, the GHI observations
were decomposed into the direct and diffuse solar components using the Erbs decomposition
model [181] (Eq. 3.15), then transposed to a tilted surface or plane-of-array using the Hay
and Davies method [188] (Eq. 3.24). A tilt angle of 40◦ was selected along with an azimuth
angle of 180◦, south orientation. These values correspond to optimal values in the mean
coordinates of all three solar PV plants following the industry’s rule of thumb of subtracting
15◦ from the latitude coordinate [194]. These steps provided a time-series estimation of
global POA irradiance at 5-minute resolution for the PWS data and global POA irradiance at
1-hour resolution for the official weather station.
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Fig. 5.10 Flowchart of the methodology used to assess the intra-hourly variability of PV plants with
PWS data.

Analysis of the results

The POA irradiance and PV output time-series were analysed for different sky conditions. A
full-sun (clear sky) day, an intermittent-sun day and a no-sun (overcast) day were selected.
The actual days analysed were selected according to the daily mean cloud cover during
daylight hours being: clear-sky days = 0 oktas, intermittent-sun days = 1 to 7 oktas, and
overcast days = 8 oktas. The day with the closest daily mean cloud cover to 0, 4 (representing
a day with median sky between intermittent conditions) and 8 oktas were selected. Cloud
cover data were available from official weather stations. The degree of correlation was then
analysed using the coefficient of determination (R-square) between solar power outputs and
the POA irradiance.

5.4.2 Case study

The PWS networks and official weather stations analysed in this study are located in Northern
Ireland. As introduced earlier, over thirty personal weather stations are available to provide
global horizontal irradiance and other climate data in the country. Most of these stations
report at 5-minute resolution. On the contrary, there are four weather stations from the
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meteorological office reporting irradiation data with hourly resolution (see Fig. 5.1). The area
of study is located around 15 km south-west from the capital city, Belfast, where three of the
largest solar PV plants in the region are located within a radius of 6 km (see Fig. 5.11). These
three plants account for 71.4 MW, are ground-mounted with fixed tilt angle and represent
over half of the installed capacity in Northern Ireland (see Table 5.10).

Table 5.10 Capacities of the solar PV plants in the case study. Source: SEMO.

PV plant Installed
Capacity (MW)

Max. Export
Capacity (MW)

Maghaberry 25.7 20.4
Lough Road 25.2 21.0
Lisburn Solar Park 20.5 20.5

Fig. 5.11 Solar PV plants and weather stations (official and PWS) used in the analysis of intra-hourly
variability of solar resource.

The closest official weather station to the solar plants (station no. 1450, Aldergrove) is
13 to 17 km from the PV sites. There are however four personal weather stations located
closer, distancing from the plants in a range from 5 to 17 km. The analysis presented used
data from Q2 and Q3 2018 (April to September inclusive), which was the common period of
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time found for the availability of data from all the weather stations and the power output of
the PV plants.

5.4.3 Analysis of intra-hourly variability of solar resources

As introduced above, the analysis included a wide range of meteorological conditions: (i) full-
sun or clear-sky days; (ii) intermittent sun; and (iii) no sun (overcast) days. The days selected
were: 28th June as a clear-sky day, 28th April as an intermittent-sun day and 12th April as an
overcast day. The following subsections introduce an intra-hourly output analysis and the
differences between irradiance data.

Intra-hourly output assessment

The power output of the solar PV plants and the plane-of-array irradiance data from both
official and PWS networks were compared for the selected days. The intra-day evolution of
these variables for one of the solar PV plants (i.e. Maghaberry) is presented in Fig. 5.12. In
addition, the POA irradiance corrected using climate-specific fit according to the proposed
method in section 5.3 is included. In the clear-sky day, 28 June 2018 (Fig. 5.12a), the
maximum registered POA irradiance at the official data was 947.4 W·m−2, being 8.3%
(78.3 W·m−2) higher than the raw PWS observation at the same time. This difference in
magnitude is related to the typical saturation of silicon-photodiodes at high irradiance levels,
although other factors (e.g. device temperature) may have also affected. For the same instant,
the corrected PWS data shows a difference of 3.1% with the official data. It can be also
observed how the power output of the plant is capped by the inverters during the core hours of
the day (11:00h-16:00h) reaching its maximum export capacity (MEC), of just over 20 MW.
PWS data providing 5-minute resolution suggest variations in solar irradiance over this
period. This type of behaviour is hidden in the hourly weather observations and half hour
energy export readings; consequently, it cannot be determined if irradiance caused the PV
array to drop below its MEC. Intermittent-sun days should result in sudden variations in
solar irradiance and therefore PV export. PWS network data, with 5-minute resolution, can
therefore provide insight into such days. The 28 April 2018 was an intermittent-sun day and
these data are presented in Fig. 5.12b. PWS data does not follow the morning PV production;
however it can better capture the occasional, spiky solar PV generation during the afternoon
than those data from official network. However, the distance between the sites play an
important role in such days. Completely cloud-covered or overcast days produce smaller
variations in solar irradiance than intermittent-sun days. Diffuse solar radiation represents the
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main solar components in overcast days. As shown in Fig. 5.12c, PWS and official network
data behave similarly in terms of magnitude of total POA irradiance.

Concurrently, the electricity generation in Maghaberry’s solar PV plant was analysed as
function of the average half-hourly modelled plane-of-array irradiance from PWS. Regression
analysis is presented in Fig. 5.13, a linear relationship is apparent, demonstrating that PV
output is proportional to PWS extrapolated solar intensity. Additionally, it can be observed
that the MEC of the plant (i.e. 20.4 MW) is often reached with POA irradiances around
600 W·m−2, primarily during the core hours of the day. The correlation coefficient between
these variables over the 6 months analysed was R2 = 0.735. The hours of the day were
coloured and demonstrate that the weakest correlation occurs during sunset and sunrise.
Similar regression analyses were performed for the other two solar plants and repeated
with the official station data. The coefficients of determination as applied to other sites are
presented in Table 5.11. R2 values ranging from 0.709 to 0.747 are observed for PWS data
and solar PV output, showing stronger correlation than those between official data and solar
PV output (0.656 to 0.668). Additionally, the correlation of power output among power
plants can be computed to illustrate the differences in solar resource and operation, these
range between 0.835 to 0.881 as presented in Table 5.12.

Table 5.11 Matrix of determination coefficients (R-square or R2) among average half-hourly uncor-
rected POA irradiance (GPOA) for official data, PWS data and power output.

PV Plant GPOA PWS GPOA Official PV output

Maghaberry
GPOA PWS
GPOA Official
PV output

1
0.772
0.735

0.772
1

0.668

0.735
0.668

1

Lisburn
Solar Park

GPOA PWS
GPOA Official
PV output

1
0.764
0.747

0.764
1

0.662

0.747
0.662

1

Lough Road
GPOA PWS
GPOA Official
PV output

1
0.756
0.709

0.756
1

0.656

0.709
0.656

1

Differences between stations in the PWS network

When considering data from several personal weather stations, the variation of global hor-
izontal irradiance in space and time must be taken into account. Clustering the output of
weather stations may lead to higher errors under particular meteorological conditions. In
sunny and overcast days, these differences are expected to be lower than in intermittent-sun
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(a) Clear-sky day (28 June 2018)

(b) Intermittent clouds day (28 April 2018)

(c) Overcast day (12 April 2018)

Fig. 5.12 Extrapolated POA irradiance from raw PWS data (5-min res.), from corrected PWS data
using climate-fit calibration (5-min res.), from official weather station (1-hour res.), and PV export
(30-min res.). Data presented for a clear-sky day (a), intermittent clouds day (b) and overcast day (c)
in Maghaberry solar PV plant.
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Fig. 5.13 Regression analysis of extrapolated POA irradiance based on uncorrected PWS data and
solar PV output during Q2 and Q3 2018 (Maghaberry’s power plant). Data for all-sky conditions.

days as cloud cover changes are reduced. The daily evolution of the global horizontal ir-
radiance from all four PWS is presented in Fig. 5.14 for the studied intermittent-sun day.
The differences in GHI are evident, specially during the morning and core hours of the day.
Station ILISBURN4 registered the maximum GHI that day at 921 W·m−2 around 13:00h,
simultaneously IUNITEDK270 registered 150 W·m−2; this was the maximum variation that
day at 83.6%. The value of high resolution solar radiation data is surprising; given the spatial
distribution of PWS, solar plants and the differences between the sensors and sites. The
proximity of ILISBURN4 and ILISBURN5 facilitated similar variation between the PWS
irradiance and the PV power, as observed in Fig. 5.12b. Contrarily, the official weather
station did not observe such variations and neither did IUNITEDK270, which is the nearest
PWS to the official station and both are the farthest locations to Maghaberry’s power plant.

5.5 Discussion

This section presents the implications of the findings and results presented in the previous
two sections concerning the accuracy and correction of the irradiance measurements from
personal weather stations and their potential in applications related to solar PV systems.
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Table 5.12 Matrix of determination coefficients (R-square or R2) of average half-hourly generation
among solar PV plants.

PV Plant Maghaberry Lisburn
Solar Park Lough Road

Maghaberry 1 0.855 0.881
Lisburn Sol. 0.855 1 0.835
Lough Road 0.881 0.835 1

The assessment of uncorrected clear-sky irradiance measurements of the silicon-based
sensors used in PWS showed that these are subject to large errors, which can reach over 40%
rMBE and rMAE. Overall, the mean rMBE for uncorrected clear-sky instances was reported
of 18.4%, which is near to the ±15% indicated by King et al. [290] for non-corrected sensors.
The distance from each PWS to the reference site revealed a positive correlation with the
mean absolute error, which was better identified by climate than by hardware producer. While
the correction considering temperature-induced effects, which is the only correction often
proposed by the manufacturers, produced a slight reduction of the errors, it still presented
high uncertainties.

The proposed calibration method has been presented with two fitting options: (i) PWS
in the same climate zone, and (ii) those PWS with the same producer of hardware. Both
correction methods achieved a substantial reduction in the error metrics under clear-sky
conditions. After correction, rMBE were within a ±5% tolerance, rMAE were up to 10.4%
and rRMSE up to 13.4% as observed in Table 5.4. A breakdown of the results per climate
zone and producer was also presented, where most of the climates and both producers
achieved clear-sky, corrected irradiance samples with a bias within a ±5% tolerance (see
Table 5.5 and Table 5.6). It was also observed that the corrected irradiance time series dealt
well with the characteristic saturation of silicon-photodiode pyranometers at high irradiance
levels. In addition, the corrected time series are less penalised by the cosine response at
higher solar zenith angles than the uncorrected data.

Under all-sky conditions, the proposed method showed a significant better performance
regarding the rMBE. However, the rMAE and rRMSE remained high and are only improved
around 1-4% depending on the metric, fitting option and station. The observation of the
intra-daily evolution of solar irradiance for a given station (see Fig. 5.9) can support the
idea that the high rMAE and rRMSE may be related to the high solar irradiance variability
in different nearby locations with changing conditions of the sky. While the calibration
takes a data-driven approach, the polynomial coefficients for several climate zones and PWS
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Fig. 5.14 Uncorrected global horizontal irradiance (10-minute average) for the four PWS in the case
study in the selected intermittent-sun day, 28 April 2018.

producers are presented in Table 5.3 to extend the applicability of the method without the
need for high-quality reference data.

The proposed calibration method was compared to existing literature methods which
could be implemented without technical data (e.g. calibration constants) derived from labora-
tory measurements. A simple constant, linear correction and the models by King et al. [290],
Augustyn et al. [311], and Vignola et al. [288] were used in the comparison. The proposed
method outperformed those from the literature in both fitting options for all-sky samples. It
is worth noting how the literature methods by King et al., Vignola et al. and Augustyn et al.
still report high rMAE and rRMSE, which are in range with the proposed method. This can,
again, support the thesis in which those large errors may refer to the spatial variability of
solar irradiance between the locations of the reference and personal weather stations. It is
necessary to remember that the data assessed for the evaluation and calibration correspond to
5-minute instantaneous irradiance measurements.

Overall, the performance both under clear and all-sky conditions of the proposed model
in terms of bias are in alignment with those from stand-alone silicon photodiode pyranome-
ters for GHI measurements in other studies, where the accuracies are within a ±5% band
compared to thermopile pyranometers [285, 287–289].
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With regards to the sensitivity of the clear-sky radiation model to obtain the constant κ ,
the selection of different methods has shown a moderate impact on the results. It is worth
noting that more complex clear-sky radiation models, do not necessarily perform better. For
example, Robledo and Soler model [169] is considered a simple model, which uses solar
zenith angle as the only input variable, and outperforms the rest of assessed models, from
very simple to complex ones. It can be also observed how a high deviation in clear-sky
models does not affect the results much. That is the case for the model by Kasten and
Czeplak [165], which peaks at 880 W·m−2 (see Eq. 3.7) and can represent a high systematic
underestimation of clear-sky irradiance. The proposed calibration model deals with that
sub-estimation effect as the detection of clear-sky periods utilises the slope of irradiance
measurements and κ adjusts the clear-sky index to the data. The clear-sky radiation model
used, i.e. Ineichen and Perez [170], ranked second.

When the PWS irradiance measurements were used as an alternative to observe intra-
hourly solar PV generation of utility-scale plants, PWS-sourced data showed higher corre-
lation with the generation output than those from official sources. This illustrates that the
higher temporal resolution of PWS could well serve to assess intra-hourly evolution of PV
output. However, a remark about these results is that irradiance values had been extrapolated
at a given location obtained from multiple weather stations, where the clustering of stations
could have contributed to a larger error at particular sky conditions.

Following the discussion of the results, the strengths and weaknesses of personal weather
stations can be examined. There exist some limitations in the use of PWS network data
regarding the operation, quality and practicalities of the data. The user of PWS network
data is generally unaware of the correct periodic maintenance and/or recalibration plans for
the sensors. External factors that affect the performance and operation (e.g. shadowing)
are generally out of the control of the user of the data. Data reliability can sometimes be a
constraint due to sensor’s accuracy and availability of data, which is subject to communication
faults or power loss in the data logger. Similarly, data processing and readability can represent
an issue as the data acquisition are carried often using third-party platforms and application
program interfaces (APIs).

Conversely, there are certainly many advantages to use data from amateur or personal
weather networks; the increased temporal and spatial resolution are the main strengths. PWS
data permit insights into the evolution of solar resource at higher temporal resolutions than
open, official data would allow. Therefore, modelling solar generation would be possible
at resolutions as high as the data available. Solar radiation data at higher spatial resolution
permit the observation of meteorological phenomenon that may not be noticeable in official
weather data. Moreover, PWS data are continuously updated and can be available to the public
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faster than other official data. Since PWS data are having an increasing popularity and usage
in research studies, probably due to the diverse meteorological data produced by PWS, the
users of these data can implement the proposed calibration method for irradiance observations
with only accessing basic metadata. Their use in studies and applications can support the
decision-making process, which would add value and empower these crowdsourced data and
their contributors, as suggested in [274], when assessing citizen-led weather observatories.
With respect to the hardware, the lower cost range of PWS (i.e. $175-$900)19,21 compared to
stand-alone silicon-photodiode sensors (i.e. $415-$850)22 also represents an advantage when
considering investment in research equipment. Although PWS could be more expensive
depending on the maker and model, the device would report a range of weather-related
variables besides solar irradiance.

5.6 Chapter Summary

Key points and contributions

This chapter has compared the accuracy of the irradiance measurements of amateur or
personal weather stations against official high-quality stations and illustrated the potential
of PWS in the context of solar PV applications. At first, an extensive evaluation of PWS
data was performed using 30 personal weather stations in 5 climate zones worldwide in
section 5.3. After having evaluated the performance, a calibration method was proposed
following a data-driven approach attending to the climate zone or the hardware producer.
Section 5.4 then presented a comparison of POA irradiance time-series among PWS, official
stations and power output of 3 PV plants. It was found higher correlation between PWS data
and PV power output than those measurements from official sources.

This chapter makes the following contributions:

1. An extensive evaluation of global horizontal irradiance measurements of 30 PWS
located worldwide, covering 5 climatic zones according to the Köppen’s classification
across 8 countries. PWS data are increasingly used in research studies and evaluating
the accuracy of these devices is key. The journal article [271], which is derived from
the work presented in this chapter, was, to the best of the author’s knowledge, the first
article investigating the accuracy and quality of solar radiation data from PWS.

21This range corresponds to PWS surveyed with capability to measure solar irradiance. For example, Ambient
weather station WS-2902 has a retail price of $175, or Davis Vantage Pro2 with the solar radiation sensor with
a retail price of $880. Source: www.ambientweather.com and www.davisinstruments.com, respectively.

22For example, Kipp and Zonen SP Lite2 pyranometer, retail price $416 or Hukseflux LP02 pyranometer,
retail price $852; (Retail prices in GBP with exchange rate £1=$1.30). Source: www.omniinstruments.co.uk.
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2. A practical calibration method for the irradiance measurements of PWS under all-sky
conditions.

(a) The calibration model is based on sensor’s temperature, the solar zenith angle
and clear-sky index.

(b) The model is reproducible with basic data like climate zone or hardware producer.
While the study utilises a data-driven approach, the polynomial coefficients for
the climate zones and hardware producers evaluated are provided to ease its
applicability (see Table 5.3).

(c) The mean bias error of corrected PWS irradiance data are within a ±5% band
compared to thermopile pyranometers.

3. Bringing to light the value and potential of PWS networks for solar energy applications.
Data from PWS can provide insights into the evolution of solar resource with:

(a) Higher spatial resolution than official weather networks.

(b) Higher temporal resolution. From hourly data in official sources to sampling at
5-15 minute when using PWS.

(c) Faster access to up-to-date data compared to open data from official sources.

Applicability

Concerning the applicability of the contributions of this chapter, data from PWS could be
used to regularly provide updated inputs into models assessing solar PV integration, e.g. near
real-time monitoring or now-casting of solar PV generation. These data could also be used
as inputs into the forecasting models used by system operators, aggregators or PV plant
operators. Overall, access to PWS data represents an open alternative with high-resolution
data, which can complement official data sources and have extensive use in research studies
related to solar energy and other scientific fields. Thus, this work enhances the knowledge
about the uncertainty that this data source can be subject to.

This chapter concludes the part of this thesis devoted to Solar PV integration in today’s
power networks. In this part, challenges currently present in the power systems by solar
photovoltaic energy were addressed. Chapter 4 addressed RQ 1.A and introduced a model to
solve the issues related to the aggregated estimation of small-scale photovoltaic generation in
large territories. Chapter 5 has addressed RQ 1.B and it has presented PWS as an alternative,
open solar radiation data source. A calibration method has been proposed to enable PWS to
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provide meaningful solar radiation measurements that can find applications in the field of
solar PV energy, such as intra-daily generation monitoring, which was evaluated.

The chapters to follow represent Part II — Solar PV integration in tomorrow’s power
networks, where RQ 2 is addressed and it evaluates the impact on the aggregated systems’
demand considering the anticipated mass-deployment of distributed storage systems together
with small-scale PV systems, either as a solution of solar PV coupled to battery storage
systems or as grid-scale battery energy storage projects.



Part II

Solar PV Integration in Tomorrow’s
Power Networks



Chapter 6

Evolution of Electricity Demand in
Residential Networks: High-Presence
Scenarios of Stand-Alone Solar and
Solar-plus-Storage Systems

6.1 Introduction

Following the models presented in the previous two chapters to estimate and monitor the
aggregated generation of distributed solar PV systems, this chapter is the first of two in the
part of this thesis devoted to solar PV integration in tomorrow’s power networks. These two
chapters expand the assessment of distributed solar generation and include distributed energy
storage by considering behind- and front-of-the-meter options. The introduction of solar and
storage resources answers to the projected growth trends to the future. Today, the electric
demand of households, cities and societies is evolving with the deployment of distributed
generation and other low-carbon technologies. These changes are occurring faster in time
than those conceived in traditional strategies of power networks planning, e.g. 20-25 years
ahead. As a result, there is a level of uncertainty in how these alternative energy sources and
technologies will affect power system activities (e.g., operation and planning) as their uptake
progresses. This and the next chapter address RQ 2: how will electricity demand profiles
look in the medium- and long-term future under the foreseen mass-deployment of small-scale
solar plus distributed energy storage systems?

Within the umbrella of this research question, this chapter focuses on the residential
level, whereas the next chapter focuses on distributed storage at grid scale. It is for domestic
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consumers that behind-the-meter battery storage considered for new installations or coupled
to existing PV installations could be more profitable than other metering-related schemes.
Behind-the-meter battery storage could yield more economic benefits than other metering
strategies depending on the LCOE and available schemes, energy rates and subsidies. Under-
standing the aggregated net demand derived from the high-penetration of solar-plus-storage
systems can increase understanding about how to deal with the so-called substitution effect
between utility-scale and small-scale solar PV generation. In addition, time-shift of dis-
tributed solar energy with energy storage could help reduce energy curtailment from large
renewable plants and improve the economics of power systems through grid management.

In this chapter, the changes in the net residential electricity demand are explored consider-
ing the deployment of stand-alone solar PV and PV-plus-storage systems. The chapter begins
by highlighting the importance of this research stream and surveying relevant literature. This
is followed by an introduction of the methodology to estimate the aggregated residential
demand for stand-alone solar and solar-plus-storage systems in section 6.3. Multiple sub-
scenarios are investigated concerning the operational strategies for the battery systems and
multi-tier electricity prices. The resulted evolved demand profiles are then presented in
section 6.4. In addition, a sensitivity analysis for the net demand patterns as function of the
capacity of energy storage systems is presented in section 6.5, followed by an economic
assessment of the prosumer’s tariffs in section 6.6. Finally, the results are discussed and
the key points and contributions of the chapter are summarised. Part of the content of this
chapter was condensed and published in [324].

6.2 Solar PV-plus-Storage Prosumers in the Residential Sec-
tor

Solar PV-plus-storage systems are starting to become an attractive investment option due to
falling prices of battery packs as it was observed in Fig. 2.4. When installed behind-the-meter,
battery storage systems can maximise the use of on-site renewable generation and reduce the
electricity purchased from utility companies and demand charges [131]. Overall, solar PV
systems coupled with battery storage are also considered one of the most reliable solutions to
facilitate the integration of renewable energy in low-voltage distribution networks [43]. In
many circumstances, PV coupled with battery storage is being encouraged by governments
in order to deploy further small-scale renewable generation and meet regional or national
renewable energy targets. A few examples of governmental initiatives to foster battery
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storage at household level were described in Chapter 2, where economic grants, rebates and
tax credits are the main common initiatives.

Solar PV systems, as for their intermittency and non-inertial behaviour, are the low-
carbon technology most influencing the aggregated load patterns that system operators have
traditionally managed [51, 237, 324]. High presence of rooftop solar PV systems in electricity
networks can significantly alter the system’s net load patterns and affect the scheduled short-
term operation [74], which can lead to over-generation problems with the appearance of the
famous ‘duck curve’. As introduced in Chapter 2, curtailment of solar PV or alternatively,
distributed PV with storage, can enhance the flexibility of the system to reduce potential
constraints and accommodate further renewable generation [76].

The influence of solar prosumers with battery energy storage has been analysed in the
literature attending to the operation and planning of power systems and electricity markets.
In the context of the operation of power systems, solar-plus-storage prosumers were found
to reduce the aggregated average and peak demand in a case-study with a medium-voltage
substation compared to customers with stand-alone PV systems [325] and in low-voltage
substations when additionally integrating electric vehicles [43]. Considering planning aspects,
the self-sufficiency of prosumers was analysed together with the investment on new electrical
infrastructure in presence of distributed solar PV, wind and storage resources in [326]. It
was found that self-sufficiency for a power grid with solar PV and wind resources could
range from 40% (without storage) to 60% (with storage) before requiring upgrades in the
grid’s infrastructure. These results reinforce the idea that upgrade deferral in power networks’
facilities is one of the key applications and benefits derived from distributed energy storage,
as it is also expressed in the other studies, e.g. [102, 103, 327]. Considering electricity
markets, several dispatch techniques based on optimisation methods have been proposed to
integrate renewable generation from prosumers through aggregators. The dispatch of the
aggregated generation utilising optimisation techniques was investigated taking into account
load balance constraints [224], and voltage stability and demand levels [328] of the power
networks.

In this chapter, the study of solar-plus-storage systems in the residential networks is
aimed at the changes that can emerge in the net demand due to the integration of such
resources. Particularly, the analysis focuses on the uncertainty about the typology and
operation of battery storage systems. Concerning the configuration of BESS, previous
studies have considered that the batteries could be charged from either the grid or renewable
electricity [326] or only from the excess of PV power [325]. The model proposed in this
chapter includes both cases to provide a more realistic approach about the uncertain operation
of fleets of BESS deployed in a power network. The levels of uncertainty in the assessment
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of solar producers are multiple and include factors directly and indirectly related to the
renewable systems. Those factors directly related are: (i) PV penetration level; (ii) BESS
penetration level; (iii) BESS typology; and (iv) BESS control. The indirect factors of
uncertainty include: (i) diverse weather conditions and (ii) economic factors related to the
profitability of the renewable systems, such as economic incentive or billing schemes. This
is significantly important since the savings potential of solar-plus-storage systems appear not
to correlate to solar resource availability, but other factors, such as the costs and design of
electricity tariffs [131]. The combined assessment of these levels of uncertainty differentiates
this study from previous ones addressing the overall impact on power systems of fleets of
stand-alone solar and solar-plus-storage systems.

6.3 Methodology to Estimate the Total Demand in Pres-
ence of Solar Prosumers

This section describes the methodology to estimate the aggregated electricity demand profiles
from multiple residential consumers without renewable generation, with stand-alone solar
PV and with PV-plus-storage systems. The methodology to estimate the aggregated electric
demand consisted of the combined integration of the following stages: (i) the generation of
individual residential load profiles; (ii) modelling the power output of solar PV and BESS
systems; and (iii) the estimation of the aggregated net demand. Multiple scenarios are also
described in this section and include diverse: (i) solar PV penetration; (ii) BESS penetration;
(iii) BESS operational strategies; and (iv) multi-tier electricity tariffs.

6.3.1 Generation of synthetic residential demand profiles

Time-series of aggregated electricity demand for residential customers are rarely available
for research purposes. This constraint was solved using the CREST demand model [329]
developed by Loughborough University (UK). This model can generate 1-minute resolution
stochastic domestic thermal and electrical load profiles typical of the UK and it has been
widely used within the research community. For this study, 5,000 residential load profiles
were created for each meteorological season (i.e. 20,000 load profiles in total) and added
up; this number of profiles is a large enough number of electric loads so that the aggregated
demand does not follow the peculiarities of any particular load, but as a whole. For illustration,
the residential demand profiles obtained for winter and summer are shown in Fig. 6.1 with
half-hourly average data. In order to represent a generic power network, not limited by size,
the results of this chapter are presented in an average normalised scale as illustrated in the
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same figure. The 1-minute resolution individual profiles were resampled into 30-minute
average series in order to estimate solar generation using data from typical meteorological
years as introduced in the next section. For a resolution of 30-minute samples, there are other
sources that provide with aggregated profiles for UK residential consumers, e.g. Elexon
profiling [330]. However, producing the data with the CREST model permits having both
the individual household’s and the aggregated demand. Using actual individual household
profiles, which have higher intermittences in the consumption, permits a more realistic
assessment of operation of energy storage systems [331].

While the model of this chapter is particularised for a typical UK-type residential demand
and uses solar irradiance data from Belfast in Northern Ireland, these profiles would find
similarities to other countries with a two-peak demand profile (e.g. Republic of Ireland,
Nordic countries or the typical winter demand curve of Germany, Spain and France).

(a) (b)

Fig. 6.1 Load profiles (a) and average normalised load profiles (b) of the aggregated demand of 5,000
residential demand profiles generated with the CREST model for winter and summer.

6.3.2 Modelling of solar PV and BESS generation

The estimation of power output from the photovoltaic and battery energy storage systems
were performed with the System Advisor Model (SAM) [197], a techno-economic software
model for renewable energy systems developed by the National Renewable Energy Labo-
ratory (NREL) of the Department of Energy of the USA. The typical meteorological year
(i.e., TMY3) data from Belfast, linearly interpolated at 30-minute intervals, was used for
solar generation modelling in SAM. The solar PV systems modelled in the households were
characterised with a PV array installed capacity of 4 kW and 3.68 kW of inverter power. This
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Table 6.1 Technical characteristics used to model PV and BESS in SAM.

PV
system

PV array size (DC) 4 kW
PV inverter size (AC) 3.68 kW
PV Module size 250 Wdc
Module efficiency 15.26%

BESS
system

Battery bank capacity 6 kWh
Battery bank power 3.68 kW
Battery technology Li-ion NCA
Charge limits [min-max] 15-95%
Round-trip efficiency 92%

inverter size corresponds to 16 A on single-phase households supplied at nominal voltage
(230 V), which is the size limit commonly used by distribution network operators in the
UK [332]. The tilt angle and azimuth of the installation were set to 31.8◦ and 178.93◦,
respectively, which are the same values used in Chapter 4 and are typical values for the
UK [195]. When battery systems were coupled with the PV system, a capacity of 6 kWh
was chosen and the maximum battery power output set to 3.68 kW. Different sizes of battery
capacity to those selected are analysed to obtain the net demand profiles in section 6.5
and different PV array and battery size are considered for the economic assessment in in
section 6.6. The chemical composition of the battery used in the model was lithium nickel
manganese cobalt oxide (NMC), which is one of the lithium-ion type batteries with predicted
cost reductions over the following years [327]. Table 6.1 shows the technical characteristics
used to model stand-alone PV and PV-plus-storage systems.

6.3.3 Estimation of the aggregated net demand

The aggregated net demand corresponds to the sum of all the loads subtracting the total
generation renewable generation, either the PV system or the PV and battery output. The
described tools of the methodology (i.e. CREST demand model and SAM) were integrated
using Python programming and the available application-programming interface (API) in
SAM (i.e., PySAM). The flow of data among the tools is illustrated in Fig. 6.2. The CREST
model is developed in Microsoft (MS) Excel, the API of Python to MS Excel was utilised to
run (i.e. generate) and transfer back to Python the 5,000 residential load profiles for each
meteorological season.

According to each scenario, the Python code randomly selected the households’ profiles
with PV and PV-plus-storage among the total number available in the scenario, where each
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load profile Li followed the flowchart presented in Fig. 6.3. Python passed SAM the necessary
data (e.g. type of BESS control) and received back the generated renewable production.

Fig. 6.2 Flow of data among the tools utilised in the estimation of aggregated demand profiles.

6.3.4 Scenarios

The methodology evaluates several scenarios using different penetration levels of distributed
solar and storage generators and includes diverse designs and operational strategies of
dispatch for the battery systems, which are described in section 6.3.5.

The set of scenarios corresponds to arbitrary levels concerning solar PV penetration and
BESS deployment. The following multiple scenarios are investigated:

• Solar PV: from 5% to 75% in 5% steps.

• BESS: 0%, 10%, 25%, 50%, 75% and 100%.

There are 15 PV penetration levels and 6 for battery storage penetration. Overall,
90 different cases result from the combination of all solar PV and storage penetration
options, which are applied to each individual household defined with a PV system. Solar
PV penetration level is defined in terms of annual energy as estimated by Eq. 2.2. Battery
storage penetration is defined as the percentage of households with PV system that have
storage (i.e. PV-plus-storage system) over the total with number of installations with PV both
stand-alone and with storage.

In order to calculate solar PV penetration, the annual energy consumption of the network
was estimated from the aggregated demand of the 5,000 profiles modelled by applying
the same profile during the entire meteorological season. The resulting annual energy
consumption of the simulated network was 1,307.80 MWh. In addition, the annual PV
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Fig. 6.3 Flowchart of the methodology to estimate the new aggregated electric demand with the
presence of solar and solar-plus-storage prosumers for a given scenario.

generation of a single system with the characteristics described in section 6.3.2 was estimated
3,305.45 kWh (826.36 kWh/kWp). Then, according to the share of energy to be covered by
solar energy, the number of households with PV systems was obtained.

6.3.5 Uncertainty in the BESS operation

The adoption and investment in solar PV are often driven by personal values related to
energy and climate change. However, these values are limited by the economic investment
and the willingness to pay of the homeowners [333]. For solar-plus-storage customers, the
financial rationale to invest is to reduce their demand and energy charges [45]. In this context,
customers with solar-plus-storage systems may set the control and operation of the batteries,
in terms of charge/discharge scheduling, according to their life-styles, preferences and energy
needs. The uncertainty related to these human-related decisions is complex to model. Thus,
in this study several control strategies and typologies of battery storage systems are included
to aim at considering the uncertainty in solar generation by all types of systems.
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This subsection focuses on how the uncertainty of several variables has been represented
in the estimation of the overall net demand. The uncertainty assessed is related to the
operation of battery storage systems, such as typology (i.e. AC vs DC-connected system),
control (i.e. manual vs smart charge/discharge) and operation under different meteorological
weather conditions (e.g. sunny vs cloudy days).

Typology of BESS

As introduced in Chapter 3, there are several typologies of battery storage systems. In
order to account for this uncertainty in the existing systems in the simulations, different
charging strategies for the batteries have been considered for. The energy to charge the
batteries can either come from the locally produced energy by the solar PV system, typically
a DC-connected system (see Fig. 3.20b), or from the solar PV system and the power grid,
typically an AC-connected system (see Fig. 3.20a).

Operation of BESS

The operation of battery systems can response to multiple applications (see Chapter 2,
section 2.4.2). Batteries’ dispatch have been developed using two operation modes when
considering the modelling of single-rate electricity tariffs. First, a peak-shaving strategy
according to the known load in the previous day. Second, a manual dispatch based on typical
hours of residential presence (6:00h to 9:00h in the morning and 18:00h to 21:00h in the
evening). For the design of multi-period electricity tariffs, time-of-use (ToU) tariffs are
proposed together with battery operation in peak-shaving strategy. The multi-tier electricity
tariffs are described in section 6.3.6. Table 6.2 presents a summary of the options considered
for the typology and operation of the battery systems coupled to solar PV arrays.

Table 6.2 Summary of typologies and operation models for charge and discharge of the battery energy
storage systems.

Mode Tag Charge Discharge Electricity Cost

PV smart PV array only Peak-shaving strategy Fixed, flat tariff
PV manual PV array only 6-9 am and 6-9 pm Fixed, flat tariff
Grid smart Grid + PV array Peak-shaving strategy Fixed, flat tariff
Grid manual Grid + PV array 6-9 am and 6-9 pm Fixed, flat tariff
ToU P-* Grid + PV array Peak-shaving strategy Variable, multi-tier tariff
*The hyphen corresponds to the number of periods in the multi-tier tariff, i.e. from 2 to 5.
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Sensitivity due to diverse weather conditions

Solar resource availability influences the state of charge of the batteries. Thus, several case
days were selected in order to analyse the sensitivity in the operation of the battery systems
under different weather conditions. A typical meteorological cloudy (overcast) and sunny
(clear-sky) day was selected for each season according to the daily energy yield in the TMY3
weather data:

• The overcast days chosen are those with the highest diffuse irradiance and lowest beam
irradiance.

• The clear-sky days chosen are those with the highest beam or direct irradiance.

These criteria permit defining case days based on the actual cloud conditions within the
3 months of each season. The resulted days of study for each meteorological season are
presented below, in Table 6.3.

Table 6.3 Typical meteorological days selected for the analysis of PV-plus-storage prosumers.

Season Clear-sky day Overcast day

Winter 16 February 21 February
Spring 16 May 31 May

Summer 15 June 6 July
Autumn 24 September 25 September

6.3.6 Design of multi-period electricity tariffs

Time-varying electricity tariffs have been shown to incentivise load adjustment and they
serve as a demand-side response strategy [334]. In addition, modern electricity tariffs are
considered key elements to foster the economic profitability of solar-plus-storage systems
in the residential sector [142]. Time-varying tariffs, either static (established in advance)
or dynamic (changing throughout the day) need to consider and adapt to the characteristics
of the electricity market and power system. In this case, a static multi-tier tariff based on
time-of-use is proposed. The determination of the periods for the static tariff are defined
using the data from the day-ahead market (DAM) of electricity. A historic time-series of
DAM price in the Irish SEM is illustrated in Fig. 6.4. The analysis of the price time-series
permits the estimation of the average hourly price evolution throughout the year as illustrated
in Fig. 6.5. The figure shows how the lowest electricity prices are consistently during night
until 8:00h-9:00h h in the morning and during the afternoon from 14:00h to 18:00h with the
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exceptions of January, November and December. The highest electricity prices in the DAM
are found in the range from 19:00h to 22:00h in the late autumn/winter months of January,
February, November, and December.

Fig. 6.4 Time-series of day-ahead market (DAM) energy price in the Irish SEM from 1 October 2018
to 31 January 2020. Source: SEMO.

The proposed method to turn the hours of the day into multiple periods according to the
historic DAM price is based on quantile discretisation. This type of discretisation divides
the samples into k groups, where the number of observations assigned to each group is
equally split. The resulted divisions reflect the electricity price level that have historically
occurred and thus, remain representative of the power system. The discretisation of the
average hourly DAM electricity prices throughout the year is presented in Fig. 6.6 for up
to 5-period multi-tier electricity tariffs (i.e., period P2 to P5), where the lower the period
number, the lower the DAM electricity price.

In the assessment of solar-plus-storage prosumers, the discretised periods serve as ToU
steps with different electricity billing periods for the residential customers. It is considered
that the batteries can charge from both the PV array and the grid. However, grid charge is not
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Fig. 6.5 Average hourly price in the day-ahead market (DAM) in the Irish SEM. Data from 1 October
2018 to 31 January 2020.

allowed during the highest numbered period, since it corresponds to peak hours and it has the
most expensive electricity price. The prices in the off-peak periods are progressively lower
and battery charge is prioritised to the period with the lowest price by limiting the energy
that can be imported from the grid in each period. The unit price per kilowatt hour for flat
tariffs was set to 0.20 GBP/kWh. For multi-period tariffs, the unit price in peak hours was
set to 0.25 GBP/kWh and the cheapest off-peak rate was 44% less, which is similar to the
difference between rates in periods within the existing dual tariff Economy 7 in Northern
Ireland23. The prices and remarks about the rates applied to the different electricity periods
are illustrated in Table 6.4. It is assumed that the periods determined in Fig. 6.6 apply to
weekdays and that weekend days are period P2 for tariffs ToU P3, ToU P4 and ToU P5, and
period P1 for tariff ToU P2.

6.3.7 Evaluation metrics

This section introduces the metrics used in this chapter, which include metrics of technical
and economic nature. The self-sufficiency (φ ss) and self-consumption (φ sc) of the network
are the technical metrics considered. Self-sufficiency is defined as the electricity generated
by the solar PV system, either consumed instantly or stored in the batteries for later use,
divided by the electricity demand of the household or group of households (Eq. 6.1). The

23Power NI – Economy 7 Unit Rates: https://powerni.co.uk/plan-prices/compare-our-plans/
economy-7-unit-rates/. Accessed November 2020.

https://powerni.co.uk/plan-prices/compare-our-plans/economy-7-unit-rates/
https://powerni.co.uk/plan-prices/compare-our-plans/economy-7-unit-rates/
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(a) 2-period tariff (b) 3-period tariff

(c) 4-period tariff (d) 5-period tariff

Fig. 6.6 Discretisation of periods for multi-tier electricity tariffs attending to historic DAM price.

definition of self-consumption is similar and it uses the solar electricity generation divided
by the instantaneous PV electricity generation within the household (Eq. 6.2) [335].

The economic metrics include the nominal levelised cost of energy or LCOE (Eq. 3.50),
the net present value (NPV) after 25 years of the installation of the solar systems, the
electricity savings during the first year of operation, and the payback period. Further details
about the economic assessment are introduced in section 6.6.

φ
ss =

Consumed PV Energy
Total Electricity Demand

·100 (6.1)

φ
sc =

Consumed PV Energy
Total PV Generation

·100 (6.2)

6.4 Evolved Net Demand Profiles under High Presence of
Solar Prosumers

This section presents the ‘new’ evolved net demand profiles obtained considering the effect
of solar residential prosumers. The analysis focuses on the behaviour as a whole of the
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Table 6.4 Electricity prices and battery capacity hourly charge limits established for each multi-period
tariff.

Electricity price (peak rate equal 100%) / Hourly capacity charge limit (%)

Tariff’s Period P1 P2 P3 P4 P5

Tariff 2 periods 56% / 33% 100% / - - - -
Tariff 3 periods 56% / 33% 78% / 25% 100% / - - -
Tariff 4 periods 56% / 33% 70% / 25% 85% / 20% 100% / - -
Tariff 5 periods 56% / 33% 67% / 25% 78% / 20% 89% / 10% 100% / -

households with solar installations, both with and without battery storage, and the evolved
net demand profiles of all customers combined, with and without PV arrays.

The effect of stand-alone PV systems in the aggregated demand profiles is illustrated in
Fig. 6.7 for the case days of interest and a selected number of PV penetration levels. It can
be observed how in residential networks with stand-alone solar PV systems, without any
energy storage, the simulations indicate that reverse power flows in the step-down medium
to low-voltage feeding substation could be expected depending on the weather conditions
and PV penetration level. As presumed and observed in the sub-figures in the right-hand
side of Fig. 6.7, overcast (cloudy) weather conditions lead to less solar production. However,
the net demand would still significantly change under overcast conditions. Concerning the
meteorological differences in all seasons, the largest differences regarding weather conditions
are found in autumn with sunny/cloudy conditions reaching at 1.3 times the average demand
for 75% penetration level. Among the sunny days for each season, it can be observed
how summer results show the highest solar PV generation, where any scenario over 40%
produces bi-direction power flows. Under adverse meteorological conditions, i.e. overcast
days, reverse power flows would not occur. Overall, it can be observed that stand-alone
PV penetration changes the net demand with direct proportional relationship. The 15%
rule of thumb used for power systems’ planning in industry as a threshold of ‘safe’ PV
penetration before performing exhaustive solar hosting capacity studies [25] is shown as
a reference. For the remainder of the section, typical summer data is taken as a reference
and it is the only data illustrated in most figures to follow. The consideration of summer as
the most-challenging scenario from the perspective of system operators is supported by two
factors: first, electricity demand is typically lower in summer as for warmer weather, which
leads to less electricity consumption for heating and lighting; and second, the most daylight
hours and higher irradiance levels are available producing the higher solar PV and posing a
potential challenge to power systems and the management strategies that operators shall put
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in place to maintain a safe and reliable system. In addition, presenting similar descriptions
and figures for all seasons would make the chapter longer than appropriate.

Before presenting the evolved net demand profiles of the stand-alone and PV-plus-storage
systems, the behaviour of the PV fleet as a whole is presented attending to each control
strategy considered. Figures 6.8 to 6.11 illustrate the behaviour of the PV fleet with a 50%
penetration of battery systems. The scenario corresponds to a PV fleet of 792 households with
PV systems of 4 kWp, out of which 396 have behind-the-meter storage of 6 kWh installed.
Figure 6.8 illustrates the case of the battery charge from the grid and the PV array and using
peak-shaving control for discharge (i.e., grid smart mode in Table 6.2). For a typical sunny
day in summer (Fig. 6.8a), the battery systems complete the charge around 10:00h mainly
from electricity from the grid. As the PV array supplies the demand, the surplus of PV
production feeds in the grid. The households with storage observe how their evening supply
is partly supplied by the batteries. In an overcast day (Fig. 6.8b), the PV production in the
morning serves both the demand and the batteries, where the latter are mostly charged by
noon. The load is not fully supplied by the PV since lower solar output in some households
are not enough to cover their demand completely. Nevertheless, the solar generation surplus
observed in the plot produces a reverse power flow when accounting for the whole fleet.

The behaviour of the PV fleet when using solar-only energy to charge batteries and with
peak-shaving discharge strategy (i.e., PV smart mode) is illustrated in Fig. 6.9. For the sunny
day analysed (Fig. 6.9a), the locally produced electricity enables the complete charge of the
batteries shortly after 10:00h. Similarly to the previous case, the PV fleet produces up to 5
times the average power consumption, which are fed into the grid. On the other hand, in the
typical overcast day analysed (Fig. 6.9b), the charge of the batteries by the PV array extends
until 16:00h approximately. It can be observed how PV does not supply the whole electric
demand of the households with local PV generation. While the demand of households with
stand-alone PV systems is covered and the surplus feeds back into the grid, the demand of
households with PV-plus-storage systems is increased as a result of their electric load and
the load of the batteries charging. At the same time, the range of the PV output fed into the
grid is higher than the demand to cover, and consequently, the grid would observe a reverse
power flow from the aggregated fleet of solar prosumers.

When battery charge from the grid is enabled and the discharge follows a manual
operation related to the typical occupancy of residential households (i.e. grid manual mode),
the simulations present demand peaks that can be even larger than the peak demand of
the network. This behaviour is shown for a sunny and a cloudy summer day in Fig. 6.10.
Similarly to previous battery control strategies, in a sunny day (Fig. 6.10a) the electric
demand is fully covered with the solar energy at the core daylight hours of the day, from
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(a) Sunny winter day (b) Overcast winter day

(c) Sunny spring day (d) Overcast spring day

(e) Sunny summer day (f) Overcast summer day

(g) Sunny autumn day (h) Overcast autumn day

Fig. 6.7 Evolution of the network net demand with different stand-alone PV penetration levels.
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(a) Sunny summer day (b) Overcast summer day

Fig. 6.8 Behaviour of the PV fleet with a BESS penetration of 50% with grid-charge enabled and
peak-shaving discharge (grid smart mode).

(a) Sunny summer day (b) Overcast summer day

Fig. 6.9 Behaviour of the PV fleet with a BESS penetration of 50% using PV-only charge and
peak-shaving discharge (PV smart mode).

8:00h to 17:00h approximately. During the morning peak, considered from 6:00h to 9:00h,
the electricity not covered from the PV array is supplied by the battery storage. In the evening
peak, considered from 18:00h to 21:00h, the batteries supply all the demand in the households
where they are present (i.e., 50% of the households considered). After the evening peak, the
batteries are able to charge from the grid and produce a large spike of power demand. This
situation repeats under overcast conditions, see Fig. 6.10b.

The behaviour of the PV fleet with the PV-plus-storage systems using the PV manual
mode, where batteries charge solely from the PV and the discharge follows a typical resi-
dential morning and evening presence, is shown in Fig. 6.11. In contrast to the grid manual
operation mode, the batteries only charge during the morning hours since the batteries are
at low state of charge. In addition, the spikes of the electric demand are not observed from
22:00h on since charging the batteries from the grid is not possible. In this operation mode,
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(a) Sunny summer day (b) Overcast summer day

Fig. 6.10 Behaviour of the PV fleet with a BESS penetration of 50% using grid-charge enabled and
manual discharge (grid manual mode).

the shares of electric demand covered by the local solar PV and the power fed into the grid
are in alignment with the PV smart mode.

(a) Sunny summer day (b) Overcast summer day

Fig. 6.11 Behaviour of the PV fleet with a BESS penetration of 50% with PV-only charge and manual
discharge (PV manual mode).

Following the assessment of the aggregated behaviour of the solar producers, the electric-
ity demand as resulted from the combination of prosumers and regular customers (without
solar systems) is introduced in Fig. 6.12. The figure presents the evolved net demand profiles
for a PV penetration of 40% with the 5 battery penetration scenarios and 4 battery opera-
tional modes assessed. Consistently, it can be observed how the penetration level affects
proportionally to the net demand, where the higher the BESS penetration level, the higher the
change produced by the batteries. Nevertheless, the effect of the control strategies produces
a diverse range of net demands. Overall, the evolved net demand is highly influenced by the
presence of BESS and their operational strategies.
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Among the operational models, it can be observed how both modes using manual dis-
charge produce the most significant changes in the morning and evening peaks. The grid
manual mode (see Fig. 6.12c) reduces the most the morning peak consumption, while pro-
duces large spikes of consumption in the evening that can be as large as the average demand
of the network, i.e. for the case of 100% BESS penetration. On the contrary, the PV manual
mode (see Fig. 6.12d) reduces the evening peak demand the most since all the consumption
of households with PV-plus-storage systems is supplied by the batteries until 22:00h.

(a) Grid Smart Mode (b) PV Smart Mode

(c) Grid Manual Mode (d) PV Manual Mode

Fig. 6.12 Network net demand with PV penetration at 40% as function of battery storage penetration
level and charge/discharge operation strategy for a typical sunny day in summer.

For the modes using peak-shaving discharge strategy, the main differences are in the
morning operation. In the grid smart mode, Fig. 6.12a, with the batteries charged from the
previous evening, the morning peak is reduced and as the PV array generates electricity the
batteries recharged and the load is supplied. Since it is a sunny day, the battery systems
complete the charge after 10:00h, and the net demand resembles that without BESS during
the core hours of the day. In such a sunny day, that behaviour is common for all the control
strategies as it can be observed in the subfigures. During the evening peak, the batteries
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Fig. 6.13 Annual self-sufficiency of the residential power network as function of PV penetration level
and attending to battery operation strategy with a BESS penetration of 100%.

are discharged to supply the peaks of consumption of the households. The PV smart mode
observes a different morning operation, as the batteries recharge from solar PV generation
(load operation of the battery), these are unable to shave the peaks of demand occurring while
charging. Therefore, the resulting net demand profile in the PV smart mode is higher than
that of the grid smart mode during the morning hours.

Figure 6.13 shows the annual average self-sufficiency, i.e. the energy supplied by the PV
and the BESS over the total demand, for the power network as a whole as function of the PV
penetration level for the different strategies of PV-plus-storage systems. It is observed that
the systems using only PV to charge the batteries registered higher self-sufficiency levels,
whose variation in the values is more prominent towards the highest PV penetration levels.
Overall, the mode charging from PV and discharging using a peak-shaving strategy, denoted
as ‘mode PV smart’, obtains the highest self-sufficiency for penetration levels over 60%
inclusive. Prior to those self-sufficiency levels are closely tied following a linear trend with
the PV-plus-storage systems present lower self-sufficiency than the case without battery
storage. This is due to losses and the increased demand of grid electricity in the cases
charging the batteries from PV and the grid. The monthly average self-sufficiency presented
in Fig. 6.14 provides with insights about the evolution throughout the year for the mode
PV smart. It can be observed how the self-sufficiency of the network is proportional to
both the PV penetration and the solar irradiation available. Similarly to the solar irradiation
in Northern Ireland, the maximum self-sufficiency is found in May and the minimum in
December.
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Fig. 6.14 Monthly self-sufficiency of the residential power network per PV penetration level for the
mode PV smart and a BESS penetration of 100%.

The trend of the annual self-consumption of the network as function of the battery opera-
tion and the battery penetration level levels is shown in Fig. 6.15 and Fig. 6.16, respectively.
Both figures show that the self-consumption value remains 100% until reverse power flows
start to occur in the aggregated demand. This occurs in PV penetration levels equal or greater
than 45% (see Fig. 6.7e).

Focusing on the operational strategies in Fig. 6.15, for PV penetration scenarios equal or
greater than 45%, the greatest self-consumption is found in the PV smart operation mode,
followed by PV manual mode, grid smart mode and grid manual operation. The latter
produces self-consumption levels lower than those of stand-alone PV systems. Overall, it
can be observed that the greater the PV penetration, the higher the dispersion in the self-
consumption values. The data are presented in Table 6.5. Another significant aspect of
the self-consumption is its evolution as function of battery penetration, which is shown in
Fig. 6.16. Self-consumption presents a positive relationship with the BESS penetration level,
which has steeper relative increases in the change of state from lacking BESS to having
BESS. For example, the self-consumption relative increase between the stand-alone scenario
(i.e., PV only) and the PV-plus-battery at 10% is similar than between PV-plus-storage at
75% and 100%.

Up to this point in the section, the results presented have corresponded to consumers with
solar systems and single-tier or flat tariffs. Below, a set of results is presented for scenarios
where prosumers use multi-tier tariffs based on time of use as defined in section 6.3.6. The
simulations of multi-period tariffs were implemented with two options for the charge from
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Fig. 6.15 Annual self-consumption of the residential power network as function of PV penetration
level and attending to battery operation strategy with a BESS penetration of 100%.

Table 6.5 Annual self-sufficiency and self-consumption of the residential network with 100% battery
penetration as function of PV penetration level and battery operational strategy using single-period
tariffs.

Self-consumption / Self-sufficiency (%)

PV Penetration PV only Grid smart PV smart Grid manual PV manual
45% 1 / 0.47 1 / 0.46 1 / 0.47 1 / 0.45 1 / 0.46
50% 1 / 0.52 1 / 0.51 1 / 0.52 0.99 / 0.5 1 / 0.51
55% 0.99 / 0.57 0.99 / 0.55 0.99 / 0.57 0.99 / 0.55 0.99 / 0.56
60% 0.98 / 0.61 0.98 / 0.59 0.98 / 0.61 0.97 / 0.59 0.98 / 0.6
65% 0.96 / 0.66 0.97 / 0.64 0.98 / 0.66 0.96 / 0.63 0.97 / 0.65
70% 0.95 / 0.7 0.95 / 0.68 0.97 / 0.7 0.95 / 0.66 0.96 / 0.69
75% 0.93 / 0.74 0.94 / 0.72 0.96 / 0.75 0.93 / 0.7 0.95 / 0.73

the grid: (i) an unlimited charge limit from the grid; and (ii) a restricted limit of 33% the
capacity of the battery. The net demand profiles obtained for these both cases for the tariff
P2 (2 periods) to P5 (5 periods) are presented in Fig. 6.17 and Fig. 6.18.

Without restrictions of grid-charge (Fig. 6.17), the batteries are able to charge fully to
the limit of the inverter (i.e., 3.68 kW). This occurs from midnight in P2, from midnight and
02:00h for ToU P3, from 02:00h for ToU P4 and from 03:00h for ToU P3 (refer to Fig. 6.6
for a graphical definition of the periods in each tariff). However, these unrestricted maximum
power battery charge leads to sudden spikes of power consumption starting at those indicated
times, which are similar to those found earlier in the manual grid battery control mode. A
second set of results using a limited grid charge power is shown in Fig. 6.18, where the



6.5 Sensitivity Analysis to BESS Size 189

Fig. 6.16 Annual self-consumption of the residential power network as function of PV penetration
level and attending to battery penetration level using ‘PV smart operation mode’.

maximum grid charge limit is 33% of the battery capacity. In this case, it can be observed
how the charge of the batteries is prolonged during 3 consecutive hours of P1 at night. Thus,
these multi-period tariffs with charge restriction avoid the spikes of electricity consumption
occurring in the unlimited charge case and flatten the overall electric demand profile as it
would be observed by the system’s feeder. Concerning the behaviour during the rest of the
day, all multi-tier tariffs present very similar behaviour during the evening peak.

Regarding the self-consumption and self-sufficiency for the ToU tariffs analysed, the
results show that the higher the number of periods in the tariff, the lower the self-consumption
and self-sufficiency of the overall network. Table 6.6 shows the values obtained for PV
penetration levels from 45% to 75%, where it can be observed that ToU P2 (2 periods) reports
the highest variables among all. Overall, the ToU P2 ranks better than the flat-tariff using
grid manual mode. However, the rest of the multi-tier tariffs (i.e. ToU P3, P4 and P5) present
the lowest self-consumption and self-sufficiency. Further insights about these results can be
found out from the economic assessment presented in section 6.6.

6.5 Sensitivity Analysis to BESS Size

This section investigates the changes induced in the net demand profiles if the capacity of
the BESS installed per household were different. For lower battery capacities, the batteries
would charge earlier and the share of solar power fed back into the grid would increase. In
contrast, this option would enable to store further locally produced electricity that is fed
back otherwise and supply more energy to cover the needs of the household attending to the



6.5 Sensitivity Analysis to BESS Size 190

(a) Net demand profiles in tariff ToU P2 (b) Net demand profiles in tariff ToU P3

(c) Net demand profiles in tariff ToU P4 (d) Net demand profiles in tariff ToU P5

Fig. 6.17 Network net demand profiles for multi-period tariffs ToU P2, P3, P4, and P5 for a typical
sunny summer day in the case of battery charging without maximum power limit.

different control strategies. The BESS size in the simulation shown in the previous section is
6 kWh. The alternative battery capacities analysed are 3 kWh, 9 kWh and 12 kWh and these
are evaluated for a solar penetration of 40% and the mode of control PV smart, which seems
to provide the highest self-sufficiency levels (see Fig. 6.13).

The net demand profiles resulting from different battery capacities are shown in Fig. 6.19
for a typical clear-sky day in summer. It can be observed how the morning net demand
changes consistently as function of the battery capacity: the larger the capacity, the higher
the net demand. This net demand results from using PV generation to charge the batteries
and leaving the grid to supply the demand. In a typical sunny day, the core hours of the day
are similar, since the battery charge is completed and the surplus is supplied to the grid. In
the evening peak, higher battery capacity allows to slightly flatten the net demand curve.
Nevertheless, using PV smart mode (i.e., with peak-shaving discharge) supplies only the
peaks of demand and does not necessarily reduces the households’ load as much as the
battery capacity would permit.
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(a) Net demand profiles in tariff ToU P3 (b) Net demand profiles in tariff ToU P4

(c) Net demand profiles in tariff ToU P5

Fig. 6.18 Network net demand profiles for multi-period tariffs ToU P2, P3, P4, and P5 for a typical
sunny summer day in the case of battery charging with a restriction of maximum power charge of
33%.

The overall self-sufficiency of the network is also affected by the variations in battery
capacity. For stand-alone PV systems, 42.01% of self-sufficiency is estimated. When PV-plus-
storage systems are considered, the self-sufficiency ranges from 41.49% to 42.42% depending
on the BESS penetration level as presented in Table 6.7. The self-sufficiency increases as the
capacity and the battery penetration increase. In the simulated network, battery capacities of
9 kWh and 12 kWh provide higher self-sufficiency levels than stand-alone PV.

6.6 Economic Profitability of Solar Residential Prosumers

This section presents the economic assessment for the configurations of solar systems
presented in the study and it includes different billing options, tariffs, operation modes, and
renewable system’s sizes. The economic variables used in the evaluation are: the simple
and discounted payback (defined by Eq. 3.49), the nominal LCOE (defined by Eq. 3.50);
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Table 6.6 Self-sufficiency and self-consumption of the residential network with 100% battery pene-
tration as function of PV penetration level and battery operational strategy using multi-period (ToU)
tariffs.

Self-consumption / Self-sufficiency (%)
PV Penetration ToU P2 ToU P3 ToU P4 ToU P5

45% 1 / 0.45 1 / 0.44 1 / 0.44 1 / 0.44
50% 1 / 0.5 0.99 / 0.49 0.99 / 0.49 0.99 / 0.49
55% 0.99 / 0.55 0.99 / 0.54 0.99 / 0.53 0.99 / 0.53
60% 0.98 / 0.59 0.97 / 0.58 0.97 / 0.57 0.97 / 0.57
65% 0.96 / 0.63 0.96 / 0.62 0.96 / 0.61 0.96 / 0.61
70% 0.95 / 0.67 0.95 / 0.65 0.95 / 0.65 0.95 / 0.65
75% 0.94 / 0.71 0.93 / 0.69 0.93 / 0.69 0.93 / 0.69

Table 6.7 Self-sufficiency of the residential network as function of the battery capacity installed in
households operating with the PV smart mode at 40% of solar penetration.

BESS PV only BESS 10% BESS 25% BESS 50% BESS 75% BESS 100%

3 kWh

42.01%

41.96% 41.88% 41.75% 41.62% 41.49%
6 kWh 41.98% 41.91% 41.81% 41.72% 41.61%
9 kWh 42.02% 42.01% 42.01% 42.02% 42.01%
12 kWh 42.06% 42.12% 42.24% 42.34% 42.42%

the net present value (NPV); and the electricity savings during the first year. Since the
definition of these variables relates to individual households, the results include the mean
and standard deviation as obtained from the several battery operation strategies evaluated for
the number of prosumers existing with a solar PV penetration of 40% (i.e., 792 consumers
with PV systems or PV-plus-storage depending on the case evaluated). The section is divided
into three subsections: the first presents the economic metrics for different billing options
(i.e. without any prosumer scheme, feed-in tariff and net metering); the second includes the
results accounting for the sensitivity to the size of the renewable energy system, both in
PV array and battery size; and the third subsection evaluates the changes in the economic
variables as function of available incentives. The economic assessment considers a solar
system of 4 kWp coupled to a lithium-ion battery of 6 kWh installed in 2020, with a lifetime
and loan term of 25 years and without economic incentives. Table 6.8 shows the details of the
input parameters utilised in the economic assessment. Overall, the cost per capacity for the
solar systems are of 1.57 GBP/Wdc for PV only systems. This cost corresponds to the mean
value of PV systems installed in the UK during the financial year 2019-2020 [336]. When



6.6 Economic Profitability of Solar Residential Prosumers 193

(a) 3 kWh (b) 6 kWh (reference)

(c) 9 kWh (d) 12 kWh

Fig. 6.19 Net demand profiles as function of battery penetration level and battery capacity for
prosumers using PV smart mode. Scenario with 40% of solar PV penetration.

considering solar PV coupled with battery energy storage, the estimated cost per capacity
rises to 2.06 GBP/Wdc as per the inputs described.

6.6.1 Billing options and prosumer tariffs

This subsection presents the economic metrics for stand-alone solar and solar-plus-storage
systems considering the several tariffs and battery control strategies presented in the analysis
of evolved net demand. In addition, economy 7 tariff, a dual tariff present in the UK where
the customer has 7 hours (23h to 06h) at an off-peak price. The billing options evaluated are
three: (i) without any specific prosumer scheme, meaning no additional revenue nor benefit
for the energy exported to the grid is available; (ii) net feed-in tariff, which is evaluated for a
selling price equal to a quarter and half the energy purchasing price; and (iii) net metering.
All of these cases evaluated for a solar system with a PV array of 4 kWp and 6 kWh of
battery capacity.
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Table 6.8 Input variables for the economic assessment.

Variable / Parameter Cost / Value Source

Cost of PV system – includes all
direct and indirect capital costs 1,567 GBP/kWdc

Dept. for Business, Energy &
Industrial Strategy (BEIS), UK [336]

Cost of battery system –
battery pack 122 GBP/kWhdc* BNEF [110]

Cost of battery system –
battery power 244 GBP/kWdc* BNEF [110]

BESS installation labour 62 GBP/kWhdc* IRENA [337]

O&M PV system 16 GBP/kW·year* NREL [338]

O&M BESS 1.5% cost Lazard [136]

Debt fraction 55% NREL [339]

Loan rate 7% NREL [339]

Inflation rate 2% Bank of England [340]

Real discount rate 6% NREL [339]

Insurance rate (annual) 0.5% SAM [197]

Sales Tax (i.e., VAT) 5% UK House of Commons Library [341]
* Estimated with a currency rate conversion of 1 GBP = 1.30 USD

Without any prosumer scheme

The economic metrics under no specific scheme for prosumers are presented in Table 6.9,
where it can be observed that with the evaluated sizes of PV array and battery system none
of the renewable installations would be economic profitable for their owners (i.e., all report
negative NPVs). Without any revenue stream or benefit for the solar production, stand-alone
systems appear to be less profitable than solar-plus-storage systems charging the batteries
from the local generation only, i.e. PV smart and PV manual modes present higher NPV
than PV only, and similar in NPV to the economy 7 (dual) tariff. The mean nominal LCOE
resulted from the estimations of stand-alone PV systems of 21.29 p/kWh is slightly higher
than the UK’s average LCOE for residential installations (i.e., 20.39 p/kWh)24 in 2019 as
reported in [31].

The lack of economic profitability when prosumer schemes are not in place can be better
understood by looking at the flow of energy from and to the grid for the different battery
energy storage options evaluated. This is illustrated in Fig. 6.20 by showing the average and

240.265 2019USD/kWh with a currency exchange rate 1 USD = 1.30 GBP.
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Table 6.9 Economic variables for prosumers using flat and multi-tier tariffs with a solar array of 4 kWp
and 6 kWh of battery storage without any prosumer scheme.

Nominal LCOE
(p/ kWh)

1st Year Savings
(GBP)

NPV
(GBP)

PB
(Years)

Discounted PB
(Years)

Tariff type Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev.
PV only 21.29 0 275.67 61.61 -3,748.72 749.32 21.57 2.35 >25 -

PV smart (1 period) 28.38 0.10 493.71 69.37 -3,457.03 834.56 19.33 2.53 >25 -
Grid smart (1 period) 29.16 0.09 359.49 54.99 -5,050.09 667.64 22.90 1.38 >25 -
PV manual (1 period) 28.76 0.09 485.13 78.99 -3,572.44 945.90 19.46 2.78 >25 -

Grid manual (1 period) 29.44 0.21 252.81 60.54 -6,313.69 735.19 >25 - >25 -
ToU P2 (2 periods) 29.47 0.13 360.39 68.45 -5,053.08 824.12 21.82 1.99 >25 -
ToU P3 (3 periods) 29.96 0.20 285.93 59.60 -5,941.20 718.93 23.69 0.89 >25 -
ToU P4 (4 periods) 30.03 0.21 276.23 56.32 -6,058.35 679.61 24.09 0.90 >25 -
ToU P5 (5 periods) 30.04 0.21 280.34 58.33 -6,009.39 703.27 24.17 0.75 >25 -
Eco. 7 (2 periods) 29.68 0.23 466.21 88.57 -3,772.43 1,063.46 19.64 3.02 >25 -

standard deviation of the annual energy imported and exported to the grid per solar system,
where it can be observed that the energy exported is larger than 1 MWh on average. Provided
that the annual generation of the PV system is around 3.3 MWh during the first year (as
described in section 6.3.4), it is exposed that the economic profitability without specific
prosumer schemes may be hindered in most cases as at least 30% of the electricity generated
is not used in the household, neither to cover the load nor charge the batteries. Economy 7
tariff presents the highest annual exported energy with over 2.5 MWh.

Fig. 6.20 Mean annual energy imported and exported from/to the grid and error expressed as one
standard deviation for the operational strategies and tariffs of solar-plus-storage systems.
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Feed-in tariff

Feed-in tariffs (FiT) are one of the revenue mechanisms that can enhance the profitability
of renewable energy installations [142]. FiTs permit obtaining an income from the solar
energy produced in the household. There are two types of FiT: gross and net. The gross FiT
provides a payment from all the solar energy produced regardless if this is later consumed
in the household or feed into the grid. Gross FiT were present in England at the time of
the NIRO in Northern Ireland. In the contrary, a net FiT provides a payment for surplus or
excess of solar energy that is not consumed in the household and it is supplied (or fed) to the
grid [342]. In the UK, new solar prosumers will potentially be eligible to net FiT following
the Smart Export Guarantee programme [343].

In this analysis, net FiT are tested with two different payment options: (i) a FiT per
kilowatt hour equal to a quarter of the electricity rate of the energy purchased from the utility
company (5 pence/kWh); and (ii) a FiT per kilowatt hour equal to half the electricity rate of
the utility company (10 pence/kWh). The average and standard deviation of the economic
metrics of solar prosumers using the different flat or multi-period tariffs are presented in the
Table 6.10 and Table 6.11. In the case of a FiT at a quarter the utility rate (Table 6.10), the
profitability of all the systems remains null, with stand-alone PV systems reporting the least
economic losses after 25 years (i.e., -2,121.31 GBP).

Observing then the results for FiT at half the utility rate (Table 6.11), stand-alone PV
systems and PV-plus-storage systems under the Economy 7 tariff are the only ones with
discounted payback below 25 years, of just over 23 years. However, the net present values
remain negative (i.e. -494.06 GBP and -922.39 GBP, respectively) despite it can be close
to zero in some households when accounting to the standard deviation. In this scenario, the
ToU tariffs P2 and P5 improve considerably compared to previous assessed cases, such as
no-scheme and FiT at a quarter of the utility rate.

Net metering

The economic metrics for the net metering option are presented in Table 6.12, where it can be
observed that among the battery control strategies and tariffs, those using single-period tariffs
and the dual Economy 7 are somehow profitable. The options with BESS present discounted
paybacks within the 25-year period considered; however, they incur in negative NPVs of
up to -379.93 GBP for grid manual mode. However, the standard deviation illustrates that
systems using those strategies can be profitable. Stand-alone PV systems result the most
profitable to their owners when looking at the annual energy savings (775.12 GBP) and the
simple and discounted payback periods (8.78 and 13.21 years, respectively). As a matter
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Table 6.10 Economic variables for prosumers using flat and multi-tier tariffs with a solar array of
4 kWp and 6 kWh of battery storage under feed-in tariff at a quarter rate of the energy price.

Nominal LCOE
(p/ kWh)

1st Year Savings
(GBP)

NPV
(GBP)

PB
(Years)

Discounted PB
(Years)

Tariff type Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev.

PV only 21.29 0 413.34 46.21 -2,121.31 561.98 17.65 2.32 >25 -
PV smart (1 period) 28.38 0.10 574.88 51.91 -2,498.14 624.55 16.69 1.85 >25 -

Grid smart (1 period) 29.16 0.09 468.78 40.96 -3,757.96 497.43 20.82 1.89 >25 -
PV manual (1 period) 28.76 0.09 565.78 58.65 -2,616.58 702.39 17.09 2.17 >25 -

Grid manual (1 period) 29.44 0.21 386.85 44.84 -4,728.72 544.65 22.72 1.53 >25 -
ToU P2 (2 periods) 29.47 0.13 457.65 54.04 -3,901.67 650.27 21.04 2.29 >25 -
ToU P3 (3 periods) 29.96 0.20 389.49 44.75 -4,715.36 539.79 22.58 1.48 >25 -
ToU P4 (4 periods) 30.03 0.21 378.40 41.77 -4,848.84 504.18 23.02 1.36 >25 -
ToU P5 (5 periods) 30.04 0.21 382.62 43.30 -4,798.61 522.25 22.82 1.40 >25 -
Eco. 7 (2 periods) 29.68 0.23 586.58 68.50 -2,347.40 822.35 16.39 2.28 >25 -

Table 6.11 Economic variables for prosumers using flat and multi-tier tariffs with a solar array of
4 kWp and 6 kWh of battery storage under feed-in tariff at half rate of the energy price.

Nominal LCOE
(p/ kWh)

1st Year Savings
(GBP)

NPV
(GBP)

PB
(Years)

Discounted PB
(Years)

Tariff type Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev.

PV only 21.29 0 551.01 30.81 -494.06 374.58 12.66 0.79 23.04 1.56
PV smart (1 period) 28.38 0.10 656.05 34.50 -1,539.23 415.17 14.26 0.87 >25 -

Grid smart (1 period) 29.16 0.09 578.08 26.98 -2,465.88 327.65 16.46 0.91 >25 -
PV manual (1 period) 28.76 0.09 646.44 38.33 -1,660.73 459.13 14.53 1.00 >25 -

Grid manual (1 period) 29.44 0.21 520.89 29.31 -3,143.81 356.18 18.59 1.24 >25 -
ToU P2 (2 periods) 29.47 0.13 554.91 39.88 -2,750.37 479.54 17.35 1.46 >25 -
ToU P3 (3 periods) 29.96 0.20 493.05 30.09 -3,489.54 362.99 19.91 1.46 >25 -
ToU P4 (4 periods) 30.03 0.21 480.58 27.50 -3,639.33 332.08 20.52 1.42 >25 -
ToU P5 (5 periods) 30.04 0.21 655.49 23.72 -1,575.00 285.01 14.30 0.60 >25 -
Eco. 7 (2 periods) 29.68 0.23 706.94 48.77 -922.39 585.54 13.13 1.03 23.21 1.42

of fact, stand-alone PV systems have the only positive NPV after 25 years (2,268.23 GBP).
Analysing the multi-period tariffs, i.e. ToU P2 to P5, it can be observed that these tariffs
produce the least annual savings, the highest negative NPV (reaching circa -3,900 GBP for
tariff ToU P5) and discounted PB that fall outside of the 25 years of the project lifetime.
It is worth-noting the high standard deviation for the NPV among Economy 7 customers
(1,892.60 GBP), which would showcase the positive profitability of certain installations using
that tariff.

6.6.2 Sensitivity to PV array and BESS size

This subsection presents the economic metrics resulted from the assessment of different PV
array and battery capacity sizes. Different sizes of the renewable system affect the energy
yield and the amount of electricity exchanged with the grid. In this sensitivity analysis, the
results are presented the several operational strategies of BESS and for the case without a
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Table 6.12 Economic variables for prosumers using flat and multi-tier tariffs with a solar array of
4 kWp and 6 kWh of battery storage under a net metering scheme.

Nominal LCOE
(p/ kWh)

1st Year Savings
(GBP)

NPV
(GBP)

PB
(Years)

Discounted PB
(Years)

Tariff type Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev.

PV only 21.29 0 775.12 80.54 2,268.23 858.18 8.78 1.16 13.21 2.52
PV smart (1 period) 28.38 0.10 770.94 76.83 -76.08 815.74 11.92 1.54 21.46 0.78

Grid smart (1 period) 29.16 0.09 754.11 71.40 -286.16 752.60 12.20 1.49 22.91 0.42
PV manual (1 period) 28.76 0.09 761.91 74.27 -188.05 785.79 12.07 1.52 22.14 0.48

Grid manual (1 period) 29.44 0.21 746.34 68.64 -379.93 722.56 12.33 1.46 23.67 0.59
ToU P2 (2 periods) 29.47 0.13 524.72 77.15 -2,931.77 966.73 18.15 2.86 >25 -
ToU P3 (3 periods) 29.96 0.20 508.94 79.99 -3,150.63 954.17 18.53 2.81 >25 -
ToU P4 (4 periods) 30.03 0.21 467.56 75.19 -3,635.16 908.17 19.76 2.76 >25 -
ToU P5 (5 periods) 30.04 0.21 449.63 69.62 -3,861.41 845.76 20.39 2.62 >25 -
Eco. 7 (2 periods) 29.68 0.23 616.85 154.84 -1,657.04 1,892.60 15.25 3.91 19.57 3.34

prosumer scheme as billing option. The sensitivity attending to the size of the solar renewable
system considers the following options:

• Solar PV array size: 1 kWp, 2 kWp, 3 kWp, and 4 kWp (reference value).

• Battery capacity size: 3 kWh, 6 kWh (reference value), 9 kWh, 12 kWh.

Since each of the configurations of the solar systems requires different capital investment
and yields different generation, the total cost of installation of the renewable solar system is
illustrated in Fig. 6.21, as it can provide insights of the economics when considered with the
rest of metrics. For the stand-alone cases, upgrading the array size is slightly less expensive
than the solution with a 3 kWh battery with the previous array size. The costs grow linearly
as function of the battery capacity afterwards.

Another key metric related to the technology of the system, the LCOE, is presented in its
nominal form in Fig. 6.22 as function of the size of the solar system. The LCOE is sensitive
to the energy generated and for PV-plus-storage systems and this depends on the battery
operation. Similarly to the billing sensitivity in the evolved net demand, PV smart mode
is illustrated in the figure. The highest nominal LCOE is reported for the configuration of
1 kWp and 3 kWh, while the most competitive configuration would be 4 kWp without battery
storage, followed by the other stand-alone systems in decreasing order attending to the array
size.

Regarding the net present value, as presented for the PV smart mode, the sensitivity
analysis provides insights about the variations of the metric. Overall, solar PV systems
without any prosumer scheme do not present an economic feasibility as shown in Table 6.13,
where there are not positive NPVs after the 25-year lifetime of the installation. However,
the highest NPV is found in the smaller size range of stand-alone systems (i.e., 1 kWp
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Fig. 6.21 Total cost of installation for the solar system as function of the battery capacity for different
sizes of the PV array.

and 2 kWp). These results illustrate how without any prosumer schemes nor incentives, in
a location like Northern Ireland with an annual global horizontal irradiation around 900
kWh/m2, there is generally low economic profitability for small-scale installations under the
assumptions used (see Table 6.8).

Table 6.13 Mean and standard deviation of the net present value sensitivity as function of battery
system and PV array capacities. Data for PV smart mode and a PV fleet equivalent to a solar
penetration of 40% (N=792).

PV Array Size 1 kWdc 2 kWdc 3 kWdc 4 kWdc

BESS Size Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev.

Without -351.25 210.66 -1,440.87 405.18 -2,802.29 533.32 -4,284.08 624.85
3 kWh -1,506.62 17.43 -2,014.64 230.59 -3,159.17 421.34 -4,528.03 540.62
6 kWh -1,503.18 52.53 -1,622.81 248.03 -2,535.55 468.23 -3,780.78 643.65
9 kWh -1,623.83 118.61 -1,719.91 338.03 -2,518.23 642.69 -3,637.88 874.62

12 kWh -1,729.39 154.10 -1,863.71 398.28 -2,676.19 722.93 -3,768.26 983.42

6.6.3 Sensitivity to economic incentives

Economic incentives are considered as a key factor in fostering the deployment of solar-plus-
storage installations [45, 144]. In this subsection, an assessment is presented as function
of direct economic incentives to evaluate the effect in the different metrics and how the
profitability changes. The economic incentives are introduced as a percentage of the total
costs of the capital investment of the renewable system from 0% (without any incentive) to
50% in steps of 5%.
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Fig. 6.22 Nominal mean LCOE as function of the battery capacity for several PV array sizes. Data for
the PV smart mode.

The first variable evaluated by the incentives is the nominal LCOE, which is not affected
by the billing scheme of the installations but it is directly related to the capital costs of
the installation. The results of nominal LCOE as function of the available incentive are
shown in Table 6.14. It can be observed how the access to economic incentives progressively
brings the different renewable energy systems and control strategies to a price lower than the
electricity supplier price. The nominal LCOE of stand-alone PV systems is already lower
than the considered supplier price (i.e., 25 pence/kWh) without incentives. For PV-plus-
storage systems, the first LCOE below the supplier’s price is the mode PV smart after 15% of
incentive and all of them present LCOE’s below supplier’s price starting at 25% of economic
incentive.

Table 6.14 Nominal LCOE (pence/kWh) impact on incentives expressed as percentage of total
investment for installations of 4 kWp (PV array) and 6 kWh (battery).

Stand-alone PV PV-plus-storage

Incentive PV only PV smart Grid smart PV man. Grid man. P2 P3 P4 P5 Eco.7

0% 21.29 28.38 29.16 28.76 29.44 29.47 29.96 30.03 30.04 29.68
5% 20.40 27.20 27.95 27.56 28.22 28.25 28.71 28.79 28.80 28.45
10% 19.52 26.03 26.74 26.37 27.00 27.02 27.47 27.54 27.55 27.22
15% 18.63 24.85 25.53 25.18 25.78 25.80 26.23 26.30 26.31 25.98
20% 17.75 23.67 24.32 23.98 24.56 24.58 24.99 25.05 25.06 24.75
25% 16.86 22.50 23.11 22.79 23.34 23.36 23.74 23.80 23.81 23.52
30% 15.97 21.32 21.90 21.60 22.12 22.14 22.50 22.56 22.57 22.29
35% 15.09 20.14 20.69 20.41 20.89 20.91 21.26 21.31 21.32 21.06
40% 14.20 18.96 19.48 19.21 19.67 19.69 20.02 20.07 20.07 19.83
45% 13.31 17.79 18.27 18.02 18.45 18.47 18.77 18.82 18.83 18.60
50% 12.43 16.61 17.06 16.83 17.23 17.25 17.53 17.58 17.58 17.37



6.6 Economic Profitability of Solar Residential Prosumers 201

While the LCOE relates to the capital costs, the net present value will observe changes
involving different billing schemes and availability of incentives. Below, in Fig. 6.23, the
average net present value is depicted for stand-alone systems and solar-plus-storage systems
using PV smart and grid smart modes, which were the best performing control strategies
for each of the categories (i.e. charging only from PV and charging from PV and the grid)
as reported in Fig. 6.15. It can be observed how economic incentives have a direct linear
relationship with NPV, but this affects differently to the typology and control strategy of the
solar installation. Among the billing schemes, net metering results in the highest NPV, which
had been already observed in section 6.6.1. The highest profitability in an installation relates
to both the billing scheme and the incentive level. For instance, stand-alone PV (tagged
as ‘PV only’) would be the best option from an economic point of view when using net
metering and FiT. Nonetheless, the FiT with rate ‘FiT quarter’ would lead to systems using
the PV smart mode to be more profitable than stand-alone systems after 20% of incentive
level. Under no incentives, the most profitable option for systems using solely solar energy
to charge their batteries is the use of a smart peak-shaving strategy.

Fig. 6.23 Average net present value as function of economic investment for several billing schemes
and installation’s types with an installed PV array of 4 kWp and 6 kWh of BESS. Data for the number
of prosumers present with a solar penetration of 40% (N=792).
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6.7 Discussion

This section describes the implications of the findings and results presented in the two previ-
ous sections concerning: the aggregated net demand profiles evolved from the penetration of
solar PV and behind-the-meter battery storage; and their economic assessment when analysed
under several prosumer schemes and scenarios. The conducted exploratory analysis on the
patterns of electricity demand occurring from high shares of solar PV and behind-the-meter
BESS in the residential sector answers to the global projections of growth observed for the
next mid- and long-term future as presented in Chapter 1 (see Fig. 1.8 [47]) and to the support
shown by governmental institutions for these technologies.

6.7.1 Evolved electric net demand profiles

When considering the penetration of stand-alone solar PV systems solely, the resulted net
demand profiles illustrate the known duck-shape curve. For scenarios up to 15% of PV
penetration, the traditional industry’s rule-of-thumb value prior to conducting exhaustive
RES connection’s assessment [25], the ramp rates do not see large differences. This occurs
even in sunny summer days (see Fig. 6.7e), which are considered the most-challenging
scenario from the perspective of system operators when looking at the potential impact of
solar PV generation on power systems. However, as solar PV penetration grows, reverse
power flow could occur in the networks for high penetration rates over 40%, which could
critically affect the network’s infrastructure (e.g. tap changers in transformers) and operation
(e.g. coordination of protections).

With regards to solar-plus-storage systems, this chapter has shown how the resulting
aggregated demand profiles observed by operators of the system are highly subject to BESS
operation. Systems charging solely from solar energy (e.g. PV smart or PV manual mode) do
not increase the total energy consumption of the household where installed, unlike systems
charging from the grid and from the solar system (e.g. grid smart and grid manual mode).
Nevertheless, the share of electricity covered by the batteries in systems similar to PV smart
or PV manual may be lower as the energy stored relies only on the solar production, which
can be minimal in completely overcast days. When comparing between systems charging
only from solar energy, those with smart operation, such as peak-shaving reported higher
self-sufficiency (see Fig. 6.13 and Table 6.5).

For systems charging from both the solar system and the grid, enabling full control to the
end-user could lead to constraints in the network if the same operational patterns repeat for
a large number of customers and so it has been shown in the grid manual mode. Having a
manual set-up of the battery charge/discharge could lead to demand spikes in the network
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representing new energy consumption peaks (see Fig. 6.12c). For example, in an everyday
life situation, a user could wish to customise the battery operation to cover their evening
electricity demand and recharge overnight once sleeping to have energy for the morning
before departing to work. If this behaviour is carried by a single individual, the consequences
for the power system are minimal; however, if a large number of users behave in such a way,
this example would then illustrate how the controllability of the solar system by the user
could be counter-productive to the power system. In the contrary, discharging following a
peak-shaving strategy (i.e., grid smart mode) would avoid the appearance of such potential
constraints. The selection of the type of operation may be related to product availability
and/or regulatory framework for a particular region or area or household owner decision. For
example, the current UK’s programme for small-scale renewable generators, i.e. Smart Export
Guarantee [343], establishes that electricity suppliers shall pay for the ‘green’ electricity
produced by the solar system or by a storage system charged with solar energy but are not
obliged to pay for energy stored in batteries with grid-based origin, designated as ‘brown’
electricity. Therefore, the presence of this type of frameworks may influence the decision of
household owners to install or not a battery system together with their PV array. Regardless
of this, after analysing the results of the evolved demand patterns, battery charging can be
highlighted as the factor affecting the most the net demand profiles that fleets of PV systems
coupled with battery could produce.

Considering battery charge from the grid in presence of multi-period ToU tariffs, the
spikes of electric demand could also occur if the tariffs change in consecutive hours (e.g. at
night) and limits in the maximum energy to be charged hourly are not in place as it was
observed for ToU P2 to P5 (see Fig. 6.17). Nevertheless, addressing the maximum hourly
energy amount in ToU tariffs could help flatten the overall net demand during the off-peak
night hours as observed in Fig. 6.18.

6.7.2 Economics of solar prosumer schemes

Turning now to the economic profitability of the several prosumer types and different
operation schemes, it comes to the conclusion that stand-alone solar PV systems represent
the sole solution for residential customers that can bring a reasonable economic profitability
in the long-term. Suggesting stand-alone PV systems as the only financially viable solution
as for the studied conditions. Regarding behind-the-meter BESS solutions using flat, dual
or multi-period tariffs, these would be only profitable with either economic incentives or
with specific billing prosumer schemes. Compared to studies in a UK context, this finding is
in alignment with that of [132], where solar prosumers were found not profitable under a
flat tariff and FiT payments. In contrast, the results differ with the findings in [142] using
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Economy 7 (dual) tariff and gross FiT payments. However, the methodology, the load profiles
used and billing scheme are different between the evaluation in this chapter and in [142].
For example, that study uses as individual household demand profile an average residential
profile, which has higher level of smoothness in the demand pattern compared to the load
profiles elaborated with the CREST tool. This would have a direct effect in the share of
solar energy directly used to supply the load in a particular time. Average profiles could use
more of the solar-produced electricity, while CREST-based profiles would observe higher
frequency of events where there is low demand and the solar production is fed-back into
the grid. Moreover, that research study uses gross FiT whereas the assessment presented in
this chapter uses net FiT. The decision to select and assess net FiT follows the Smart Export
Guarantee programme for prosumers in the UK, where producers are eligible to net FiT
schemes [343] and gross FiT schemes are not available anymore.

Considering the economics of behind-the-meter BESS, the reasons identified hindering
the economic profitability of solar-plus-storage systems are identified in two streams. A
technical stream that can be related to a wrong usability of the energy produced by the
solar system (e.g. due to an oversized design) and an economic stream related to lack of
incentives and lack of favourable billing options. Looking at the economic profitability
from a technical side: when BESS can be charged from the grid, the increased purchase of
electricity diminishes the savings and the NPV, and rises the payback period. In addition,
oversized PV in comparison to the load can lead to higher capital expenditure and increased
surplus power. Similarly, an oversized battery using a peak-shaving strategy can have spare
capacity unused due to the nature of the household’s electric demand. Particular to ToU
tariffs, without action by the consumers in terms of demand-side response and adaptability to
the scheme, multi-period tariffs may worsen the profitability of solar systems. In the contrary,
the economic profitability is highly improved when prosumer schemes and incentives are in
place. Proof of this is the improvement observed in NPV with a net metering scheme and
incentives (see Fig. 6.23).

6.7.3 Applications and usefulness of the model and findings

Understanding how the aggregated electricity demand changes under high penetration of
solar systems is greatly important for system operators, utility companies and policy makers
(e.g. regulators and governments). The model and results presented in this chapter represent
a high-level overview about the state of a power network, which can aid to assess strategies
and solar integration without entering in the actual electrical particularities of the network’s
design (e.g. wiring, feeders design, protections, etc.). The resulted generic net demand
profiles could help identify and analyse renewable penetration levels leading to potential
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operational constraints, such as the so-called duck-curve problem, shares of PV causing
reverse power flow or operational strategies leading to undesired issues (e.g. sudden spikes
of demand). In addition, the model and its methodology can be used as an early planning
method for power systems in the distribution and transmission system. Moreover, the findings
can contribute to illustrate scenarios with a sustainable, controlled integration of solar energy
and inform the different actors to instruct the decision-making in new policy or amendments
thereof towards facilitating solar power integration in the electricity networks of the future.

The model in this chapter about the aggregated net demand in power systems differentiates
from previous studies in the scope and several methodological aspects. In the exploratory
analysis of the uncertainty in the BESS operation, the model in this chapters differentiates
to previous studies (e.g. [325, 326]) by assessing multiple operational options of BESS
simultaneously, which provides a more realistic approach on the available BESS control
strategies and configuration of systems and tariffs. The economic assessment also makes
use of several billing options, which differs from preceding studies (e.g. [132, 142]) using a
single one. In the methodology, the electric demand data used in this chapter refers to data
from multiple households, whose individual and aggregated demand is used, instead of using
single generic load profiles as in [142].

6.7.4 Limitations in the implementation of high-presence scenarios for
solar PV

Aiming to relate the arbitrary scenarios for solar PV penetration presented in this chapter
to a real context and framework, a discussion is introduced below about the limitation to
turn high-presence of solar PV into a reality in the context of the Northern Irish electricity
system. The scenarios presented by the TSO in Northern Ireland for the year 2030 and 2050,
as outlined in Chapter 1, suggest a growth in small-scale solar energy reaching an installed
capacity of 301 MW and 843 MW by 2030 and 2050, respectively [42]. According to such
scenarios and assuming a full deployment in the residential sector, small-scale (rooftop) PV
penetration would supply up to 9.1% (290 GWh) by 2030 and 19.7% (812 GWh) by 2050 of
the residential demand25. Values that could exceed the 15% threshold traditionally used to
indicate substantial action to be undertaken. Nevertheless, there are several current affairs
and challenges that could hinder the deployment of those predicted levels of small-scale solar
producers.

25Considering a capacity factor of 11% and a residential demand of 3.19 TWh in 2030 and 4.13 TWh in
2050 [42].
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Firstly, a main challenge refers to advanced metering infrastructure (i.e., smart meters),
which are key to enable multi-tier tariffs and advanced billing options [334]. The roll-out
from analogue to digital smart meters in Northern Ireland has not been executed and it has
been uniquely reduced to new customers or a replacement of old equipment after its lifetime
as stated by the DNO of Northern Ireland, i.e. Northern Ireland Electricity Networks (NIE
Networks):

‘We [NIE Netwoks] replace all types of meters after a prescribed period of time.’
(NIE Networks – Meter Replacement Programme)

This drastically differs with the regional-specific aim to provide electricity consumers
with smart meters by 2020 in a cost effective way which optimises benefits to consumers, or
have a replacement rate by 2020 greater than 80% [344] as it was indicated in 2014. This
inaction is contrary to other countries in Europe with high shares of smart meters rolled out.
For example, the share of customers with advanced metering infrastructure was predicted
of at least 80% in Great Britain, Greece, Italy, Portugal, or the Netherlands by 2020 and
reaching that level for the Republic of Ireland before 2025 [345]. Besides the little progress
made, there are no prospects of change to the inaction by the Northern Irish government on
this regard as stated by the DNO:

‘The Department for the Economy (DfE) has no plans at present to install smart
meters in Northern Ireland (these programmes are ongoing in Great Britain and
Republic of Ireland).’ (NIE Networks – Meter Replacement Programme)26

Secondly, the lack of billing options and/or tariffs for prosumers represents another
challenge. Despite the existing flat tariffs and dual tariff Economy 7, where the consumer
has 7 hours at a lower electricity rate, there are no other billing schemes for small residential
consumers. This second challenge is related to the first one, since the lack of advanced
metering infrastructure makes difficult the implementation of advanced tariffing options.
In addition, the inactivity of the Northern Irish government in the roll-out of smart meters
suggests the unfeasible development of alternative schemes designed for prosumers in the
mid-term future.

Thirdly, the lack of economic incentives. There are not currently programmes providing
incentives for the installation of new solar PV installations. This differs from the Republic of
Ireland, where there are capacity-based incentives for stand-alone solar and solar-plus-storage
systems as described in Chapter 2, section 2.5.

26Link to NIE Networks Meter Replacement Programme - https://www.nienetworks.co.uk/
meterupdate. Accessed November 2020.

https://www.nienetworks.co.uk/meterupdate
https://www.nienetworks.co.uk/meterupdate
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Overall, these three major challenges illustrate barriers for the deployment of small-scale
solar PV systems in Northern Ireland. If other European residential storage markets are
analysed, the availability of frameworks for the payment of electricity exports to prosumers is
common [46]. For example, the first European residential storage market in 2020, Germany,
and the fourth, Austria, have feed-in tariffs available. Italy (second market) has net-billing,
and Great Britain (third market) has a market-based compensation that depends on the energy
retailer [46]. Therefore, given the current framework for Northern Ireland, without this type
of schemes, it is unlikely a high deployment of PV coupled with electric battery storage
systems in the residential sector unless there is an amendment of the current policies.

6.8 Chapter Summary

Key points and contributions

This chapter has investigated how the aggregated demand of residential power networks as
observed by system operations could be affected by the high presence of solar prosumers
using stand-alone PV and PV coupled with behind-the-meter battery energy storage solutions.
The technical evaluation of the evolved net demand profiles has been complemented by a
thorough economic assessment on the profitability of solar residential prosumers attending to
the availability of incentives, prosumer schemes and renewable system size. The methodology
proposed and the results presented in this chapter facilitate a high-level overview of the overall
net demand profiles, which can provide insights on the deployed and planned connections of
solar systems. The contributions of this chapter are the following:

1. An exploratory investigation of the net demand profiles in power networks attending
to solar PV penetration for both stand-alone PV and PV-plus-storage systems in the
residential sector. Uncertainty in the operation of battery systems is covered through
an exhaustive assessment considering:

(a) Several operational options for BESS, which relate to different systems’ typolo-
gies and control strategies for charge and discharge.

(b) Changing meteorological conditions.

(c) Single (flat) and multi-period electricity tariffs.

2. An evaluation of the economic profitability of rooftop solar systems under different
operational strategies for the battery systems, billing options, economic incentives, and
PV array and battery capacity sizes.
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Applicability

Concerning the applicability of the contributions of this chapter, the results regarding the
estimations of system’s net load were presented as a network-free model with multiple
scenarios for the operation and control of BESS and the penetration of both PV and BESS.
Therefore, the results can facilitate the evaluation of different frameworks for solar prosumers
and provide a first high-level overview of the impact caused on the electricity system. This
net-load modelling, together with the economic assessment of solar prosumers under multiple
billing and incentive schemes, can assist system operators and policy makers in the planning
of solar energy integration and deployment. The methodology proposed can also serve for
other scenarios as a first approach prior to analysing specific and detailed system’s data
required of advanced grid integration studies.

As presented in the discussion section, the economic profitability of solar prosumers
would hinder the anticipated mass-deployment of solar-plus-storage systems in the near to
mid-term future unless favourable billing schemes or incentives are present. To this end, it
deems possible an alternative scenario where stand-alone solar systems continue to be densely
deployed with other forms of energy storage to behind-the-meter electric battery energy
storage coupled with PV arrays. Following this possibility, Chapter 7 examines grid-level
storage as a means to achieve higher small-scale solar PV presence in power networks by
mitigating the potential constraints that these systems may cause, while obtaining revenue
streams in exchange of grid services.



Chapter 7

Techno-Economic Assessment of
Grid-Level Energy Storage in
Distribution Networks with Distributed
PV

7.1 Introduction

This is the last chapter of results of this thesis and concludes its second part assessing solar
PV integration in tomorrow’s power networks. Following the assessment of behind-the-meter
battery storage systems coupled with PV systems in the residential sector in Chapter 6, this
chapter continues addressing RQ 2 and it investigates the techno-economical capabilities of
front-of-the-meter storage in an electric network with high penetration levels of distributed
PV. Chapter 6 found that stand-alone PV systems are the most profitable solution when
there are not specific prosumer schemes and economic incentives in place. Therefore, this
chapter considers a simulated network with the deployment of multiple stand-alone PV
systems and a single grid-scale battery energy storage system (BESS) installed to mitigate
potential constraints introduced by distributed PV, e.g. reverse power flows and voltage
fluctuations. Unlike behind-the-meter energy storage systems, front-of-the-meter systems
could directly participate in the electricity market by selling electricity and/or offering
ancillary services in the grid as required by system operators. To that end, the chapter
evaluates the economic profitability of a grid-scale energy storage system obtaining revenue
streams from real and reactive power supply as if it participated in such markets. Moreover,
the economic assessment expands to estimate the additional network costs in the life span of
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electricity infrastructure (e.g. voltage regulators) and the avoided indirect economic cost of
CO2 emissions trading credits related to PV integration.

The assessment in this chapter looks at technical network characteristics (e.g. losses,
voltage levels and power flows), which were not covered in Chapter 6 when assessing behind-
the-meter PV-plus-storage systems since the purpose was to perform a high-level overview
of the changing net-demand patterns. The location of the front-of-the-meter BESS, a.k.a. the
siting decision of energy storage systems, is solved by analysing a trade-off between several
technical and economic variables following a no-preference, multi-parametric optimisation
model. The role of grid-scale BESS is then assessed considering different cases, with and
without storage, and with solar inverters using two control strategies: (i) constant power
factor control; and (ii) Volt-Var control. Overall, the results cover fifteen different PV
penetration scenarios reaching up to 75% and there is focus on the scenarios corresponding
to the maximum PV hosting capacity.

The chapter begins with section 7.2 as a recapitulation of related literature already
introduced in Chapter 2, which examines grid-scale storage systems and PV penetration and
where the gap and contribution of this chapter are established. It continues in section 7.3 by
presenting the power network of the case study and the methodology used. The methodology
includes: a definition of the data used during the 1-year simulation, which partly corresponds
to outcomes produced in other chapters; the scenarios of penetration level; the control
strategies for distributed PV and centralised BESS; and the costs and revenue streams for the
economic assessment. The chapter then continues with four sections presenting the results:
section 7.4 introduces the results for the siting of the grid-scale battery system. The siting
problem of grid-scale BESS is solved attending to maximum economic revenue, minimum
system losses, minimum voltage violations, and minimum energy curtailment (energy in
reverse power flows) for a given PV penetration level. Section 7.5 presents the technical
results using BESS in the location obtained in the siting decision stage. The technical
results focus on: (i) the number of voltage violations and hosting capacity of the network;
(ii) energy balance in the network including the energy losses; (iii) the self-sufficiency and
self-consumption of the network; and (iv) the impact on the duty cycle of in-line voltage
regulators in the network. Section 7.6 presents the economic results based on revenue and
economic metrics for the network and the grid-scale BESS, which include the revenue from
grid services. The chapter continues in section 7.7 with a sensitivity analysis to complement
the techno-economic assessment, where different power output and capacity sizes for the
grid-scale battery system and variations in macro-economic variables are considered. Finally,
the findings are discussed in section 7.8 and the chapter concludes with a summary in
section 7.9.
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7.2 Grid-Level Storage for PV Integration

Chapter 2 reviewed the role of grid-scale energy storage systems in presence of distributed
PV and it revealed that there are multiple considerations for the assessment of grid-level
storage systems in electricity network. The siting and sizing decision is one of those
considerations that depends on the characteristics of the network, and where the siting
decision of energy storage is more critical than the sizing [103]. A second consideration is
about the applications or services (energy- or power-related) that the energy storage system
can provide. Regarding the applications, grid-scale systems have a more favourable position
economically than smaller-range microgeneration systems due to the possibility to provide
grid services and participate in electricity markets [129]. This was also one of the issues
identified in Chapter 6 as a limitation for the economic viability of stand-alone PV systems
in the residential or small-tertiary sector. A third consideration is the quantification of
the economic benefit from certain grid services offered, which is often not covered in the
literature, particularly for power-related services, such as voltage control [103]. The main
reason for this is that traditional services of generators are transmission-specific services
(e.g. whole-sale of electricity, reserve or voltage/frequency regulation at transmission system
level). However, distributed generation, particularly PV, is mostly located at distribution
network level. Therefore, storage systems deployed to mitigate potential technical issues
caused locally by DG need to consider revenue streams from distribution-specific services,
which reflect the local benefit and value that ESS offer technically. Yet, these services at
distribution level are scarce. In the case of Northern Ireland, distribution level services to
provide real power flexibility are starting to be developed and tested in several trial zones,
e.g. the FLEX project by NIE Networks whose trial will start in October 2021 [346]. The
final consideration is related to the PV hosting capacity in power networks, where new
capabilities of smart-control for PV inverters (e.g. Volt-Var control) can benefit the network
characteristics and extend the hosting capacity [222]. Moreover, traditionally used rules-of-
thumb are progressively in disuse and the advanced studies for distribution PV integration
and distribution planning tools are an active field of research [60].

Following these considerations, this chapter is presented as a techno-economic assessment
for the benefits of grid-level storage in presence of stand-alone distributed PV systems in
the context of power systems planning. The scope of the assessment covers several aspects
of grid-scale BESS and PV integration that are not commonly combined together in the
literature, and where its contribution lies. In this chapter, the siting decision of ESS is
addressed with multiple technical and economic parameters, both power- (i.e., voltage
control) and energy-related (i.e., real power supply) services are provided by the BESS and
the economic revenue from the supply of real and reactive power is estimated for existing
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TSO-specific services. In addition, the potential upgrade deferral of network infrastructure,
such as in-line voltage regulators is covered and the benefits of the PV integration are also
quantified with the avoided cost due to the decarbonisation of the power system. Finally, the
maximum PV hosting capacity is analysed for two smart inverter control strategies.

7.3 Case Study and Methodology to Assess Grid-Scale BESS

This section presents the elements and characteristics of the simulated power network
and describes the methodological aspects permitting the techno-economic assessment of
distributed PV and grid-scale BESS, including the cases and scenarios considered in the
simulations. The section begins with the presentation of the case study in section 7.3.1,
followed by a definition of the cases of control strategies for the PV inverters deployed
(section 7.3.2) and the PV penetration scenarios (section 7.3.3). Section 7.3.4 presents how
the siting decision of grid-level BESS is approached, and section 7.3.5 presents economic-
related considerations for the assessment of the network with PV presence.

7.3.1 Case study

The study presented in this chapter is performed in a distribution network system, since it
is where distributed PV is generally connected [26]. The distribution network used in the
analysis is the IEEE 34-bus test feeder, which is an actual feeder located in Arizona (USA)
and it is shown in its original form in Fig. 7.2a. It has a nominal voltage of 24.9 kV and it
is characterised by lightly-loaded, long lines. It presents two in-line voltage regulators, an
in-line transformer for a short 4.16 kV section, unbalanced loading, and shunt capacitors.
The feeder has both spot (connected in the buses) and distributed loads (uniformly in the line
section) [347]. The complete characteristics of the feeder are presented in Appendix D. In
the simulation, the base frequency is 50 Hz and the infeed transformer, which does not have
voltage regulation through on-load tap changing, is set with a supply voltage of 1 p.u. The
statutory voltage limits are particularised for the distribution code of Northern Ireland, that
is: normal operation are between 0.94 p.u. and 1.06 p.u. (distribution code §13.3.1), and
emergency operation between 0.85 p.u. and 1.1 p.u., which are also the thresholds for under-
and over-voltage events (distribution code §7.11) [348, 349].

The IEEE 34-bus test feeder is originally defined with static loads in a single power flow
analysis. For its use in a dynamic simulation, it requires a load profile to multiply the values
of the loads in the feeder. In order to perform dynamic time-series analysis, the assessment
in this chapter used Elexon’s profile class 1 - domestic unrestricted customers [330]. It is
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a typical UK normalised aggregated profile for residential consumers widely used in the
literature. These profiles offer half-hourly data classified per season of the year (i.e. winter,
spring, summer, high summer, and autumn) and day of the week (weekday, Saturday and
Sunday). For the purpose of the simulation, the profiles were linearly upsampled to 1-minute
resolution. The aggregated profiles developed with the CREST tool in Chapter 6 could have
also been used. However, given that individual household profiles are not required for the
assessment of front-of-the-meter BESS, unlike in chapter 6 for the case of behind-the-meter
BESS, the Elexon profiles can represent a more reproducible methodology.

The network is simulated using the Open Source Distribution System Simulator OpenDSS
[350], which is a tool developed by the Electric Power Research Institute (EPRI), and its
Python API for processing the results. A sample of the code ran for the analysis is available
in Appendix E. When simulated with its defined loads and the designated average normalised
demand profiles, the feeder has a peak load of 1.93 MW and an annual consumption of
8.28 GWh (including losses). The total system load in the base case (i.e., without PV) as
observed by the substation is illustrated in Fig. 7.1 for each meteorological season, where the
minimum annual demand is 433 kW and the percentiles are: 629 kW (25th), 930 kW (50th)
and 1,113 kW (75th). A break-down of the load characteristics in the base case is available in
Appendix D.

Fig. 7.1 1-minute electric demand in weekdays per season in the simulated IEEE 34-bus test feeder.
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For the purpose of this study, distributed PV and grid-scale BESS are deployed in the
feeder considering six cases (see section 7.3.2) and fifteen PV penetration scenarios (see
section 7.3.3). In the IEEE 34-bus test feeder, PV elements are connected to eight buses to
represent multiple distributed PV systems connected downstream of those buses and a grid-
scale BESS is also deployed, whose location results from an optimisation solution presented
in section 7.4. The actual location of the distributed PV in the feeder is shown in Fig. 7.2b,
where the possible buses considered for the grid-scale storage have been highlighted.

(a)

(b)

Fig. 7.2 Single-line diagram of studied IEEE 34-node test feeder (a) in its original version and (b)
with distributed PV and feasible 3-phase buses considered to host grid-scale BESS.
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7.3.2 Cases for distributed PV and grid-scale storage

Besides the base case without any distributed PV deployed, six cases are investigated in
the IEEE 34-node test network, these are: (i) PV deployment using standard inverters
with constant power factor output; (ii) PV inverters with constant power factor and grid-
scale BESS; (iii) PV inverters with smart Volt-Var control; and (iv) PV inverters with
Volt-Var control and grid-scale BESS with peak-shaving and Volt-Var control. The cases are
summarised in Table 7.1 and the control strategies for the distributed PV and the grid-scale
battery are described below.

Table 7.1 Cases investigated for the distributed PV and grid-scale storage.

Case Name Description

Base Feeder without PV and without energy storage systems
PV PF PV with constant/fixed PF unity
PV PF 0.95 ind PV with constant/fixed PF 0.95 inductive
PV PF 0.95 cap PV with constant/fixed PF 0.95 capacitive
PV PF + BESS PV with fixed PF unity and grid-scale BESS in global optimal location
PV VV PV with Volt-Var control
PV VV + BESS PV with Volt-Var control and grid-scale BESS in global optimal location

Control of distributed PV

The simulations consider two control strategies for the supply of reactive power from the PV
inverters, each of them presented in a different case. The control strategies are: (i) specified
fixed or constant power factor; and (ii) Volt-Var control. Both control strategies are common
in commercially available smart PV inverters [221, 222].

The specified or constant power factor mode permits the inverters provide a reactive
power corresponding to the defined power factor. Distributed generators are required to have
a power factor between 0.95 inductive to 0.95 capacitive in the Northern Irish distribution
code [349]. In this regards, the simulation uses power factor unity for the case with PV and
grid-scale BESS. However, the hosting capacity is also tested with both power factor limits
in the distribution code for the case without grid-scale BESS.

The Volt-Var mode in smart solar inverters permits adjusting the reactive power output
according to the grid voltage, so that the inverter contributes to mitigating voltage fluctuations
and help avoid potential under- and over-voltage events. In this mode, real power could
be curtailed to facilitate dispatch of reactive energy. The settings used for the Volt-Var
control are presented in Table 7.2, which are defined according to the operational range
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of commercially available smart inverters and where the values V1 to V4 and Q1 to Q4
correspond to those illustrated in Fig. 3.18a.

Table 7.2 Characteristics of the Volt-Var Control operation for the smart PV inverters. Source:
SMA [221].

Q1 Q2 Q3 Q4

Reactive Power (% Pnom) 50.0% 0.0% 0.0% -50.0%

V1 V2 V3 V4

Inverter Terminal Voltage (% Vnom) 92.5% 97.0% 103.0% 107.5%

Control of centralised BESS

The centralised, grid-scale BESS has independent control of its dispatch of real and reactive
power. The real power control responds to the power flow reaching the bus where installed.
The objective for the grid-level BESS is to limit reverse power flows within its capacity by
using a low-level threshold of power below which the battery will charge, i.e. low peak-
shaving, and to limit the maximum demand by performing peak-shaving services. The
thresholds used for the peak-shaving and low peak-shaving were set to the 25th and 75th

percentiles of the demand in weekdays for each of the seasons rounded to the nearest 10 (see
Appendix D for details in the demand values). The reactive power dispatch of the BESS
aims to assist with local voltage control through reactive power injection and absorption.
Given the characteristics of the IEEE 34-bus test feeder in terms of long length and light
load, voltage control could be, a priori, one of the main services that the centralised BESS
can offer to maintain the voltage range due to the potential capacitive effect of the power
lines during low-load periods.

The implementation of these control strategies is embedded within the OpenDSS tool.
The real power control is implemented with the element ‘StorageController’ defining the
charging strategy as ‘low-peak shaving’ and the discharge as ‘peak shaving’, whereas the
reactive power control follows a Volt-Var strategy and it is implemented with the element
‘InvControl’. The maximum available reactive power output corresponds to the equivalent
kvar remaining from the capacity of the inverter in kVA subtracting the real power output in
a given instant. The technical characteristics of the grid-scale BESS are defined in Table 7.3,
where the selected inverter’s power output was 950 kW (50% of the peak demand) and
the energy to power ratio is 4, which is typical in utility-scale storage projects [351]. The
operational characteristics of the Volt-Var control are also shown in Table 7.4. Besides these
power and energy values, alternative grid-scale BESS sizes are evaluated in section 7.7.
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Table 7.3 Characteristics of the grid-scale BESS.

Variable / Parameter Value

Initial energy level stored 66%

Depth of discharge 20%

Inverter Efficiency Curve
η = (0.86, 0.9, 0.93, 0.97)

p.u. output = (0.1, 0.2, 0.4, 1.0)

Battery Inverter Power Output 950 kW (50% of peak demand)

Energy Capacity 3,800 kWh (4 hours)

Battery Inverter Capacity 1,190 kVA (125% Rated Power)

Battery discharge strategy Peak-shaving (threshold 1,110 kW)

Battery charge strategy Low Peak-shaving (threshold 630 kW)

Reactive Power Operation Volt-Var control mode

Table 7.4 Characteristics of the Volt-Var control operation for the grid-scale BESS.

Q1 Q2 Q3 Q4

Reactive Power (% Pnom) 100% 100% -100% -100%

V1 V2 V3 V4

Inverter Terminal Voltage (% Vnom) 50% 95% 105% 150%

7.3.3 Scenarios for distributed PV penetration

The PV generation profiles deployed in the network are a subset of those estimated in
Chapter 4 at the centroids of the bulk supply points, which were used to estimate the total
regional power output of small-scale PV. The data used are 8 (i.e. BSP 19 to BSP 26) of the
33 annual per-unit power output time-series, which correspond to those areas in the city of
Belfast and part of the metropolitan area as shown in Fig. 7.3. The use of these time-series
permits using different PV generation profiles across the tested network with an annual
time-series of per-unit power output data at 1-minute resolution, which can be scaled as for
each PV penetration scenario. The association between the PV elements in the network and
the generation profile was done attending to the geographical distance and the distance of the
cabling, so that both the total distances are minimised. Table 7.5 presents the characteristics
of the PV systems connected to the IEEE 34-bus system.
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Table 7.5 Characteristics of the distributed PV systems.

PV element Bus No. of Phases Voltage (kV) Connection PV generation profile

PV1 810.2 1-phase 14.376 Wye BSP 20
PV2 822.1 1-phase 14.376 Wye BSP 19
PV3 826.2 1-phase 14.376 Wye BSP 22
PV4 864.1 1-phase 14.376 Wye BSP 21
PV5 848 3-phase 24.9 Delta BSP 25
PV6 856.2 1-phase 14.376 Wye BSP 26
PV7 890 3-phase 4.16 Delta BSP 23
PV8 838.2 1-phase 14.376 Wye BSP 24

The solar systems deployed in multiple locations of the network have a total PV capacity
that depends on the scenario of PV penetration level. Similarly to Chapter 6, there are 15
scenarios for PV penetration: 5% to 75% in 5% steps. The penetration level is defined
in terms of energy from the total electric demand (including losses) in the base case and
considering an average annual PV production of 887 kWh/kWp, which is the mean value
for the data from BSPs 19 to 26. It is assumed that the estimated PV capacity is evenly
distributed across the 8 connections with distributed PV, unless a capacity constraint would
occur (e.g. transformer or line loading limits). The resulting PV capacities per scenario are
presented in Table 7.6, where the capacity of PV systems 7 is limited to 349 kWp after 35%
PV penetration in order to avoid over-loading the step-down transformer (500 kVA with a
power factor of 0.8) supplying that zone.

7.3.4 Siting of grid-level BESS

The location of the grid-level BESS is set out as an optimisation problem known in the
literature as the siting decision of energy storage, where common methodologies were
examined in Chapter 2, section 2.4. Since the purpose of this chapter is to evaluate both
technical and economical capabilities of grid-scale storage, the selection of the most suitable
location for the grid-scale BESS in the IEEE 34-node system considers multiple variables and
objective functions to estimate a global optimal solution. The proposed method to estimate
the global optimal location is based on a no-preference, multi-parametric optimisation model
defined as per Eq. 7.1 [352], where x is the bus belonging to the set of feasible buses B in
which the storage system can be installed (see Fig. 7.2b), and where the ideal normalised
value zideal is unity.

min
s.t.x∈B

∥∥∥ f (x)− zideal
∥∥∥ (7.1)
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Fig. 7.3 Selected Voronoi areas defined in Chapter 4, whose per-unit power output data are used as
PV generation profiles for the simulations of the IEEE 34-bus test feeder.

No-preference models are a type of non-linear methods working with multiple objective
functions, where each objective function is considered equally important [352] and there
are not initially defined optimal solutions, opposite to Pareto-based optimisation models.
The approach to the ESS siting solution through a no-preference optimisation model permits
the use of multiple different variables, since these are normalised as part of the model. The
normalisation method min-max or 0 to 1 normalisation, which is defined generically by
Eq. 7.2, is used for the variables to find the most suitable bus as a solution.

zi =
xi −min(x)

max(x)−min(x)
(7.2)

The multiple variables and objective functions considered to obtain the global optimal
bus for the grid-scale battery system are:

1. The maximum total economic revenue from real and reactive power supply by the
grid-scale BESS (z1).

2. The minimum annual energy fed back reaching the substation in bus 800 through
reverse power flows or energy curtailed if reverse power flows to the substation were
to be avoided (z2).
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Table 7.6 Solar PV capacity per scenario.

PV penetration
level

Demand to cover
(MWh)

Total equivalent
PV capacity (kWp)

Capacity in
systems 1-6, 8 (kWp)

Capacity in
system 7 (kWp)

5% 413.163 466 58 58
10% 826.326 932 116 116
15% 1,239.489 1,397 175 175
20% 1,652.653 1,863 233 233
25% 2,065.816 2,329 291 291
30% 2,478.979 2,795 349 349
35% 2,892.142 3,261 416 349
40% 3,305.305 3,726 482 349
45% 3,718.468 4,192 549 349
50% 4,131.631 4,658 616 349
55% 4,544.795 5,124 682 349
60% 4,957.958 5,590 749 349
65% 5,371.121 6,055 815 349
70% 5,784.284 6,521 882 349
75% 6,197.447 6,987 948 349

3. The minimum annual number of voltage violations, including under- and over-voltage
events, if any (z3).

4. The minimum electricity losses in the network (z4).

The function f (x) is defined as the absolute range of the normalised solutions for a given
bus, which is defined by Eq. 7.3 and where j is the normalised results for each of the four
variables of the objective functions (i.e., z1 to z4) and depend on the bus x.

f (x) = |z1 −
j=4

∑
j=2

z j| (7.3)

The simulations of the test network to find the bus satisfying a global optimal location are
performed for each of the cases with grid-scale storage (i.e. ‘PV PF + BESS’ and ‘PV VV +
BESS’) and a PV penetration of 40%, which corresponds to the median PV penetration level
in the range assessed. After defining the global optimal location for the grid-scale BESS,
the techno-economic assessment is then performed for the whole range of PV penetrations
levels.

7.3.5 Considerations for the economic assessment of the network

The technical evaluation of the grid-scale BESS addresses the balance of energy for real
and reactive power, the reverse power flow, self-sufficiency (φss) and self-consumption (φsc)
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in the network, and the maximum hosting capacity due to voltage violations. In addition,
the variations in the duty cycle of in-line voltage regulators due to PV integration are also
estimated.

Besides of the technical evaluation of grid-scale BESS in mitigating grid constraints
and violations, the economic profitability of grid-scale storage is assessed according to the
BESS costs, the additional cost of replacing electrical infrastructure (i.e. voltage regulators),
the equivalent avoided cost from CO2 emissions in the network, and the revenue from grid
services provided. The assessment is considered for one year and includes the following
metrics: (i) net present value (NPV); (ii) discounted payback period; (iii) internal rate of
return (IRR); and (iv) profitability index (PI).

Concerning the economics of the distributed PV systems, their profitability was covered
in Chapter 6 and it is assumed that the supply of reactive power to support grid for Volt-Var
inverters does not produce any additional income to the PV systems’ owners. Therefore, their
assessment is not repeated in this chapter.

Capital and operational costs of grid-scale BESS

The estimation of the cash flow and economic metrics of the grid-scale BESS as a financial
asset requires multiple inputs regarding the capital and operational expenditures. The capital
costs include direct costs, such as the costs of the batteries, and indirect costs like labour. In
addition, the initial capital investment includes a contingency budget and the cost of the grid
connection agreement.

The annual operational expenditures are defined as a percentage of the capital costs:
operation and maintenance costs are 1.5%; the insurance is 1%; and the taxes on the property
are 1%. The capital and operational costs are shown in Table 7.7. Moreover, the electricity
consumed in idle state by the BESS is priced at a different electricity import rate depending
on the period of the year as defined in Table 7.8 [353]. Only the electricity in idle state is
assumed as a fuel cost, since the BESS response is based on the network’s demand in order
to provide grid services. A project’s lifetime of 25 years is considered with a real discount
rate of 6%. A replacement of the batteries every 10 years is considered with a degradation
rate in their performance of 0.5% per year [351].

The initial capital or investment cost (C0) of the project depends on the direct cost of the
batteries, electric material, labour and installation. In addition, there are other indirect costs
for the development of the project, such as grid connection charges (Cgc) and contingency
budget (Ccnt). The initial investment including all these terms can be estimated using
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Table 7.7 Capital and operational expenditures and financial variables for the economic assessment of
grid-scale BESS.

Variable / Parameter Cost / Value Source

Cost of battery system – battery pack 122 GBP/kWhdc* BNEF [110]

Cost of battery system – battery power 244 GBP/kWdc* BNEF [110]

BESS Installation Labour 62 GBP/kWhdc* IRENA [337]

Operation and Maintenance BESS 1.5% cost Lazard [136]

Contingency 4% cost -

Grid Connection Chargers
5,659 GBP (until 2 MW)
8,488 GBP (over 2 MW) NIE Networks [354]

Insurance rate (annual) 1% SAM [197]

Taxes on property (annual) 1% cost SAM [197]

Battery Replacement Every 10 years PNNL [351]

Battery Performance Degradation 0.5% per year PNNL [351]

Real discount rate 6% NREL [339]

Inflation rate 2% Bank of England [340]
*1 GBP = 1.30 USD

Eq. 7.4 [337].

C0 = (PowerBESS ·CPC +EnergyBESS ·CEC +Cgc) · (1+Ccnt) (7.4)

Where CPC is the power cost per kW and CEC is the energy cost per kWh including
the cost of the batteries and the labour and installation costs. The fixed annuity during the
lifetime of the project N is defined from the investment cost and the real discount rate i
following Eq. 7.5 [337].

AESS =
C0 · i

1− (1+ i)N (7.5)

Similarly to Chapter 6, the net present value (NPV) and the discounted payback period
are used to assess the economic profitability of the grid-scale BESS project. In addition,
two common corporate finance metrics, such as the internal rate of return (IRR) and the
profitability index (PI) are also used. The IRR is defined as the real discount rate that makes
the present value of the future cash flows equal to the investment. The PI indicates the
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Table 7.8 Electricity charges for energy consumed by the grid-scale BESS. Source: SONI [353].

Period of year Electricity
Charge (p/kWh)

November to February (16:00 h to 19:00 h) 1.792

November to February (8:00h to 20:30h) 1.480

November to February (20:30h to 22:30h) 1.070

November to February (22:30h to 8:00h)
and March to October 0.136

value you are receiving in exchange for one unit of currency invested and it is defined by
Eq. 7.6 [355], where the project should be accepted with a PI higher than unity.

Pro f itability Index = 1+
NPV
C0

(7.6)

Costs of the Electricity Network

Besides the costs of the grid-scale BESS, the economic assessment considers other costs
of electrical infrastructure, such as the maintenance and replacement of the in-line voltage
regulators present in the network. The integration of distributed PV may change the duty
cycles of the voltage regulators compared to the base case. Thus, a prorated cost of the in-line
voltage regulators during the project’s lifetime is estimated considering a price of 25,131
GBP27 per phase of the regulator [356] and an additional maintenance cost of 5% of the total
cost, i.e. 1,256.55 GBP [357]. The lifetime of the in-line voltage regulators is estimated
from: (i) an scheduled maintenance intervention for the tap changers in voltage regulators
every 100,000 cycles or operations; and (ii) a replacement of the tap changers or the voltage
regulators every 500,000 cycles or operations [358] or 35 years, whichever earlier.

The avoided cost of CO2 emission trading system allowances is estimated for the 25-year
period of the grid-level BESS. This avoided cost is considered as an income related to
reduction of electricity from the grid due to local generation of distributed PV in the network,
which is subject to the PV performance degradation of 1% per year. The annual net PV
generation (PV generated minus energy in reverse power flows/curtailed) is used, together
with a cost per tonne of CO2 of 44 GBP/t as for the median value of future estimates for
203028 [359] and the grid electricity is assumed of 339 gCO2/kWh, which corresponds to

27A cost of 30,000 CHF with an exchange rate of 1 CHF = 0.84 GBP.
2832-65 EUR/t, median 48.5 EUR/t with an exchange rate of 1 EUR = 1.1 GBP
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the latest available average carbon intensity of grid electricity in Northern Ireland (year
2018) [360].

Revenue from provided grid services

The services considered by the BESS that provide with revenue are: (i) real power supply;
and (ii) voltage control/reactive power supply. These are services in alignment with some of
the most common energy- and power-related services provided by energy storage systems as
it was observed in the review of industry projects of Chapter 2 (see Fig. 2.7 in section 2.4.2).
In addition, the temporal scale of 1-minute resolution in the simulation makes feasible the
consideration of both power- and energy-related services.

In Northern Ireland, there not currently exist distribution-specific services. Therefore, the
revenue considered is that equivalent from transmission-specific services. Nevertheless, the
economic assessment includes in section 7.6.3 and exploratory analysis of the annual mean
prices for real and reactive power supply in distribution-specific services that would enable
the profitability of grid-scale BESS like the one investigated.

For the service of real power supply through energy arbitrage performed by the battery
system, the income is considered as a payment for the energy provided (i.e. GBP/MWh) with
the price per unit corresponding to the day-ahead market price for the same delivery period
as provided by the market operator. The data used corresponds to the year 2019 and it was
illustrated in Fig. 6.4 of Chapter 6. Although the use of day-ahead market electricity prices
does not reflect the changes in the intra-day and balancing markets, it can well serve as an
input for an estimate of real power revenue.

For the service of voltage control and reactive power supply, the payment is considered
in return of the services of steady state reactive power considered in the Irish SEM market,
which has a per unit payment equal to 0.23 GBP/Mvarh [361].

7.4 Siting Decision of Grid-Level Storage System

The results regarding the siting optimisation problem for the grid-level storage system are
presented in this section. The global optimal solution includes four objective functions
involving the annual total economic revenue from reactive and real power supply, the annual
energy fed back in reverse power flows (or annual energy curtailed if that energy was not
to be allowed to flow upstream of the MV substation), the annual number of over-voltage
events, and the electricity losses in the network.

The impact of the grid-scale BESS location on the objective variables, before normalising,
can be observed for each considered bus and the four variables in Fig. 7.4. The economic
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revenue reveals that buses downstream of the in-line voltage regulator no. 2 benefit from
much lower revenue levels (circa 2,000 GBP a year) than those upstream (around 90,000
GBP a year), with the highest being bus 806 in both cases of PV inverters’ control. Regarding
the reverse power flow or curtailed energy, it can be observed how this variable is highly
affected by the inverters’ control strategy. In presence of inverters using constant PF, the
energy in RPF is higher than with Volt-Var control, since part of the inverter’s capacity rating
is used for reactive power dispatch. For the Volt-Var case, the annual revenue and RPF energy
follow a positive relationship, since the grid-scale BESS observes less local solar generation
and it has less energy to perform energy arbitrage services based on network conditions. The
number of over-voltage events and the annual energy in network losses are similar in both
subfigures with slightly higher losses in the case with Volt-Var control. The lowest values
for the voltage violations and the highest for the losses are, again, found downstream of the
in-line voltage regulator no. 2, which suggests that the over-voltage violations occur in that
zone of the network.

Among the considered buses, bus 814 was discarded as a feasible solution as it presented
convergence issues in the control algorithm between the grid-scale BESS and the in-line
voltage regulator. From the remaining 20 buses considered, the minimum normalised score
and thus, the global optimal solution of the no-preference, multi-parametric model is bus
850 as observed in Fig. 7.5. The solution for bus 850 is common for the presence of both
PV inverters using constant PF and Volt-Var control. However, the second and third ranked
buses differ in each case. The second overall best bus is bus 830, which ranks third for the
PV VV case and fourth for the PV PF case. In contrast, the worst bus to locate the grid-scale
BESS is bus 832, which is between the regulator no. 2 and the step-down transformer. Thus,
following the solution of the optimisation model, the location of the grid-scale BESS can
be defined in bus 850 and the techno-economic assessment with such network layout is
presented in the remainder of the chapter. The final layout of the IEEE 34-bus network with
distributed PV and grid-scale BESS is illustrated in Fig. 7.6.

7.5 Technical Performance of Grid-Level BESS in Presence
of Distributed PV

This section presents the results of the simulations about energy- and voltage-related variables
and parameters29. The section begins by presenting the voltage violations throughout the
1-year simulation, which lead to estimating the maximum PV hosting capacity in the network.

29From this section on, the results with data about grid-scale BESS refer to the solution with the battery
system in bus 850 as concluded from the result of the siting optimisation problem.



7.5 Technical Performance of Grid-Level BESS in Presence of Distributed PV 226

(a) Case with inverters using constant PF.

(b) Case with inverters using Volt-Var.

Fig. 7.4 Variables of the objective functions for each bus considered in the siting optimisation problem
for a PV penetration of 40% in the case of PV inverters using (a) constant PF and (b) Volt-Var control.
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(a) Case with inverters using constant PF

(b) Case with inverters using Volt-Var

Fig. 7.5 Performance scores for the grid-scale BESS siting optimisation problem in the case of PV
inverters using (a) constant PF and (b) Volt-Var control.
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Fig. 7.6 Single-line diagram of the IEEE 34-node test feeder with distributed PV and the grid-scale
BESS located in bus 850, the global optimal solution.

Then, the section continues with the energy balances for real and reactive power in the
network as function of PV penetration up to the levels of the maximum hosting capacity. This
is followed by an evaluation of representative metrics of the network, such as self-sufficiency
and self-consumption. Finally, the changes in the duty cycle of the voltage regulators due to
PV penetration are evaluated regarding the maintenance requirements and earlier replacement
as function of PV penetration.

7.5.1 Voltage violations in the network

This section analyses the voltage violations, both under- (≤ 0.85 p.u.) and over-voltage
(≥ 1.1 p.u.) events as function of PV penetration. The six considered cases are compared to
the base case, which does not register any voltage violation. The assessment of the voltage
violations in the network is the defining factor to establish the maximum PV hosting capacity
of the network for each of the cases. The maximum voltage reported in the network as
function of PV penetration is presented in Fig. 7.7. It can be observed how over-voltage
conditions are reported in all six cases for PV penetration levels larger than 35%. The
lowest maximum PV hosting capacity is reached for PV PF 0.95 inductive at 20% PV. In
contrast, the highest maximum PV is 35% for the case PV VV + BESS. The remaining
of the cases find the maximum PV hosting capacity for a PV penetration of 30%. Among
the cases with fixed PF, the case PF 0.95 capacitive responds similar to the PF unity. It is
worth noting that the grid-scale storage enhances the hosting capacity for the case Volt-Var
control, but it does not improve it for the fixed power factor control. The Volt-Var control
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in the inverters permits higher hosting capacity than constant power factor control, but only
when storage is present in the network. The case without energy storage and PV Volt-Var
reports the same hosting capacity than the case of grid-scale energy storage and PF inverters,
a maximum hosting capacity of 30%. The simulation results indicate that there are not under-
voltage events in the network for any case nor PV penetration level. Thus, the maximum
PV hosting capacity is solely determined from the over-voltage events in this network and
it is summarised in Table 7.9. The analysis of the maximum voltage levels show that the
location in the network where the maximum voltage levels are registered is bus 814 in all
four cases, which corresponds to the location of the in-line voltage regulator no. 1. However,
when the maximum voltage levels in the network occur, the minimum voltage levels are
simultaneously found in bus 814, which highlights the effect that PV can have in highly
unbalanced networks. The IEEE 34-node is originally unbalanced, but the PV connected to
single phases upstream and downstream of bus 814 (e.g. PV1 in bus 810.2) are probably
responsible for the hosting capacity limitation.

Fig. 7.7 Maximum line voltage in the network per case as function of PV penetration level.

7.5.2 Energy balance for real power

This subsection covers the real energy balance in the network and changes in the total annual
energy supply as function of PV penetration, including the PV generated, the losses in the
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Table 7.9 Summary of maximum PV hosting capacities in the network attending to voltage violations.

Case Hosting
Capacity

Max. Voltage
(p.u.)

Bus Max.
Voltage (p.u.)

PV PF (1) 30% 1.096 814
PV PF 0.95 ind. 20% 1.082 814
PV PF 0.95 cap. 30% 1.085 814
PV Volt-Var 30% 1.093 814
PV PF (1) + BESS 30% 1.087 814
PV Volt-Var + BESS 35% 1.091 814

network and the net real power supply of the grid-scale BESS. This is followed by further
results about the energy losses in the network.

Real power balance

The real power supplied by the grid varies depending on the amount of locally produced solar
energy. The annual balance of energy as function of PV is shown in Fig. 7.8 and Fig. 7.9, and
includes: the energy coming through the substation (denoted as ‘system energy’), the real
power losses in the network, the PV energy consumed in the network and the PV generation
surplus, which is fed back to the grid as a reverse power flow or it could also represent the
energy curtailed.

The base case provides a reference for the rest of scenarios, and it has a total annual
gross energy of 8.29 GWh from which 8.98% correspond to network losses. For the case
of distributed PV with constant power factor without grid-scale storage, in Fig. 7.8a, it is
possible to observe the progressive reduction from the electricity supplied by the grid as
PV local generation increases and it is consumed within the network. Every 5% of PV in
the network permit a reduction in the system energy of 0.412 GWh. As PV penetration
increases, reverse power flow would occur after 10% PV penetration. The energy categorised
as ‘reverse power flow’ can also be considered as the curtailment of solar energy in order
to avoid feeding back energy into the grid upstream of the MV substation. In addition, the
network losses, which are examined further later in this subsection, reduce moderately as
PV penetration increases. The energy balance is similar for the case of distributed PV with
Volt-Var inverters (see Fig. 7.8b). Since part of inverters’ capacity handles reactive power
supply, it however leads to slightly lower real power PV generation and lower annual energy
fed back to the grid towards the higher range of PV penetration levels.

For the cases with grid-scale energy storage, the net energy power flow of the battery
comes as a new variable to the energy balance. The net BESS energy accounts for the energy
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(a)

(b)

Fig. 7.8 Annual energy balance of real power in the network as function of PV penetration with
distributed PV using (a) constant power factor and (b) Volt-Var mode.
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consumed while charging (i.e., as a load) plus the total BESS energy losses (i.e., inverter’s
losses and idle state losses) and subtracting the energy supplied/discharged (i.e., as a gen-
erator). The result of the energy balance for the cases with grid-scale BESS are shown in
Fig. 7.9a for the case with distributed PV using constant power factor and in Fig. 7.9b for
distributed PV with Volt-Var control. In both figures, it can be observed that the grid-scale
BESS acts more as a load than a generator and that its contribution is nearly constant as
function of the PV penetration at a value around 0.85 GWh. Compared to the cases without
storage, the BESS reduces the energy fed back into the grid around 5% for both cases, with
and without Volt-Var control.

Network losses

The integration of solar PV energy affects the real power losses in the network as the demand
is covered by local generation and there is lower loading in power lines and other electric
infrastructure and, in consequence, reduces the resistive losses. In order to obtain better
insights about the evolution of the percentage network losses compared to the base case,
the percentage of resistive losses for each case as function of the PV penetration level is
presented in Fig. 7.10. It can be observed that the losses follow concave upward curve shapes,
which are below the base case losses (i.e. 8.98%).

The case with grid-scale storage and PV using Volt-Var controlled inverters reports the
lowest losses in the range assessed, up to a penetration of 35%. The minimum of the identified
concave upward curves are at 20% PV penetration for the cases PV PF (7.90%) and 25% for
the cases PV PF + BESS (7.64%), PV Volt-Var (7.53%) and PV Volt-Var + BESS (7.46%).
This minimum losses represent a reduction up to 16.88% compared to the base case. Overall,
the results suggest that both technologies of distributed PV can benefit the network in terms
of energy losses and that grid-scale storage can further enhance the reduction of losses.

7.5.3 Energy balance for reactive power

This subsection presents the balance of reactive energy by evaluating the contribution of the
PV inverters and grid-level BESS as function of the PV penetration level. First, an overall
power balance in the network is introduced, then a break-down of the contribution of the
individual PV inverters deployed in the feeder is presented.

Reactive power balance

The annual balance of reactive power is presented below for each case as function of the PV
penetration level. In Fig. 7.11, it can be observed for the cases without grid-level storage
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(a)

(b)

Fig. 7.9 Annual energy balance of real power in the network as function of PV penetration with
grid-scale BESS and distributed PV using (a) constant power factor and (b) Volt-Var mode.
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Fig. 7.10 Percentage of real power losses in the network per case as function of PV penetration.

how the system’s reactive energy is predominantly of capacitive nature. In the case with the
PV inverters using constant power factor (Fig. 7.11a), the inverters do not provide reactive
energy and the grid supplies the totality of the reactive energy required. A significant change
is observed in the reactive energy balance for the case with PV inverters using Volt-Var
control (see Fig. 7.11b), where the inverters provide both reactive and capacitive reactive
energy, particularly the latter. The leading reactive energy of the inverters contributes to
compensate higher voltage levels produced across the network buses when injecting PV’s
real power. In addition, the dispatch of reactive power of the PV inverters helps compensate
the voltage fluctuations occurring during times without solar generation. For the PV VV case,
the capacitive reactive energy contribution of the PV inverters goes from 3.2% (0.11 Gvarh
capacitive at 5% PV) to 32.7% (0.91 Gvarh capacitive at 35% PV) of the total capacitive
energy of the network. Similarly, the PV inverters supply from 24.9% (64 Mvarh at 35% PV)
to 67.2% (49 Mvarh at 20%) of the inductive reactive energy.

When the grid-level energy storage system is integrated, similar behaviour is observed
by the BESS with and without Volt-Var control (see Fig. 7.12a and Fig. 7.12b). In both
cases, the BESS solely provides lagging reactive energy, which responds to the need of the
network for a compensation to higher voltage levels. The grid-level storage system increases
considerably the volume of lagging reactive energy and it presents a similar behaviour for all
the scenarios. The addition of grid-level BESS minimises the need for capacitive energy from
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(a)

(b)

Fig. 7.11 Annual energy balance of reactive power in the network as function of PV penetration for
the case with PV inverters using (a) constant power factor and (b) Volt-Var mode.
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the grid. Yet, the grid provides a small amount of capacitive energy for all PV penetration
levels, whose consumption occurs in the main branch of the network up to bus 814. The net
reactive demand evolution is similar in all the PV penetration range for the case with PV
PF + BESS. The PV inverters in the case PV VV + BESS continue providing both lagging
and leading reactive energy to support the voltage control locally and reduce the need for
capacitive reactive energy in the network as observed in Fig. 7.12b.

Reactive power supply of PV systems

Given the substantial contribution of the PV inverters in the reactive energy balance, the
analysis of the reactive energy supply from the PV inverters can be further studied by looking
at the individual contribution of each inverter. For the purpose of analysing a break-down of
the reactive energy balance of the PV inverters, the scenario with a PV penetration of 30% is
selected. This PV penetration level corresponds to the maximum PV hosting capacity for the
cases PV PF, PV VV, PV PF + BESS and it is a feasible scenario of PV VV + BESS. For
the 8 PV systems in the simulation, the distribution of the reactive power consumption for
each case and system is illustrated in Fig. 7.13. For the cases with constant power factor, the
consumption of the inverters is null. Moderate differences are however observed in most of
the PV systems for the Volt-Var mode with and without grid-scale BESS.

Those inverters with Volt-Var operation adapt their output to the local characteristics of
the bus where they are connected. Consequently, the differences in the dispatch of the PV
inverters with Volt-Var control depend on the location within the network. PV1 requires
near-zero reactive energy compensation due to the proximity to the substation transformer
with constant 1 p.u. supply. Similarly, PV3 also requires near-zero reactive energy operation.
In this case, it may be because of its proximity to voltage regulator 1. The results suggest that
the locations of PV1 and PV3 seldomly record voltage levels outside of the operational limits
of PV inverter Volt-Var control (from 0.97 p.u. to 1.03 p.u., see Table 7.2) throughout the
year. In contrast, the rest of the PV systems require a substantial reactive energy contribution
to locally compensate voltage levels. PV4, PV5 and PV8 require the most significant dispatch
of capacitive reactive energy and a common characteristic of these PV systems is that these
are the furthest to the substation. As a result of both, lightly-loaded, long lines and PV
penetration, the inverter helps compensate the voltage level by consuming capacitive reactive
energy. PV2 and PV6 behave similarly but their location requires much less reactive energy,
with PV2 dispatching inductive reactive energy at times. PV7, which is located downstream
of the 4.16 kV step-down transformer, is the only PV system dispatching only inductive
reactive energy. While the deployment of the grid-scale BESS helps ease the reactive
dispatch of heavily duty-cycled inverters (e.g. PV4 and PV5), it leads to increasing the
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(a)

(b)

Fig. 7.12 Annual energy balance of reactive power in the network as function of PV penetration for
the case with grid-scale BESS and PV inverters using (a) constant power factor and (b) Volt-Var mode.
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reactive dispatch needs for other near-by buses (e.g. PV2 and PV6). Thus, it can be noted
that the characteristics of the network have a direct effect and determine the behaviour of the
inverters connected to it.

Fig. 7.13 Annual Reactive Energy Consumption of the PV inverters for the scenario with 30% of PV
penetration.

7.5.4 Self-consumption and self-sufficiency

The self-consumption and self-sufficiency of the network are presented in Table 7.10. The
self-consumption is 100% until reverse power flow occurs. It then progressively reduces
as higher PV penetration generates more energy fed back into the grid. For the cases with
storage, it can be observed how the self-consumption grows as BESS slightly reduces the
reverse power flow and energy curtailed. Comparing the operation modes of the PV inverters,
the cases PV PF and PV PF + BESS register higher self-consumption as part of the PV
capacity is used to dispatch reactive energy and results in less real PV power generated.

Regarding the self-sufficiency in the network, it grows linearly as the net electricity
demand of the system decreases due to the distributed PV being deployed. One could
consider the self-sufficiency equal to the share of PV energy present in the network, where
in this case the self-sufficiency would be here equal to the PV penetration level since this
is defined in energy terms. However, the reduction of losses in the network due to PV
integration leads to higher self-sufficiencies than the share of PV energy. In addition, it can



7.5 Technical Performance of Grid-Level BESS in Presence of Distributed PV 239

be observed that the self-sufficiency in the cases with grid-scale BESS is lower than those
with only PV. This is due to an increased real power balance in the network as BESS is
incorporated.

Table 7.10 Self-consumption and self-sufficiency of the network per case as function of PV penetration.

PV
penetration

Self-consumption (%) / Self-sufficiency (%)

PV PF PV VV PV PF + BESS PV VV + BESS

5% 100 / 5.3 100 / 5.3 100 / 5 100 / 5
10% 100 / 11.2 100 / 11.2 99.9 / 10.5 99.9 / 10.6
15% 98.4 / 17.5 98.3 / 17.6 98.4 / 16.5 98.4 / 16.5
20% 92.2 / 23.3 92.1 / 23.3 92.3 / 21.9 92.3 / 21.9
25% 85.4 / 28.8 85.3 / 28.9 85.6 / 27 85.6 / 27
30% 79.3 / 34.3 79.2 / 34.4 79.6 / 32 79.6 / 32.1
35% 74.1 / 40.2 74 / 40.4 74.5 / 37.4 74.5 / 37.5

7.5.5 Operation of in-line voltage regulators

The injection of PV power can increase the voltage level at the point of connection and the
surrounding buses. In addition, the rapid fluctuations that PV power output due to irradiance
variability can also affect the voltage levels across the network. This impact can be reflected
in electrical infrastructure, such as voltage regulators. This subsection analyses the variations
in the duty cycle of the voltage regulators to evaluate how distributed PV and grid-scale
BESS can alter their operation and lifetime.

The operations of the tap changers per phase in regulator no. 1 are shown in Fig. 7.14a
for all cases up to 35% of PV penetration. The unbalanced nature of the network can be
observed comparing the duty cycle across phases, where phase A has the highest number of
operations throughout the year. The annual cycles of operation progressively increase as PV
penetration grows and, with the exception of phase C, the operation per phase are moderately
higher than the base case, where the regulator 1 has 6,881 operations/year in phase A, 4,541
operations/year in phase B and 5,091 operations/year in phase C. It can be inferred that the
Volt-Var control mode of PV inverters is directly responsible for the reduction in the cycles
of operation and that grid-scale BESS further reduces the operation of the voltage regulator.
The contribution of the grid-scale BESS is enhanced by the proximity in the network to the
voltage regulator no. 1.

Similarly, Fig. 7.14b shows the annual operations of the tap changers per phase in the
regulator no. 2 as function of PV penetration level. It can be observed how in the base case,
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(a) Regulator 1

(b) Regulator 2

Fig. 7.14 Annual number of operations of the tap changers per phase in the in-line voltage regulators
of the network per case and as function of the PV penetration level.
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the regulator has a more balanced distribution of the annual tap changers’ operations per
phase, i.e. 6,731 in phase A, 4,980 in phase B and 4,993 in phase C. The impact of PV
integration is similar to that described for the voltage regulator no. 1, that is, the presence of
Volt-Var controlled inverters reduces the operations when PV is deployed. Grid-scale BESS
has however a lesser effect in reducing the duty cycle of the voltage regulator no. 2, which
even increases in phase C.

The cycles per phase of each in-line voltage regulators due to the distributed PV and
grid-scale energy storage can be compared to the base case in order to evaluate the impact
on maintenance requirements. The temporal variations in the scheduled maintenance inter-
ventions can be estimated by considering a routine maintenance interventions for the tap
changers in voltage regulators every 100,000 cycles or operations [358]. Dividing these
reference value by the cycles per phase, a periodic, routine maintenance in the base case
would be required between 14.5 to 22 years approximately. Similarly, the maintenance
periods for each case and PV penetration can be estimated and the differences examined;
these are presented in Fig. 7.15a for regulator no. 1 and in Fig. 7.15b for regulator no. 2.

Since the duty cycle of the in-line voltage regulators grows as PV penetration grows, the
maintenance requirements have an inversely proportional relationship to the operation of
the regulators. As a result, most of the cases lead to earlier maintenance and replacement
interventions in the regulators.

For the voltage regulator no. 1, it is possible to observe that a PV penetration of 5% is the
only value that would defer the intervention for all phases. Phase C is the least affected phase
in regulator 1 and the case PV VV + BESS would defer the maintenance interventions for
penetrations up to 30% inclusive. In contrast, Phase A is the most affected by the integration
of PV and where at 30% and 35% PV (where the maximum PV hosting capacities occur), the
maintenance would drop to every 6-7 years. Phase B would less affected than phase A, but
the maintenance requirement would also drop to every 8.5-10 years at the maximum hosting
capacities ranges. For the voltage regulator no. 2, the picture is similar, phase A is the most
affected with maintenance required every 7.5-9 years, followed by phase B with maintenance
needs every 9.5 to 12.5 years and the least impact is observed in phase C. Overall, the trend
is that Volt-Var control defers the maintenance requirements compared to fixed (unity) power
factor control. Grid-scale BESS also helps reducing the maintenance, particularly in phases
where PV inverters are connected. For the simulated network, single-phase PV systems are
solely connected in phases A and B (see Table 7.5). It is in those phases where it is possible
to observe the better performance in the cases with Volt-Var control and grid-scale BESS.
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(a) Regulator 1

(b) Regulator 2

Fig. 7.15 Variation in the periodic scheduled maintenance interventions for the in-line voltage
regulators of the network per phase, case and as function of the PV penetration level.
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7.6 Economic Performance of Grid-Level BESS in Pres-
ence of Distributed PV

This section covers the economic profitability of the grid-scale BESS based on the revenue
streams from real and reactive power supply. First, the annual revenue as function of PV
penetration is analysed, and it is then complemented with relevant economic metrics for the
storage system. The section continues by analysing the payment rates which would make
profitable grid-scale energy storage systems in future distribution-specific services. Finally,
the economic impact on the network from the integration of distributed PV and grid-scale
energy storage is assessed.

7.6.1 Revenue streams from real and reactive power supply

The revenue stream from the supply of real and reactive power follows the methodology
described in section 7.3, where it is assumed that the grid-level BESS participates in the
whole-sale electricity market for real power supply and the reactive power supply is paid at a
constant rate of 23 pence/Mvarh as for the ancillary services conceived for generators within
the Irish Single Electricity Market.

The total revenue and the breakdown of revenue per type of energy is presented in
Fig. 7.16, where the grid-level BESS under presence of the PV inverters using Volt-Var
control reports a slightly higher revenue. As observed in the figure, the real power energy
supply represents almost the totality of the income with a positive linear relationship with
several slopes as function of the PV penetration. In the contrary, the reactive energy supply
represents a small share of the revenue ranging from 890 GBP to 917 GBP per year. The
revenue from reactive energy follow a concave down increasing trend, which is different for
each inverter control strategy and the tipping points are 10-20% PV penetration depending
on the case. The total revenue, which are very similar for both cases, ranges from 85,709 to
88,630 GBP per year depending on the PV penetration level.

Focusing on the economic revenue at the estimated maximum PV hosting capacities (see
section 7.5.1), the break-down of the revenue streams is presented in Table 7.11. The total
revenue would reach nearly 90,000 GBP of which over 98.9% would come from real power
energy dispatch and with differences between the cases below 800 GBP. The average payment
for the supply of real power is 38.23 GBP/MWh (PV PF + BESS) and 38.52 GBP/MWh (PV
VV + BESS).
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Fig. 7.16 Annual total and separated revenue of the grid-scale BESS for the supply of real and reactive
power as function of PV penetration.

Table 7.11 Annual revenue break-down for the grid-level BESS for the maximum PV hosting capacities
in each case.

Case Real Power
Revenue (GBP)

Reactive Power
Revenue (GBP)

Total
Revenue (GBP)

PV PF + BESS (30% PV) 86,996.26 898.89 87,895.15
PV VV + BESS (35% PV) 87,736.07 894.28 88,630.35

7.6.2 Economic profitability metrics

The economic profitability metrics for the grid-scale BESS are presented below for the
maximum PV hosting capacity levels, i.e. 30% in presence of constant PF inverters and 35%
when Volt-Var controlled inverters are deployed for the PV. The assessment includes the fol-
lowing metrics: (i) net present value (NPV); (ii) internal rate of return (IRR); (iii) discounted
payback period (PB); and (iv) profitability index (PI). The metrics are estimated considering
the battery operation and revenue of the first year during the lifetime of the project, which
are then subject to degradation factor, discount rates, etc.

With the capital and operational costs introduced in Table 7.7 and Table 7.8, the resulting
initial capital investment of the grid-scale BESS equals to 984,317.36 GBP, which turns
into an annuity of 76,999.92 GBP during the life span of the project. The annual cost of
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the electricity consumed during idle state reaches 318.74 GBP (PV PF + BESS) and 316.77
GBP (PV VV + BESS) to which the annual O&M, taxes and insurance costs need to be
added. All these costs lead to the economic metrics presented in Table 7.12. It can be
observed that the grid-level BESS would not be economically profitable and would result
in a negative profitability with a net present values around -350,000 GBP. A closer look
to the cash flow over the 25-year period of the project in Fig. 7.17 reveals that the main
factor of the negative profitability of the grid-level BESS is the batteries’ replacement in the
years 10 and 20, which are large withdrawals. It can be also observed that, despite the BESS
performance degradation, the higher electricity prices due to inflation progressively bring
increased deposits and positive annual net cash flows after year 12.

Table 7.12 Economic metrics for the grid-level BESS with a PV penetration equivalent to the maximum
hosting capacity of the network for each of the cases.

Case NPV (GBP) IRR (%) Disc. PB (years) PI

PV PF + BESS (30% PV) -365,612.18 -24.94 N/A 0.629
PV VV + BESS (35% PV) -354,445.64 -23.90 N/A 0.639

Fig. 7.17 Cash-flow for the grid-level BESS (case PV VV + BESS) for a PV penetration of 35%.
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7.6.3 Financial break-even threshold for the revenue of grid-scale BESS

The economic metrics presented in the previous section show that grid-scale BESS is not
profitable. The payments for the services to supply real and reactive power in the economic
assessment correspond to typical values that large generators with output in the range of
MWs would be suitable to. These services can be illustrative to estimate the profitability
with a current framework of TSO-level services. Nevertheless, these may not reflect the local
value added by distribution-level, front-of-the-meter energy storage projects that can help
locally manage DG. In this subsection, the annual average payment for the supply of real and
reactive power are explored so that those distribution-specific services would make profitable
the grid-scale BESS project.

Considering the capital and operational costs and financial variables in Table 7.7, the
annual total revenue that would make produce the financial break-even point, where NPV=0
and PI=1, is estimated to be 112,032.65 GBP (PV PF + BESS) and 112,030.64 GBP (PV
VV + BESS). From these annual revenues and with the real and reactive energy balances
presented in section 7.5, the range of prices for each type of energy that equal the PI=1 and
NPV=0 can be estimated. The results are shown in Fig. 7.18, where it is possible to observe
how any annual average payment per unit for real power supply over 4.87 p/kWh would lead
to a profitable grid-scale BESS project. Similarly, any annual average payment per unit for
reactive power supply over 2.88 p/kvarh would also produce economically beneficial results.
The graph illustrates a wide range of possibilities for the definition of potential received
payment rates for grid-scale BESS as exchange for the provision of local distribution-specific
services.

7.6.4 Economic impact on the local power network

It was observed in section 7.5.5 that distributed PV penetration and the presence of grid-scale
BESS have an impact on the operation of the in-line voltage regulators present in the network.
As a result, additional or fewer maintenance interventions may be required throughout the
life span of the components. Thus, this subsection examines the economic consequences of
an increase in the duty cycles of voltage regulators during a 35-year period. The prorated
costs in the maintenance and replacement of the in-line voltage regulators during 35 years
are presented in Table 7.13 for each case at its maximum PV hosting capacity. The results
show that PV PF is the case that increases the most the overall costs associated to the voltage
regulators, up to 23.2% compared to the base case. For the same PV penetration, i.e. 30%,
the case PV PF + BESS leads to 7.3% additional cost compared to the base case. For the
cases with Volt-Var control, the additional costs are less than those with constant power
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Fig. 7.18 Financial break-even interface (NPV=0, PI=1) for the annual average real and reactive power
received payment rates for grid-scale BESS.

factor operation. While the additional costs reported by the cases with and without storage
are similar, i.e. 5.6% and 5.5%, respectively, the case PV VV + BESS would enable 5% of
PV energy in the network. Thus, the result show the benefits of grid-scale BESS in reducing
the economic impact on voltage regulators. Overall, considering the 35-year period, the cost
variations due to PV integration are low to moderate regarding the periodic maintenance and
earlier replacement of the voltage regulators.

Table 7.13 Costs of the periodic maintenance and replacement of the in-line voltage regulators in GBP
during a 35-year period and the variations in cost per case at the maximum PV hosting capacity.

PV penetration 0% 30% 30% 30% 35%

Phase Base Case PV PF PV VV PV PF + BESS PV VV + BESS

Reg. 1
A 26,900.66 54,626.82 29,898.72 30,127.42 29,867.06
B 25,871.55 29,094.35 27,961.89 28,942.62 28,122.42
C 26,113.43 26,189.95 26,160.93 26,048.79 26,201.39

Tot. Reg. 1 78,885.64 109,911.11 84,021.54 85,118.83 84,190.88

Reg. 2
A 26,834.69 29,612.42 28,745.59 29,485.32 28,675.66
B 26,064.62 28,563.08 27,351.46 28,429.82 27,339.13
C 26,070.33 26,398.86 26,369.83 26,364.56 26,544.42

Tot. Reg. 2 78,969.64 84,574.36 82,466.87 84,279.70 82,559.21

Total 157,855.29 194,485.47 (+23.2%) 166,488.42 (+5.5%) 169,398.5 (+7.3%) 166,750.1 (+5.6%)
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Concurrently, the integration of PV in the network brings forward the decarbonisation of
the network and there are additional avoided costs from the CO2 emission trading credits
acquired within the carbon dioxide emission trading systems (ETS). An estimate of the
economic benefit derived from this decarbonisation of the network during a 25-year period
is presented in Table 7.14 and hints large economic benefits. The results show that the
extra PV hosting capacity enabled by the grid-level storage increases the avoided cost by
0.4% (2,511.11 GBP) in the PV PF + BESS case compared to the PV PF case, and by 9.7%
(63,261.03 GBP) in the PV VV + BESS case.

Altogether, the lower impact on the in-line voltage regulators and higher avoided cost
due to the decarbonisation of the network suggest that the network would benefit from the
deployment of a grid-level BESS in combination to distributed PV, particularly if PV inverters
with smart control capabilities are deployed.

Table 7.14 Avoided cost in CO2 emission credits over 25 years due to distributed PV penetration.

Case PV Penetration Avoided CO2 (t) Avoided cost
CO2 ETS (GBP)

PV PF and PV VV 30% 14,816.34 651,919.99
PV PF + BESS 30% 14,873.43 654,431.10 (+0.4%)
PV VV + BESS 35% 16,254.11 715,181.02 (+9.7%)

7.7 Sensitivity Analysis for Grid-Level BESS

Following the technical and economic evaluation of the grid-level battery storage system, this
section presents a sensitivity analysis that examines the variability of certain macro-economic
parameters and the changes in the results if the battery system had different power output
and energy capacity ratings. For the macro-economic variables, the focus is placed on the
BESS costs per unit of energy and power, and the real discount rate. For the size sensitivity,
the focus is on the economic profitability of the project.

7.7.1 Sensitivity to macro-economic parameters

The sensitivity of the macro-economic variables in the project looks at the variations from
-50% to +50% in the cost of BESS per unit of energy and per unit of power, and the real
discount rate. In order to illustrate the changes in the economic value, the profitability index
(PI) is illustrated as an overall metric, which if larger than unity would represent a profitable
financial investment (see Eq. 7.6).
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The results are shown in Fig. 7.19 and illustrate that the grid-scale BESS would turn
into a profitable asset if the BESS cost per energy would drop 50% to 61 GBP/kWh or the
overall BESS cost would drop at least 35% compared to the reference costs presented in
Table 7.7. The grid-scale BESS would be profitable with a price per energy unit equal or
lower than 79.3 GBP/kWh and the price per power unit equal or lower than 158.6 GBP/kW.
The variations in the BESS cost per power unit and real discount rate would not be enough to
make grid-scale storage profitable, which would report the highest PI equal to 0.81 and 0.91,
respectively.

Fig. 7.19 Profitability index as function of variation in BESS capital costs per unit of power, per unit
of energy, in power/energy combined, and real discount rate.

7.7.2 Sensitivity to BESS size: rated output and capacity

Sizing BESS is, together with the siting, a key decision in energy storage systems that affects
the technical and economic capabilities of the asset. In this subsection, the variation of the
profitability index of the project is evaluated attending to different BESS sizes in terms of
rated power output and energy capacity. The sensitivity analysis includes 120 variations of
the BESS size, 119 cases plus the reference case (i.e. 960 kW and 3,800 kWh evaluated
throughout the chapter), which are illustrated in Table 7.15. The size variations are presented
for the grid-level BESS in presence of Volt-Var controlled inverters for a PV penetration of
35%, since this is highest maximum hosting capacity in the cases with storage. The power
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output of the battery’s inverter is considered from 0.1 p.u. to 1.5 p.u. at 0.1 steps of the peak
demand in the base case (i.e. 1.9 MW). The capacity is considered as the number of hours of
operation of the battery from 1 to 8 hours.

Table 7.15 Power output (same than the 1-hour column, in MW) and energy ratings (in MWh) for the
grid-level BESS system considered in the sensitivity analysis.

Peak Rating of Battery
(% of Peak Demand)

BESS Hours of Duration

1 2 3 4 5 6 7 8

10% 0.19 0.38 0.57 0.76 0.95 1.14 1.33 1.52
20% 0.38 0.76 1.14 1.52 1.9 2.28 2.66 3.04
30% 0.57 1.14 1.71 2.28 2.85 3.42 3.99 4.56
40% 0.76 1.52 2.28 3.04 3.8 4.56 5.32 6.08
50% 0.95 1.9 2.85 3.8 4.75 5.7 6.65 7.6
60% 1.14 2.28 3.42 4.56 5.7 6.84 7.98 9.12
70% 1.33 2.66 3.99 5.32 6.65 7.98 9.31 10.64
80% 1.52 3.04 4.56 6.08 7.6 9.12 10.64 12.16
90% 1.71 3.42 5.13 6.84 8.55 10.26 11.97 13.68

100% 1.9 3.8 5.7 7.6 9.5 11.4 13.3 15.2
110% 2.09 4.18 6.27 8.36 10.45 12.54 14.63 16.72
120% 2.28 4.56 6.84 9.12 11.4 13.68 15.96 18.24
130% 2.47 4.94 7.41 9.88 12.35 14.82 17.29 19.76
140% 2.66 5.32 7.98 10.64 13.3 15.96 18.62 21.28
150% 2.85 5.7 8.55 11.4 14.25 17.1 19.95 22.8

Reference scenario in bold.

The effect of the economic profitability of the project as function of the power output and
energy capacity ratings is presented in Fig. 7.20. A larger BESS size brings higher technical
capabilities, e.g. higher peak output or additional capacity to store energy to respond to
the network needs, and additional revenue. However, the increased capital cost has a direct
negative effect in the net present value of the project. In the range of BESS sizes analysed,
the only power output with positive profitability is 0.1 p.u. with the maximum PI found
with 1 hour of capacity (PI=14.2). It is however unlikely the deployment of grid-scale BESS
with nominal power rating equal to 190 kW in a MV distribution network, although it could
occur in LV networks. Overall, it is possible to observe how the profitability increases with
both lower nominal power and lower capacity ratings. From the reference case, reducing the
capacity to 2 hours would make the grid-scale BESS profitable (PI=1.52). Similarly, reducing
the nominal power to 0.3 p.u. would also make the storage project profitable (PI=1.56). The
results suggest that an increase in the nominal power may report higher economic benefits
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than an increase in the energy capacity. This is probably for the increased cost per unit of
energy than per unit of power in BESS technology.

Fig. 7.20 Profitability index as function of the BESS nominal power and capacity for the PV VV +
BESS case and a PV penetration of 35% (reference scenario marked).

7.8 Discussion

The assessment of grid-scale BESS in presence of distributed PV in the IEEE 34-node system
has been carried from a techno-economic perspective throughout the chapter to evaluate the
role of the grid-scale storage solutions in integrating solar energy. This section discusses the
findings and their implications regarding the integration of PV systems using smart inverters
and the performance of the grid-scale BESS.

7.8.1 PV integration with smart inverter capabilities

Distributed PV in the IEEE 34-node system had multiple smart-control strategies for the
dispatch of reactive power by the inverters. Smart-control capabilities in PV inverters are
considered to enhance the hosting capacity and contribute to maintain voltage profiles within
statutory limits [222]. Constant or fixed power factor using power factor unity, 0.95 inductive
and 0.95 capacitive were examined for the maximum PV hosting capacity. The results
showed that the power factor can have a significant impact on the hosting capacity limits of a
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power network. The differences in the hosting capacity of the network reached 10% among
cases with stand-alone distributed PV (see Table 7.9), where the lowest capacity (20%) was
found in the case with 0.95 inductive power factor with the remaining 0.95 capacitive and
unity power factors equal to 30%. The lower maximum capacity of an inductive power factor
can be understood as the injection of real power from the PV can raise the voltage at the
point of connection, which can be further raised by the injection of inductive reactive energy.

Besides constant power factor control, PV inverters using Volt-Var control were investi-
gated. Concerning the maximum hosting capacity, the results reported the same limit of 30%
PV penetration. However, inverters using Volt-Var control positively contribute to locally
supply reactive energy and reducing the demand of reactive energy to the grid. In addition,
when grid-scale BESS is present, Volt-Var inverters help enhancing the maximum hosting
capacity further than the case with storage and constant power factor control. Volt-Var
inverters were also shown to reduce the duty cycles, and in consequence, the economic cost,
of in-line voltage regulators in the network when compared to the constant PF mode. It is
worth noting that the behaviour of smart inverters with Volt-Var control is conditioned by
its location in the network. Thus, the location of the distributed PV in the network is the
determinant factor for the dispatch of reactive energy by the inverter as it was illustrated in
Fig. 7.13.

Overall, it can be observed that Volt-Var control per se or combined to other smart-control
techniques (e.g. Volt-Var combined with Volt-Watt) can be more beneficial to the network
than constant, fixed power factor solutions. However, when smart control for PV inverters is
not available, unity power factor would be a more adequate choice than any inductive power
factor, provided that there were not other network requirements.

7.8.2 Technical performance of grid-level BESS

The siting decision of energy storage systems was the first of the topics covered in the IEEE
34-node test feeder, where a no-preference, multi-parametric optimisation model was used
in order to find a global optimal bus where to allocate the grid-scale BESS. The multiple
variables included were both technical and economic parameters of the network: (i) the
annual energy in reverse power flow; (ii) the annual energy losses in the network; (iii) the
annual number of voltage levels outside of normal conditions of operation; and (iv) the annual
economic revenue from real and reactive power dispatch. The optimal bus was common in
both solutions, with PV using constant PF and Volt-Var control. Nevertheless, the selection
of other technical variables, the focus on a different temporal resolution or economic-only
parameters would have resulted in different optimal solutions for the grid-scale storage
system as illustrated by the results, which is aligned with the conclusions in [97] about the
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most cost-effective location of BESS considering several technical variables or services. The
best ranked bus to allocate front-of-the-meter storage resulted in a location in the main branch
and towards the centre of the network, where the bi-directional power flows of distributed
PV could be observed by the grid-scale BESS.

The technical evaluation investigated the energy balance of real power, where the results
showed a reduction of the network losses compared to the base case when deploying stand-
alone PV and PV plus grid-scale storage. The lowest system losses were found for the
case with grid-scale storage and PV using Volt-Var at 35% PV penetration (7.46% losses),
which represents a reduction by 16.88% compared to the base case. The reduction of electric
losses observed from the integration of PV is one of the benefits for the network, which is
in alignment with the literature, e.g. [21]. The energy balance of reactive power was also
evaluated and it presented considerable changes when introducing grid-scale BESS, which
largely reduced the requirements of capacitive/leading reactive energy in the network.

Concerning the maximum PV hosting capacity, the combined deployment of inverters
controlled by Volt-Var mode and grid-scale storage enabled a 5% further hosting capacity
than the PV Volt-Var mode without storage. Thus, the introduction of grid-scale BESS
favours higher PV penetration, which is one of the main benefits often searched in ESS [93,
98]. All the maximum hosting capacities were above 15%, which is the traditional threshold
used in industry before require significant interventions in the network [25]; however, the
maintenance requirements of electrical infrastructure (e.g. in-line voltage regulator) could
be moderately affected with earlier maintenance needed up to 5 years in advance (see
Fig. 7.15). Hence, the results of the assessment reinforce the idea that advanced studies for
solar PV integration should replace conventional rules-of-thumb [25, 63] and be integrated
as part of the early stages of distribution network planning process to enable requests for PV
connections.

Regarding the network analysed, the IEEE 34-bus test feeder has its origin in Arizona,
U.S.A. The configuration of the network in terms of voltage control (i.e. an in-feed trans-
former without voltage regulation and this being implemented by in-line voltage regulators in
different locations of the network) may not correspond to typical networks found in Northern
Ireland and other parts of the UK, where on-load-tap-changing transformers at substation
level would be used for voltage regulation. Thus, the technical performance in typical
UK-based primary distribution networks (e.g. 33 kV network) may differ to that presented in
relation to voltage compensation and other depending features, such as the maximum hosting
capacity. Yet, the IEEE 34-node system provides a test bed for the concept of aggregated
impact from distributed PV with storage systems at the level of bulk supply points, which is
the focus of the work in this thesis.
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7.8.3 Economic performance of grid-level BESS

The economic assessment provided with a break-down of the revenue streams from real and
reactive power supply, where over 98.9% of the revenue came from real power supply. How-
ever, the assessment quantifies the revenue from reactive power supply, which is generally
omitted in the literature [103]. Overall, the economic metrics illustrate that the grid-level
BESS would not be profitable as an asset, primarily driven by the additional cost of the
battery replacements throughout the life span of the project. Nonetheless, the deployment
of grid-scale BESS in the network with distributed PV helps minimise the interventions of
electrical infrastructure, such as that of in-line voltage regulators.

A sensitivity analysis for the profitability of the project was performed based on variations
of the size and macro-economic parameters of the grid-scale battery system. The findings
suggest that higher battery inverter power output would produce higher benefits than larger
energy capacities. The profitability can turn into positive with variations of both energy
capacity and nominal output rating. Looking at the evolution of macro-economic variables, a
potential high reduction in the battery cost per unit of energy, which would align with the
most optimistic scenarios for the long-term future of lithium-ion battery packs (see Fig. 2.4)
would significantly benefit the profitability of grid-scale BESS projects.

What would it take for profitable grid-level BESS with a focus on the integration of
small-scale distributed PV?

The revenue streams for the supply of real and reactive power were assessed by scaling
available services to large generators (e.g. whole-sale electricity supply and reactive energy/-
voltage compensation), which are typical transmission-level/TSO-based services. The results
showed that TSO-based services are not enough for the economic profitability of grid-level
BESS acting in distribution networks. Similar findings were found by Brogan et al. [362]
when analysing the grid-scale BESS for ancillary services, including to fast-frequency re-
sponse and operating reserves (primary, secondary and tertiary reserve) in the Irish power
system. Nonetheless, incorporating and stacking multiple revenue streams can assist the
economic profitability of grid-level BESS when the financial viability is marginal.

As a result, distribution network-specific services could be a solution in the future to
manage and support the integration of renewable DG locally. Initiatives related to these
services are starting to be implemented across Europe but are not currently on-going in the all-
island Irish power system. However, a trial project in Northern Ireland will commence in the
last quarter of 2021 (i.e. the FLEX project [346]). In relation to distribution-specific services,
the potential ranges of payment received by generators due to real and reactive energy
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supply were explored to find the financial break-even limit between positive to negative
profitability. The findings show that an annual average payment for real power supply higher
than 48.7 GBP/MWh (4.87 p/kWh) or for reactive power supply higher than 28.8 GBP/Mvarh
(2.88 p/kvarh) would make profitable the grid-scale BESS project considered. Besides these
price thresholds, multiple solutions for the payment received by front-of-the-meter storage
systems could be set according to the linear relationship found.

Concurrently, another complementary way to enhance the profitability of grid-scale
energy storage systems could be by partly or totally account the economic savings that the
systems produce in the power network. PV integration brings a large economic benefit
due to the avoided cost in CO2 emissions trading credits. This benefit is expanded by
the integration of grid-scale BESS (see Table 7.14) due to better management of local PV
generation (i.e. higher self-consumption) and extra hosting capacity enabled by the storage
systems in the case PV VV + BESS (5% additional PV hosting capacity than with the PV
VV case). Thus, any consideration of the economic added value of the grid-scale BESS
integrated as part of the project’s economics would help the profitability of front-of-the-meter
energy storage systems.

Overall, the implications of this potential profitability for grid-level BESS would be
related to the design of new services for the case of distribution-specific compensation.
Considering the prorated economic value of generators in grid infrastructure may be related
to compatible market structures, regulatory framework and ownership schemes with which
competence in the electricity grid services would be unaffected by multiple parties and
interests, e.g. conflicts of interest between DNOs v. private investment companies/owners
of grid-scale BESS. A discussion on business models and market design goes beyond the
techno-economic scope of this work, but there is available literature on the topic (e.g., [363]).

7.9 Chapter Summary

Key points and contributions

This chapter has presented a techno-economic assessment for stand-alone PV systems and a
grid-scale BESS in a medium-voltage distribution network considering multiple aspects of
storage systems of electricity networks, including: (i) the siting decision of energy storage
systems; (ii) technical characteristics and metrics of the network; (iii) the economic revenue
from reactive and real energy supply; (iv) the avoided network costs for elements in the grid
infrastructure and from decarbonising the network; and (v) PV hosting capacity with smart
control strategies for PV inverters.
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The analysis of PV integration has extended to: (i) the voltage violations to estimate the
maximum hosting capacity in the network; (ii) the energy balances of real and reactive power,
including system losses; (iii) the self-sufficiency and self-consumption in the network; and
(iv) the variations of maintenance requirements and life-span of in-line voltage regulators
as affected by PV. The assessment has been approached from the perspective of power
systems planning and it included 1-year simulations running on 1-minute steps, with 15
initial scenarios of PV penetration, which were reduced after the estimation of the maximum
hosting capacity, and 4 cases for each PV scenario: 2 with grid-scale storage and 2 without,
where the differences are related to smart control capabilities considered for the PV inverters
in the network. Furthermore, 120 variations of the grid-scale BESS size of the rated power
output and energy capacity were examined in a sensitivity analysis.

Altogether, this chapter constitutes an exhaustive study that permits drawing conclu-
sions about the cost-effectiveness of grid-level storage systems in presence of stand-alone
distributed PV systems in the context of RQ 2, where the main contributions are:

1. A siting decision model for BESS based on a global optimal solution considering
both technical and economic parameters using a no-preference, multi-parametric
optimisation method.

2. A hosting capacity assessment including multiple control strategies for PV inverters
under the presence of grid-scale BESS.

3. The quantification of the revenue of grid services from the real and reactive power
supply, where the latter is generally not considered in the literature.

4. The exploration of profitable compensation rates for distribution-specific services
particularised to grid-scale BESS.

There is lack of studies covering all these topics on grid-level storage systems and distributed
PV systems simultaneously and in the same case study. By doing so in this chapter, these
contributions lead to findings about the role of grid-scale BESS in fostering PV integration,
where grid-scale energy storage brings multiple technical benefits to the network: (i) it
minimises the real and reactive energy supplied by the grid through the supply point, as well
as the system losses; (ii) it enhances the maximum PV hosting capacity under the presence
of Volt-Var controlled inverters. Despite the technical benefits, grid-scale BESS projects as
the considered were not found economic profitable per se. However, if the compensation due
to real and reactive power supply would go over the thresholds described, grid-scale BESS
could then become a profitable asset. Moreover, the additional avoided costs and benefits
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reported by the BESS to the electricity network due to the decarbonisation could further
enhance the profitability of these systems.

Applicability

Concerning the applicability of the results of this chapter, the assessment of the technical
performance of grid-scale BESS and distributed PV contributes to evaluate multiple state-
of-the-art topics regarding BESS and PV integration, such as the sizing and siting decision
for storage systems, hosting capacity levels under presence of smart PV inverters and BESS,
and the impact of PV penetration on electrical infrastructure. These findings can serve
the research community and system operators as a reference study as all these topics are
evaluated in an available IEEE test feeder and future studies could benchmark against the
results presented. Regarding the economic performance of front-of-the-meter BESS to
support the integration of distributed PV, it was noted that distribution-specific services can
be further developed to reflect the local value that these systems can provide to the power
system and how that value can be transferred into their economic profitability. To this end,
the work presented can direct system and market operators, and energy regulators towards
incentivising large, centralised BESS in primary distribution networks.

This chapter concludes the second part of this thesis regarding solar PV integration in
tomorrow’s power networks, where the integration of distributed stand-alone PV, PV-plus-
storage systems and grid-scale storage has been assessed in the context of the planning of
power systems. Chapter 6 investigated the role of energy storage systems and PV systems in
a behind-the-meter basis within the residential sector, whereas Chapter 7 has analysed stand-
alone distributed PV and energy storage systems in a front-of-the-meter basis. Overall, this
part of the thesis provides insights and findings about how energy storage systems can interact
under multiple scenarios in power systems and what planning strategies or frameworks can
foster a sustainable integration of distributed PV resources in power networks.



Chapter 8

Conclusions and Recommendations for
Future Work

8.1 Concluding summary

This section summarises the findings and discussion points presented throughout this thesis
and draws conclusions by reflecting on the research questions addressed. Throughout its
chapters, the thesis has looked at the grid integration of distributed, small-scale PV systems
and analysed the impact of these systems on power systems in the context of their operation,
planning and market activities. The thesis has examined the challenges emerging from the
aggregated electricity generation of large PV fleets scattered in large geographical areas.
Nowadays, most of these systems are usually not monitored nor controlled by system
operators. As a result, that hidden generation can cause disturbances in the net electricity
demand and can endanger the reliability of today’s power networks. To this end, the thesis
addressed the following research questions:

• RQ 1.A – How to estimate the total power output of small-scale, solar photo-
voltaic installations scattered across large territories when data availability can
be limited?

• RQ 1.B – Could that estimation of power output be monitored in a temporal
resolution high enough to support planning, operation and market activities in
power systems?

Future growth projections indicate a continuous expansion of small-scale PV systems world-
wide, which are anticipated to be increasingly deployed together with energy storage systems.
In consequence, the future behaviour of these systems does not only need to consider the
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particularities of PV technology, but the behaviour of PV-plus-storage technology, both in
a behind- and front-of-the-meter basis. This is where an additional research question is
addressed in the thesis about the integration of these systems in tomorrow’s power networks.

• RQ 2 – How will the anticipated mass-deployment of small-scale, solar-plus-
storage systems affect the total electric demand patterns and other related ac-
tivities of power systems?

The thesis is original in the Northern Irish context, where the small-scale PV has grown from
almost zero to 148.7 MW in the last 10 years and has started to gain presence and attract
the attention of system operators, regulators and consumers. There are additional original
contributions in this research, which were achieved tackling the research questions and are
presented below.

8.1.1 Integration of small-scale PV deployment in today’s power net-
works

The first part of this thesis, formed by Chapters 4 and 5, investigated the penetration of
small-scale PV generators within the scope of RQ 1.A and RQ 1.B. The estimation of the
regional aggregated generation of small-scale PV installations (i.e., RQ 1.A) was investigated
in Chapter 4 with an emphasis in developing a method which could deal with potential
limitations in the amount of data required from particular PV sites. The limitations in data
access, which can come from shortage of data or the introduction of legislation, such as the
implementation of general data protection regulations, can limit the application of extended
data-driven methods, such as clustering.

The method proposed in Chapter 4 permitted the estimation of the regional PV gener-
ation and solved the additional challenge of potential data constraints by using: Voronoi
decomposition for the division of space; and physical models to estimate the power output
from irradiance measurements. The method is scalable to smaller and larger geographical
areas and can be applied with only the PV capacity connected downstream of MV or LV
electrical substations. Moreover, the model outperformed other spatial up-scaling methods
when benchmarked. Thus, in addition to higher accuracy, the Voronoi-based method could
reduce the computing time of data-driven models and be an alternative method even when
data is available.

The originality of this work is conceptual and methodological with the adoption of
Voronoi decomposition from the field of mathematics and computational geometry, where
it is used for the partitioning of the Euclidean plane, to an application in the field of solar



8.1 Concluding summary 260

energy to divide physical space as part of the estimation of the aggregated PV generation
profile at regional level. The division of the physical space through Voronoi decomposition
had already been applied in geographical statistics (e.g. GIS) and other fields, such as
hydrology, cartography and physics. However, the work presented in this thesis is, to the best
of the author’s knowledge, the first application of Voronoi decomposition in the field of solar
irradiance variability and it was published by the author in [237].

In the process of estimating the regional PV generation, a metric for the wide-area
monitoring of the variability of irradiance and PV generation (σV I) was developed. The
metric σV I is based on an existing metric for the variability of solar resource (i.e., the
variability index [66]) and it represents a conceptual originality, which can help identify
the degree of variability of PV generation throughout a day across the sub-regions of a
geographical area.

Following the Voronoi model, Chapter 4 extended its scope to the evaluation of the
economic market value of the electricity generated by small-scale PV systems as a whole,
which showed a high potential to qualify for dispatch within the rules of the whole-sale
electricity market and it could represent a multi-million business with the capacity already
installed. These findings open the way to viewing small-scale generation from PV and other
technologies as a means to new frameworks in electricity markets, through virtual power
plants or other mechanisms, to further support the decarbonisation of the electricity sector.

Chapter 5 tackled RQ 1.B by investigating the possibility of using personal weather
stations in the near real-time implementation of regional PV power monitoring. The chapter
provided with an assessment of the irradiance measurements from PWS in multiple locations
and climate zones worldwide, proposed a calibration model for the irradiance measurements
of PWS and assessed the correlation between power output of utility-scale plants and irradi-
ance data from official and open-source PWS data. The proposed calibration method resulted
in rMBE within a ±5% range, which is similar to other studies and the typical tolerances
indicated by manufacturers. However, rMAE and rRMSE remained high for all-sky samples
and it cannot be concluded from the data whether this is the result of the uncertainty in the
equipment and/or operation of PWS or from the spatial displacement between the stations
studied. When compared to existing calibration methods from the literature, the proposed
correction outperformed the rest of the methods. Therefore, the calibration method presented
in Chapter 5 can be used to remove systematic errors from the irradiance measurements and
it can be directly applied using basic PWS data.

Despite the benefits of PWS data, such as an increased temporal and spatial resolution
and open-source availability, there are certain limitations related to their operation, quality
and practicalities (e.g. maintenance and recalibration unawareness). Thus, PWS data should
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be carefully evaluated with regards to the potential high uncertainty that these measurements
can be subject of. This is especially important since PWS data are observing an increasing
popularity and use in research studies. While PWS cannot replace stand-alone, traditional
pyranometers, they represent an open data source with the ability to complement land-based
solar radiation monitoring with higher spatial resolution than that initially available from
official networks using high-quality pyranometers.

The contribution in the work of Chapter 5 is methodological as the proposed method
for the empirical correction of silicon-based devices does not require sensor-specific data,
unlike other existing methods (e.g. [285, 288–290]). The calibration function to estimate
the broadband irradiance uses the irradiance and ambient temperature reported by PWS and
it follows a data-driven approach based on basic metadata of the station, i.e. climate zone
or producer. There is also novelty and contribution for the research community with the
evaluation of GHI measurements of 30 PWS located worldwide, covering 5 climatic zones
according to the Köppen’s classification across 8 countries. Evaluation that was published in
[271] and it is, to the best of the author’s knowledge, the first study undertaking a large-scale
evaluation of PWS irradiance data.

Altogether, the contributions from Part I of this thesis tackling RQ 1.A and RQ 1.B
could potentially report multiple benefits to a wide range of stakeholders involved in the
management of operation, planning and market activities of power systems.

System operators could benefit from the use of the Voronoi model and metric σV I during
their daily operation activities to forecast (e.g. short-term forecasting or nowcasting) the
generation of small- or large-scale PV systems and monitor the potential disturbances due
to the variability of solar resource throughout the day. The Voronoi model represents an
alternative to simplistic estimations made from scaling known estimates from utility-scale
systems. Moreover, the deployment of a private network of PWS or silicon-photodiodes by
system operators in designated locations (e.g. at the location of substations or other electrical
infrastructure) could be a cost-effective solution to perform near real-time monitoring of solar
PV generation. This work could provide system operators with a complete methodology to
estimate where, when and in what amount PV energy would be expected to be integrated
in the power system during their daily activities. In addition, it could provide system
operators, utility companies and policy makers with insights to increase the awareness of the
generation from small-scale PV systems and their input in power system planning decisions
based on the historic behaviour of PV fleets and their predicted trends of growth. Similarly,
electricity market operators and energy regulators could benefit from the economic value
identified for electricity market activities. For example, the 5-minute resolution that PV
monitoring using PWS data could have is that of the imbalance market in the Irish SEM,
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which would enable the assessment of potential demand – generation imbalances caused by
PV. In addition, aggregators could apply the Voronoi model to estimate PV power profiles of
virtual power plants participating in electricity markets. The research community could also
benefit from these models as a stepping stone for further analysis and development in the field
of solar forecasting and solar measurements with local networks, irradiance variability and
monitoring. Overall, the contributions in Part I bring a level of visibility to small-scale solar
PV generators that can turn them from a potential unseen threat to a predictable resource in
the electricity system.

8.1.2 Integration of small-scale PV deployment in tomorrow’s power
networks

The second part of this thesis, formed by Chapters 6 and 7, investigated the interaction
between distributed small-scale PV and energy storage systems as for the anticipated uptake
of the latter due to falling costs in the medium to long-term future. The research question RQ
2 was tackled with a focused on the planning of power systems, where each chapter explored
a different typology of energy storage systems: behind- and front-of-the-meter systems.
Chapter 6 analysed the challenges and changes that stand-alone PV and PV coupled with
behind-the-meter storage could bring into the system’s demand, particularly in the residential
or domestic sector, where these systems are expected to flourish. Chapter 7 then focused on
electricity network parameters affected by stand-alone PV systems and front-of-the-meter
BESS connected in the primary distribution network. Overall, Part II of this thesis covers
the techno-economic role of energy storage systems as higher PV will be integrated in the
power networks of the future in the context of power systems planning.

Regarding the penetration of stand-alone PV systems, the results from Chapter 6 do not
show large differences in the net demand profiles and ramp rates for penetration levels up
to 15%, the traditional industry’s threshold for PV before thorough grid assessment and
interventions are required. A more exhaustive analysis of operational network parameters
in Chapter 7 illustrated that maximum PV hosting capacities can happen after that typical
threshold. However, electrical infrastructure (e.g. in-line voltage regulators) can be negatively
impacted prior to reaching that level. The ability of distributed PV inverters to adjust their
absorption and injection of reactive power supply can highly affect the maximum safe level
of PV integration. It was shown in Chapter 7 that smart control strategies of PV inverters,
such as Volt-Var control, can reduce the duty cycle of voltage regulators in the network and
increase the hosting capacity under presence of grid-scale BESS compared to constant power
factor control.
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When focusing on behind-the-meter energy storage, there are multiple planning decisions
with techno-economic implications regarding the grid integration of these systems:

• solar-charged systems v. solar-plus-grid-charged systems;

• manual charge/discharge control v. smart charge/discharge control;

• flat tariffs v. multi-period tariffs; and

• no incentive v. incentive schemes.

Chapter 6 elucidated the challenges that these decisions can bring to power systems
when considering the balance of real power. It was concluded that battery charging is the
most critical factor affecting electricity demand profiles, where solar-charged BESS can help
minimise undesired behaviours (e.g. spikes of demand) from fleets of storage systems. An
evaluation of manual and smart charge/discharge models showed that smart models based
on peak-shaving can mitigate the appearance of potential constraints that may arise from
manually-set time-of-the-day charge/discharge strategies. When limiting the hourly energy
to charge/discharge in battery systems, multi-period ToU tariffs can assist in flattening the
overall demand of a power system. However, despite their technical potential, their economic
performance resulted lower than single- and dual-period tariffs.

The economics of stand-alone PV and behind-the-meter solar-plus-storage systems were
assessed from the perspective of the owner of the solar system or prosumer. From Chapter 6,
it can be concluded that stand-alone solar PV systems are the only solar system typology
that can bring a reasonable economic profitability in the long-term to residential customers
in Northern Ireland. The economic profitability of behind-the-meter BESS may be limited
technically by the under-use of the energy produced by the solar system (e.g. due to oversized
design) and economically by the absence of incentives and lack of favourable billing options.
To that end, it was shown how feed-in tariffs and net metering schemes could highly improve
the profitability of these systems.

The contribution of Chapter 6 is methodological and lies in bringing together multiple
operational characteristics of behind-the-meter energy storage systems to address their
operational uncertainty. The research presented differentiates from previous studies (e.g. [132,
142, 325, 326]) by assessing multiple operational options of BESS simultaneously, which
provides a more realistic approach on the available BESS control strategies and configuration
of systems, tariffs and billing options. The impact of these operational characteristics on the
aggregated electricity demand profiles was complemented with the economic assessment
from the perspective of consumers. As a result, the economic profitability of solar systems
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devised the most likely scenarios for the evolution of the aggregated electricity demand under
the presence of solar prosumers.

In Chapter 7, the role of front-of-the-meter BESS at grid level was examined according
to the distribution code of Northern Ireland in a particular MV distribution network (i.e., the
IEEE 34-bus system) with presence of distributed PV systems. Multiple scenarios were
implemented to assess the added value of grid-scale BESS and the evolution of operational
parameters of the network as function of PV penetration with diverse smart inverter strategies.
The assessment in Chapter 7 also covered the energy balance of real power and it expanded the
scope to the siting decision of grid-scale BESS within the network, and additional technical
parameters as function of PV penetration, such as: the voltage violations and hosting capacity;
the energy balance for real and reactive power; and variations in maintenance requirements
of electrical infrastructure.

The siting decision of grid-scale BESS in the MV distribution network was based on a
no-preference, multi-parametric optimisation model to estimate the bus whose location would
represent the global optimal attending to diverse techno-economic criteria. Accumulated
annual results from 1-minute resolution data were used in the siting optimisation problem.
However, the optimal solution could differ if different temporal resolution or variables were
used, which resonates with the literature (e.g. [97]) when assessing the most cost-effective
location of BESS considering multiple technical parameters or applications. With front-of-
the-meter BESS at the global optimal bus, the techno-economic assessment was performed,
including estimations of the economic revenue from the supply of real and reactive power.
The conclusions about the role of front-of-the-meter storage in distribution-level power
networks are that grid-scale BESS:

1. reduces the system energy losses;

2. enhances the maximum PV hosting capacity;

3. minimises the requirements of capacitive reactive energy in the network;

4. helps mitigate the extra operation of near-by grid assets, such as in-line voltage regula-
tors, compared to cases with distributed PV and without storage. The maintenance and
replacement costs of in-line voltage regulators increase due to distributed PV, but the
additional cost is low to moderate considering the long lifetime of power infrastructure;

5. the economic profitability can be low or negative when considering typical compen-
sation schemes for large-scale generators at transmission level. The profitability is
mostly penalised by the additional cost of the battery replacements throughout the life
span of the project. Changes in the size, both power output and energy could lead to
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positive profitability, where higher battery inverter power output would report higher
benefits than larger energy capacities.

Nonetheless, the economics of grid-scale BESS could be highly benefited by: (i) a
potential reduction in the battery cost per unit of energy, as observed in the future long-term
trends of lithium-ion technology; (ii) by the development of specific compensation schemes
for distribution network services that reflect the local positive impact that grid-scale system
can provide. To this regard, financial break-even thresholds for the average payment to
generators were explored for the supply of real and reactive power; and (iii) by including
part of the avoided cost of CO2 emission trading credits from the extra PV enabled by
grid-scale BESS as part of the revenue of the storage system. When considering the scenario
presented with an overall compensation including energy trading and other revenue streams
(e.g. ancillary services, avoided cost of CO2 credits, etc.), the economic profitability of the
grid-level BESS can be enhanced by stacking multiple revenue streams. In the medium to
long-term future (towards 2030 and beyond), as DER continue deploying at distribution
network level and the transition from DNO into DSO continues, it is reasonable to consider
the appearance of new distribution-specific services. It is feasible that DSOs will then need
to control local micro-grids and require additional services, such as inertia support, and
islanding detection, compensation and restoration. Thus, the transition from DNO into DSO
might bring transmission-like services to the distribution network level.

The novelty and contribution of Chapter 7 is also methodological with the simultaneous
analysis of distributed PV and grid-level storage systems, which includes: the siting decision
of energy storage, the PV hosting capacity including multiple control strategies for PV
inverters, the quantification of the revenue of grid services from real and reactive power
supply, where the latter is generally not addressed in the literature, and the exploration of
profitable compensation grid-scale BESS providing distribution-specific services.

The contributions in Part II of this thesis tackling RQ 2 could benefit stakeholders
involved in the planning of power systems, such as system operators, utility companies and
policy makers, including regulators and governments. The understanding of the changes
in power networks brought by PV penetration has been elucidated through a high-level
overview about the balance of real power in Chapter 6 and with the particularities of a
network’s design in Chapter 7. The generic net demand profiles modelled in Chapter 6
could help identify and analyse renewable penetration levels leading to potential operation
constraints (e.g. duck curve problem). The benefits identified by PV inverters with smart
control operation, such as Volt-Var, could help distribution system operators in the definition
of technical requirements for future connections as part of the planning process. The
economic results for behind-the-meter storage systems can assist policy makers to determine
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incentive and tariff schemes that could positively impact the profitability of small-scale
PV-plus-storage systems. The economics for front-of-the-meter storage systems showcase
business models and compensation schemes that could make profitable grid-level BESS.
Overall, the methodology and findings can contribute to illustrate scenarios with a sustainable,
controlled integration of solar energy and inform the different actors to instruct the decision-
making in new policy or amendments thereof towards facilitating distributed solar power
integration and distributed storage in the electricity networks of the future.

The particular framework of the Northern Irish power system was examined regarding
the development and implementation of high-presence scenarios for small-scale solar PV.
The findings, which can point policy makers into directions of action, identified three main
barriers for a broad deployment of small-scale PV systems. These are: (i) the slow roll-out
of advanced metering infrastructure (i.e., smart meters), only occurring at the end of life of
conventional devices; (ii) the lack of billing options for prosumers and/or prosumer-specific
tariffs; and (iii) the absence of economic incentives, currently available in the Republic of
Ireland, i.e. the other jurisdiction of the Irish SEM.

8.2 Directions of Future Work

This section presents several recommendations for future research extending from the themes
presented by this thesis. In addition, some directions of work that could be further developed
are discussed.

8.2.1 Regional estimation and monitoring of small-scale PV generation

Concerning the regional estimation of small-scale PV generation with the Voronoi model, the
research done could transition into a development stage to be tested and identify the strengths
and value in an industry context. The possibility to access near real-time weather and
radiation data could lead to the potential development of industry and research applications
for PWS networks, which could well serve the interests of stakeholders in the field of solar
PV grid integration and its management.

Regarding the market value estimated for small-scale PV, future work could address the
development of new business and market models, where small-scale PV or other micro-
generation systems could participate within the markets as part of virtual power plants.
In relation also to electricity markets, the potential correlation between small-scale PV
generation and demand – supply imbalances could be assessed at an all-island level or by
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breaking down the imbalances of each jurisdiction of the Irish power system as Northern
Ireland concentrates the majority of PV capacity, both utility- and small-scale systems.

8.2.2 Small-scale PV and behind-the-meter storage systems

The assessment of the behind-the-meter PV-plus-storage systems elucidated that the main
challenges for the profitability of these systems were technical and economic. It was con-
cluded that the technical aspects limiting the profitability are related to an under-performance
of the systems due to, for instance, oversizing of the system and the subsequent waste of
locally produced green energy that would be fed back into the grid or curtailed. To this end,
the surplus of PV power could be investigated in other applications at domestic level. For
example, thermal storage applications using the surplus of PV power to partly replace the
energy for the production of domestic hot water or air conditioning as heating and cooling
are primary end-uses of residential energy consumption. In addition, energy communities
and communal systems could be investigated to increase the usability and performance of
these systems. In addition, the lack of incentives and tariffs for consumers with PV installed
was identified as an economic barrier for small-scale PV systems. Thus, future work could
focus on the design and evaluation of different schemes that would improve the profitability
of behind-the-meter PV-plus-storage systems.

8.2.3 Small-scale PV and front-of-the-meter storage systems

The techno-economic assessment of front-of-the-meter BESS in presence of distributed,
small-scale PV concluded that this type of systems may not be economically profitable per
se. Nevertheless, there is potential for a positive profitability with new distribution-specific
services and with additional revenue streams. For example, the extra avoided economic costs
in CO2 emission trading credits, which are enabled by the battery deployment, could be
included as part of the revenue streams of grid-scale storage systems. In consequence, future
research could continue exploring these services as a possibility and the design of markets
and ownership schemes that would allow these practices while ensuring the principles of
competence in the electricity markets and the independence of system operators and market
participants.

8.2.4 Suggested topics for further research

Some ideas for potential research are suggested below, which could be advanced upon the
findings of this thesis:
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1. Following the analysis of the inter-area variability of solar resource with the proposed
σV I metric, the broad effects on days with increased inter-area standard deviation could
be investigated further. For example, if the increased inter-area deviation appears
randomly or there are patterns depending on meteorological conditions or topography.

2. The assessment of irradiance measurements from PWS and BSRN thermopile pyra-
nometers was limited in terms of comparing irradiance measurements at the same
locations. This limitation may evidence the large errors observed under all-sky con-
ditions. Thus, further work is required to assess the actual uncertainty of PWS data
under all-sky conditions by comparing thermopile pyranometers and PWS irradiance
observations at the same locations. The assessment could also extend to satellite-based
observations.

3. Related also to irradiance measurements from PWS data and silicon-photodiode sen-
sors, calibration models based on machine learning methods could be investigated to
determine the broadband irradiance and deal with the uncertainty of complex variables
linked to the composition of the atmosphere.

4. Using the 5-minute resolution that PWS data could enable for PV monitoring, the
impact of small-scale PV generation on demand – generation imbalances within the
Irish SEM could be analysed. Since the temporal resolutions are the same, rates of
change and correlations between PV generation and imbalances could be examined.
This analysis could also extend to other European electricity markets.

5. The impact on the performance of grid-scale BESS could be further assessed in
presence of PV inverters of mixed technologies, where different control strategies
(e.g. constant PF and Volt-Var) are present simultaneously. This assessment could
help determine the extent to which network characteristics related to energy balances,
voltage profiles and PV hosting capacities are affected by the technology of PV
inverters.
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Appendix A

Small-scale PV connected to bulk supply
points

This appendix contains data regarding the installed capacity of small-scale PV systems in
Northern Ireland, which are utilised in chapter 4 as input for the model to estimate the
aggregated PV production at regional level.

The sources of these data are: small-scale PV connected data (as of January 2019) by
NIE networks through private communications, rest of data (i.e. geographical coordinates,
associated MetOffice weather station and accumulated travelled distance) by the author as
resulted from investigation or modelling.

The accumulated travelled distance is utilised to determine the centre of minimum
distance and median centre, which are two of the upscaling methods benchmarked as part of
Chapter 4.
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Table A.1 Inputs and modelling data for the aggregated generation of small-scale PV per Bulk Supply
Point.

BSP area BSP name BSP
latitude

BSP
longitude

Weather
Station

Total PV
(kWp)

PV G98
(kWp)

PV G99
(kWp)

Acc. Travelled
Distance (km)

BSP 01 Enniskillen 54.367 -7.633 57063 4,928.00 4,684.00 244.00 3,161.00
BSP 02 Strabane 54.853 -7.430 1543 3,897.69 3,822.69 75.00 2,581.86
BSP 03 Springtown 55.020 -7.334 56963 924.51 924.51 0 2,596.34
BSP 04 Lisaghmore 54.981 -7.304 1543 1,212.12 1,212.12 0 2,496.63
BSP 05 Omagh 54.578 -7.281 1543 4,496.09 4,496.09 0 2,357.52
BSP 06 Coolkeeragh 55.043 -7.249 56963 778.85 738.85 40.00 2,517.49
BSP 07 Limavady 55.024 -6.916 56963 1,899.28 1,802.28 97.00 2,115.85
BSP 08 Dungannon 54.533 -6.749 1530 10,236.81 4,461.81 5,775.00 1,704.48
BSP 09 Coleraine 55.110 -6.687 56963 3,069.51 3,069.51 0 2,129.17
BSP 10 Loguestown 55.148 -6.656 1467 2,170.84 1,641.34 529.50 2,211.53
BSP 11 Creagh 54.761 -6.493 1448 2,104.30 1,814.30 290.00 1,452.87
BSP 12 Drumnakelly 54.402 -6.455 1530 6,146.32 4,356.32 1,790.00 1,635.02
BSP 13 Newry 54.179 -6.320 1488 4,394.18 3,621.18 773.00 2,151.70
BSP 14 Waringstown 54.450 -6.308 1450 2,653.12 2,573.12 80.00 1,476.32
BSP 15 Ballymena 54.851 -6.285 1448 5,009.38 4,501.38 508.00 1,481.87
BSP 16 Banbridge 54.344 -6.246 1504 3,249.87 3,129.37 120.50 1,685.47
BSP 17 Antrim 54.728 -6.221 1450 10,575.26 2,095.26 8,480.00 1,315.71
BSP 18 Lisburn 54.521 -6.091 1450 4,338.85 3,349.85 989.00 1,338.50
BSP 19 Finaghy 54.570 -5.995 1450 768.16 699.16 69.00 1,295.11
BSP 20 Glengormley 54.685 -5.966 1450 436.09 394.09 42.00 1,306.79
BSP 21 Donegall North/South 54.591 -5.954 1450 1,835.38 1,205.38 630.00 1,291.68
BSP 22 Carnmoney 54.687 -5.954 1450 941.69 941.69 0 1,316.09
BSP 23 Belfast Central 54.605 -5.925 1450 288.76 223.76 65.00 1,300.32
BSP 24 Belfast North 54.611 -5.920 1450 195.00 0 195.00 1,302.22
BSP 25 Power Station West 54.617 -5.906 1450 776.41 754.41 22.00 1,313.16
BSP 26 Cregagh 54.583 -5.896 1450 1,079.55 697.55 382.00 1,339.15
BSP 27 Ballynahinch 54.391 -5.878 1504 5,373.57 4,693.57 680.00 1,714.64
BSP 28 Rosebank 54.576 -5.868 1450 9,853.59 2,093.59 7,760.00 1,374.20
BSP 29 Larne 54.848 -5.857 1467 3,189.94 3,004.94 185.00 1,643.14
BSP 30 Knock 54.594 -5.856 1450 1,007.51 963.51 44.00 1,374.68
BSP 31 Eden 54.738 -5.783 1450 2,053.32 1,986.32 67.00 1,544.48
BSP 32 Newtownards 54.603 -5.678 1504 7,992.98 2,958.98 5,034.00 1,642.30
BSP 33 Rathgael 54.646 -5.672 1450 2,949.67 2,949.67 0 1,645.92



Appendix B

Validation results for the aggregation
model of small-scale PV

This appendix presents additional validation results for the model presented in Chapter
4. The normalised results in kW/kWp for power measurements and kWh/kWp for energy
measurements. The overall monthly error metrics are presented and are followed by the
metrics of individual sites for several temporal resolutions. Graphs with the regression
analysis for 1-day energy generation in each validation site are also provided.

Table B.1 Monthly validation results for the regression analysis of 15-minute values.

Metric Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

RMSE (kW) 2.7752 4.7251 5.9024 8.3144 8.5934 7.5367 7.2424 7.4542 7.1530 6.2144 3.1594 2.5320
nRMSE (kW/kWp) 0.0390 0.0665 0.0830 0.1170 0.1209 0.1060 0.1019 0.1049 0.1006 0.0874 0.0444 0.0356
R-square 0.7778 0.8107 0.7943 0.6990 0.7195 0.7701 0.7226 0.6854 0.6545 0.7177 0.8288 0.6891
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(a) Site 1 (b) Site 2

(c) Site 3 (d) Site 4

Fig. B.1 Comparison of normalised estimated daily solar energy between the centroid of the bulk
supply point and the installation in the same area expressed in kWh/kWp (sites 1 to 4).
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(a) Site 5 and 6 (b) Site 7

(c) Site 8 (d) Site 9

Fig. B.2 Comparison of normalised estimated daily solar energy between the centroid of the bulk
supply point and the installation in the same area expressed in kWh/kWp (sites 5 to 9).



304

(a) Site 10 (b) Site 11 and 12

(c) Site 13 (d) Site 14 and 15

Fig. B.3 Comparison of normalised estimated daily solar energy between the centroid of the bulk
supply point and the installation in the same area expressed in kWh/kWp (sites 10 to 15).



Appendix C

Python Programming Code for Solar
Modelling

This appendix presents several of the functions used for the modelling of the different models
presented throughout the thesis.

POA Irradiance Estimation

Functions to decompose the GHI using the Erbs model (Eq. 3.15 [181]) and transpose the
irradiance to the plane-of-array of the PV system (β ) using the Hay & Davies model (Eq. 3.24
[188]).

1 # L i b r a r i e s r e q u i r e d f o r t h e f u n c t i o n
2 import pandas as pd
3 import p v l i b
4
5 def d e c o m p o s i t i o n _ e r b s ( df , l a t , l o n ) :
6 " " "
7 F u n c t i o n t o per fo rm t h e d e c o m p o s i t i o n model f o r g l o b a l h o r i z o n t a l
8 i r r a d i a n c e based on Erbs e t a l . model ( 1 9 9 2 ) .
9

10 Parame ter s
11 −−−−−−−−−−
12 d f : DATAFRAME
13 DataFrame o f 1 o f GHI v a l u e s w i t h d a t e t i m e i n d e x
14 l a t : FLOAT
15 L a t i t u d e o f t h e l o c a t i o n .
16 l o n : FLOAT
17 L o n g i t u d e o f t h e l o c a t i o n .
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18
19 R e t u r n s
20 −−−−−−−
21 d f _ s o l c o m p _ e r b s : DATAFRAME
22 DataFrame w i t h components o f s o l a r i r r a d i a n c e : DNI , DHI and GHI .
23
24 " " "
25 # Times tamps
26 t i m e s = df . i n d e x . copy ( )
27 # S o l a r p o s i t i o n e s t i m a t e d w i t h p v l i b
28 s o l p o s = p v l i b . s o l a r p o s i t i o n . g e t _ s o l a r p o s i t i o n ( t imes , l a t , l o n )
29 # C re a t e DataFrame f o r r e s u l t s
30 d f _ s o l c o m p _ e r b s = pd . DataFrame ( )
31 f o r i in range ( l e n ( d f ) ) :
32 s o l c o m p _ e r b s = p v l i b . i r r a d i a n c e . e r b s ( d f . l o c [ i ] [ 0 ] ,
33 s o l p o s [ " z e n i t h " ] [ i ] ,
34 t i m e s [ i ] )
35 s o l c o m p _ e r b s = pd . DataFrame ( so lcomp_erbs ,
36 columns= s o l c o m p _ e r b s . keys ( ) ,
37 i n d e x = [ 0 ] )
38 d f _ s o l c o m p _ e r b s = d f _ s o l c o m p _ e r b s . append ( s o l c o m p _ e r b s )
39 # R e s e t t i m e zone aware i n d e x
40 d f _ s o l c o m p _ e r b s = d f _ s o l c o m p _ e r b s . r e s e t _ i n d e x ( drop =True )
41 # S e t t h e i n i t i a l d a t e t i m e i n d e x as i n d e x
42 d f _ s o l c o m p _ e r b s [ ’ d a t e t i m e ’ ] = t i m e s . copy ( )
43 d f _ s o l c o m p _ e r b s = d f _ s o l c o m p _ e r b s . s e t _ i n d e x ( ’ d a t e t i m e ’ )
44 # Add t h e GHI t o t h e DataFrame o f r e s u l t s w i t h DNI and DHI
45 d f _ s o l c o m p _ e r b s = pd . merge_aso f ( d f_so l comp_e rbs ,
46 d f . l o c [ i ] [ 0 ] . t o _ f r a m e ( ) ,
47 l e f t _ i n d e x =True , r i g h t _ i n d e x =True ,
48 d i r e c t i o n = ’ backward ’ )
49 re turn d f _ s o l c o m p _ e r b s
50
51
52 def t r a n s p o s i t i o n _ h a y d a v i e s ( df , df_solcomp , l a t , lon , s _ t i l t , s _ a z i m u t h ) :
53 " " "
54 F u n c t i o n t o per fo rm t h e d e c o m p o s i t i o n model f o r g l o b a l h o r i z o n t a l
55 i r r a d i a n c e based on Hay & Davies model ( 1 9 8 0 ) .
56
57 Parame ter s
58 −−−−−−−−−−
59 d f : DATAFRAME
60 DataFrame o f 1 column : GHI v a l u e s w i t h d a t e t i m e i n d e x .
61 d f _ s o l c o m p : DATAFRAME
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62 S o l a r components ( r e s u l t e d from ’ d e c o m p o s i t i o n _ e r b s ’ )
63 l a t : FLOAT
64 L a t i t u d e o f t h e l o c a t i o n .
65 l o n : FLOAT
66 L o n g i t u d e o f t h e l o c a t i o n .
67 s _ t i l t : FLOAT
68 S u r f a c e t i l t a n g l e f o r t h e PV a r r a y [ de g re e ] .
69 s _ a z i m u t h : FLOAT
70 S u r f a c e a z i m u t h a n g l e f o r t h e PV a r r a y (180 de g re e=Sou th ) [ d eg re e ] .
71
72 R e t u r n s
73 −−−−−−−
74 poa : SERIES
75 S e r i e s o f POA i r r a d i a n c e [W/ m2]
76 " " "
77 # Times tamps
78 t i m e s = df . i n d e x . copy ( )
79 # S o l a r p o s i t i o n e s t i m a t e d w i t h p v l i b
80 s o l p o s = p v l i b . s o l a r p o s i t i o n . g e t _ s o l a r p o s i t i o n ( t imes , l a t , l o n )
81 # E x t r a t e r r e s t r i a l DNI e s t i m a t e d w i t h p v l i b
82 d n i _ e x t r a = p v l i b . i r r a d i a n c e . g e t _ e x t r a _ r a d i a t i o n ( t i m e s )
83 # Angle o f I n c i d e n c e o f t h e s u r f a c e t i l t and a z i m u t h
84 a o i = p v l i b . i r r a d i a n c e . a o i ( s _ t i l t , s_az imuth ,
85 s o l p o s [ ’ a p p a r e n t _ z e n i t h ’ ] ,
86 s o l p o s [ ’ az imu th ’ ] )
87 # Sky ’ s d i f f u s e POA i r r a d i a n c e u s i n g t h e Hay & Davies model :
88 p o a _ s k y _ d i f f u s e = p v l i b . i r r a d i a n c e . h a y d a v i e s ( s _ t i l t , s_az imuth ,
89 df_so lcomp [ ’ d h i ’ ] ,
90 df_so lcomp [ ’ d n i ’ ] ,
91 d n i _ e x t r a = d n i _ e x t r a ,
92 s o l a r _ z e n i t h = s o l p o s [ ’ a p p a r e n t _ z e n i t h ’ ] ,
93 s o l a r _ a z i m u t h = s o l p o s [ ’ az imu th ’ ] ,
94 p r o j e c t i o n _ r a t i o =None )
95 # Ground ’ s d i f f u s e POA i r r a d i a n c e
96 # Albedo v a l u e i s t h e annua l average f o r B e l f a s t i n 2018 . Source : SoDa
97 p o a _ g r o u n d _ d i f f u s e = p v l i b . i r r a d i a n c e . g e t _ g r o u n d _ d i f f u s e ( s _ t i l t ,
98 df_so lcomp . i l o c [ : , 3 ] ,
99 a l b e d o =0 .027620 ,

100 s u r f a c e _ t y p e =None )
101 # E s t i m a t e t h e g l o b a l POA i r r a d i a n c e from DNI , s k y POA and ground POA
102 poa = p v l i b . i r r a d i a n c e . poa_components ( ao i ,
103 df_so lcomp [ ’ d n i ’ ] ,
104 p o a _ s k y _ d i f f u s e ,
105 p o a _ g r o u n d _ d i f f u s e )
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106 re turn poa

Irradiance to PV Power Conversion

Function to convert the POA irradiance to power output using the Huld et al. [211] and
Faiman’s [218] models.

1 # L i b r a r i e s r e q u i r e d f o r t h e f u n c t i o n
2 import pandas as pd
3 import math
4
5 def pv_per fo rmance_Huld ( poa , temp_amb , wind , module_power , pv_ tech , eff_nom ) :
6 " " "
7
8 F u n c t i o n t h a t c a l c u l a t e s u n i t a r y PV e l e c t r i c i t y g e n e r a t i o n from s o l a r
9 i r r a d i a n c e based on t h e PV per fomance model Huld e t a l . ( 2 0 1 1 ) .

10
11 C a l l Example :
12 pv_per formance_Huld ( 5 0 0 , 25 , 3 , 1 . 6 , ’ c−S i ’ , 1 5 . 5 )
13
14
15 Parame ter s
16 −−−−−−−−−−
17 poa : FLOAT
18 plane −of −a r r a y (POA) g l o b a l i r r a d i a n c e i n W/ m2 .
19 temp_amb : FLOAT
20 ambien t t e m p e r a t u r e i n de gr ee C e l s i u s .
21 wind : FLOAT
22 DESCRIPTION .
23 module_power : FLOAT
24 Power o f t h e PV module i n Wat t s from t h e d a t a s h e e t . I t can work as
25 area t o o ( u s u a l l y 1 .3 −1.7 m2 and w i t h 1 . 6 m2 t h e most common s i z e ) .
26 p v _ t e c h : STRING
27 pv t e c h n o l o g y t o c o n s i d e r :
28 ’ c−S i ’ : Wafer−based c r y s t a l l i n e s i l i c o n ;
29 ’CIGS ’ : copper ind ium g a l l i u m s e l e n i d e ; and
30 ’CdTE ’ : cadmium t e l l u r i d e .
31 e f f _nom : FLOAT
32 STC nomina l e f f i c i e n c y o f t h e PV module i n p e r c e n t a g e .
33
34 R e t u r n s
35 −−−−−−−
36 pv_power : FLOAT
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37 Model led power o u t p u t i n Wat t s .
38
39 " " "
40 # C o e f f i c i e n t s ( k1 t o k6 ) f o r model
41 # Source : h t t p : / / r e . j r c . ec . europa . eu / p v g _ s t a t i c / methods . h tm l ( Tab le 2 )
42 t e c h = [ ’ c− S i ’ , ’CIGS ’ , ’CdTE ’ ] # p o s s i b l e t e c h n o l o g i e s
43 c o e f f s = [ ’ k1 ’ , ’ k2 ’ , ’ k3 ’ , ’ k4 ’ , ’ k5 ’ , ’ k6 ’ ] # c o e f f i c i e n t s names
44 c o e f f i c i e n t s = [ ( −0 .0 172 37 , −0.005554 , −0 .046689) , # k1
45 ( −0 .040465 , −0.038724 , −0 .072844) , # k2
46 ( −0 .004702 , −0.003723 , −0 .002262) , # k3
47 ( 0 . 0 0 0 1 4 9 , −0.000905 , 0 . 0 0 0 2 7 6 ) , # k4
48 ( 0 . 0 0 0 1 7 0 , −0.001256 , 0 . 0 0 0 1 5 9 ) , # k5
49 ( 0 . 0 0 0 0 0 5 , 0 . 0 0 0 0 0 1 , −0 .000006) ] # k6
50 # Form a DataFrame w i t h t h e c o e f f i c i e n t s
51 c o e f f _ d f = pd . DataFrame ( c o e f f i c i e n t s , columns = tech , i n d e x = c o e f f s )
52 # Array o f k_n c o e f f i c i e n t s f o r s e l e c t e d t e c h n o l o g y
53 kn = c o e f f _ d f [ p v _ t e c h ]
54
55 # Thermal c o e f f i c i e n t s (W*m−2*K−1)
56 # Source : Faiman ( 2 0 0 8 ) ( Tab le I I I : combined f i t , l e a d i n g t o l e a s t e r r o r ) .
57 u0 = 2 5 . 0
58 u1 = 6 . 8 4
59 # Tempera ture o f t h e module from Faiman 2008 .
60 temp_module = temp_amb + poa / ( u0 + u1* wind )
61 # Tempera ture a d j u s t e d from STC t e s t ( T ’m i n pa pe r s ’ e q u a t i o n s )
62 temp_module_adj = temp_module − 25
63 # i r r a d i a n c e a d j u s t e d from STC t e s t (G’ i n pa pe r s ’ e q u a t i o n s )
64 g = poa /1000 # d i m e n s i o n l e s s
65 # R e l a t i v e e f f i c i e n c y ( e f f _ r e l )
66 e f f _ r e l = 1 + kn [ 0 ] * math . l o g ( g ) + kn [ 1 ] * math . l o g ( g )**2 + \
67 kn [ 2 ] * temp_module_adj + kn [ 3 ] * temp_module_adj * math . l o g ( g ) \
68 + kn [ 4 ] * temp_module_adj * math . l o g ( g )**2 + kn [ 5 ] * temp_module_adj **2
69 # Power c a l c u l a t i o n ( pv_power )
70 pv_power = g* module_power * ( eff_nom / 1 0 0 ) * e f f _ r e l
71 re turn pv_power



Appendix D

Characteristics of the IEEE 34-node test
feeder

The IEEE 34-node test feeder is used in the Chapter 7 for the assessment of distributed PV
and grid-scale BESS. The characteristics of the feeder are presented in this appendix. Data
source: IEEE Distribution System Analysis Subcommittee [347].

Table D.1 Definitions and configurations of over-head lines.

Config. Phasing Phase ACSR Neutral ACSR Spacing ID

300 B A C N 1/0 1/0 500
301 B A C N #2 6/1 #2 6/1 500
302 A N #4 6/1 #4 6/1 510
303 B N #4 6/1 #4 6/1 510
304 B N #2 6/1 #2 6/1 510
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Table D.2 Line segment data.

Node A Node B Length (ft.) Line Type Node A Node B Length (ft.) Line Type

800 802 2580 300 834 860 2020 301
802 806 1730 300 834 842 280 301
806 808 32230 300 836 840 860 301
808 810 5804 303 836 862 280 301
808 812 37500 300 842 844 1350 301
812 814 29730 300 844 846 3640 301
814 850 10 301 846 848 530 301
816 818 1710 302 850 816 310 301
816 824 10210 301 852 832 10 301
818 820 48150 302 854 856 23330 303
820 822 13740 302 854 852 36830 301
824 826 3030 303 858 864 1620 302
824 828 840 301 858 834 5830 301
828 830 20440 301 860 836 2680 301
830 854 520 301 862 838 4860 304
832 858 4900 301 888 890 10560 300
832 888 0 XFM-1

Table D.3 Transformer data.

kVA kV-high kV-low R (%) X (%)

Substation: 2500 69 - D 24.9 -Gr. W 1 8
XFM-1: 500 24.9 - Gr.W 4.16 - Gr. W 1.9 4.08

Table D.4 Spot loads.

Node Load Model Ph-1 kW Ph-1 kVAr Ph-2 kW Ph-2 kVAr Ph-3 kW Ph-4 kVAr

860 Y-PQ 20 16 20 16 20 16
840 Y-I 9 7 9 7 9 7
844 Y-Z 135 105 135 105 135 105
848 D-PQ 20 16 20 16 20 16
890 D-I 150 75 150 75 150 75
830 D-Z 10 5 10 5 25 10

Total 344 224 344 224 359 229
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Table D.5 Distributed loads.

Node A Node B Load Model Ph-1 kW Ph-1 kVAr Ph-2 kW Ph-2 kVAr Ph-3 kW Ph-3 kVAr

802 806 Y-PQ 0 0 30 15 25 14
808 810 Y-I 0 0 16 8 0 0
818 820 Y-Z 34 17 0 0 0 0
820 822 Y-PQ 135 70 0 0 0 0
816 824 D-I 0 0 5 2 0 0
824 826 Y-I 0 0 40 20 0 0
824 828 Y-PQ 0 0 0 0 4 2
828 830 Y-PQ 7 3 0 0 0 0
854 856 Y-PQ 0 0 4 2 0 0
832 858 D-Z 7 3 2 1 6 3
858 864 Y-PQ 2 1 0 0 0 0
858 834 D-PQ 4 2 15 8 13 7
834 860 D-Z 16 8 20 10 110 55
860 836 D-PQ 30 15 10 6 42 22
836 840 D-I 18 9 22 11 0 0
862 838 Y-PQ 0 0 28 14 0 0
842 844 Y-PQ 9 5 0 0 0 0
844 846 Y-PQ 0 0 25 12 20 11
846 848 Y-PQ 0 0 23 11 0 0

Total 262 133 240 120 220 114

Table D.6 Shunt capacitors data.

Node Ph-A (kVAr) Ph-B (kVAr) Ph-C (kVAr)

844 100 100 100
848 150 150 150

Total 250 250 250
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Table D.7 In-line voltage regulators data.

Regulator ID: 1 2

Line Segment: 814 - 850 852 - 832
Location: 814 852
Phases: A-B-C A-B-C
Connection: 3-Ph, LG 3-Ph, LG
Monitoring Phase: A-B-C A-B-C
Bandwidth: 2.0 volts 2.0 volts
PT Ratio: 120 120
Primary CT Rating: 100 100
Compensator Settings: Ph-A Ph-B Ph-C Ph-A Ph-B Ph-C
R - Setting: 2.7 2.7 2.7 2.5 2.5 2.5
X - Setting: 1.6 1.6 1.6 1.5 1.5 1.5
Voltage Level: 122 122 122 124 124 124

Table D.8 Statistics of the seasonal demand in kW for week days in the IEEE 34-node test feeder with
Elexon’s residential profiles (Profile Class 1 – Domestic Unrestricted Customers).

Percentile Winter Wd Spring Wd Summer Wd High Summer Wd Autumn Wd

Minimum 512.83 477.10 438.02 446.71 444.97
25% 701.60 642.02 587.43 582.70 605.18
50% 1,084.90 939.42 848.93 844.60 887.63
75% 1,296.47 1,055.11 961.40 936.67 1,037.19

Maximum 1,871.71 1,309.99 1,111.67 1,113.47 1,435.53
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OpenDSS Programming Code

This appendix provides with the code to simulate the IEEE 34-bus system in the tool
OpenDSS developed by the Electric Power Research Institute. The simulation is ran using
the Python API of the tool.

OpenDSS-Python code

1 # I mp or t needed l i b r a r i e s
2 import os
3 import win32com . c l i e n t
4
5 # D e f i n i t i o n o f OpenDSS c l a s s and f u n c t i o n s
6 c l a s s DSS( o b j e c t ) : # DSS c l a s s
7
8 #

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−#

9 def _ _ i n i t _ _ ( s e l f , dssF i leName ) :
10
11 # C re a t e a new i n s t a n c e o f t h e DSS
12 s e l f . dssObj = win32com . c l i e n t . D i s p a t c h ( " OpenDSSEngine . DSS" )
13
14 # S t a r t t h e DSS
15 i f s e l f . d ssObj . S t a r t ( 0 ) == F a l s e :
16 p r i n t ( ’A problem was found i n i t i a t i n g OpenDSS ’ )
17 e l s e :
18 # A s s i g n a v a r i a b l e t o each o f t h e i n t e r f a c e s f o r e a s i e r

a c c e s s
19 s e l f . d s s T e x t = s e l f . ds sObj . Text
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20 s e l f . d s s C i r c u i t = s e l f . ds sObj . A c t i v e C i r c u i t
21 s e l f . d s s S o l u t i o n = s e l f . d s s C i r c u i t . S o l u t i o n
22 s e l f . dssElem = s e l f . d s s C i r c u i t . A c t i v e C k t E l e m e n t
23 s e l f . dssBus = s e l f . d s s C i r c u i t . Ac t iveBus
24 s e l f . d s s L i n e s = s e l f . d s s C i r c u i t . L i n e s
25 s e l f . d s s T r a n s f o r m e r = s e l f . d s s C i r c u i t . T r a n s f o r m e r s
26 p r i n t ( ’OpenDSS s u c c e s f u l l y i n i t i a t e d . ’ )
27 # Clear t h e DSS when l o a d i n g a new c i r c u i t
28 s e l f . dssObj . C l e a r A l l ( )
29
30 # Load t h e g i v e n c i r c u i t ma s t e r f i l e i n t o OpenDSS
31 s e l f . d s s T e x t . Command = " compi l e " + dssF i leName
32 p r i n t ( ’OpenDSS f i l e : \ n ’ , dssFi leName ,
33 ’ \ n **** C i r c u i t S u c c e s f u l l y l o a d e d and compi l ed . **** ’ )
34
35 #OpenDSS f o l d e r
36 s e l f . OpenDSS_fo lder_pa th = os . p a t h . d i rname ( dssF i leName )
37
38 #

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

39 # −−−−−−−−−−−−−−−− FUNCTIONS TO ADD/ EDIT ELEMENTS
−−−−−−−−−−−−−−−−−−−−−−−−

40 #
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

41
42 def de f ine_PVpf ( s e l f , cap1 , cap2 , p f =1) :
43 # A c t i v a t i n g and Changing C a p a c i t y o f e l e m e n t s o f PV PF

o p e r a t i o n
44 # PVxa − w i t h name en d in g i n ’ a ’ are t h o s e w i t h PV PF
45 # PVxb − w i t h name en d in g i n ’ b ’ are t h o s e w i t h PV V o l t V a r
46 # A l l PV s y s t e m s
47 systems_A = [ ’ pv1a ’ , ’ pv2a ’ , ’ pv3a ’ , ’ pv4a ’ ,
48 ’ pv5a ’ , ’ pv6a ’ , ’ pv7a ’ , ’ pv8a ’ ]
49 sys tems_B = [ ’ pv1b ’ , ’ pv2b ’ , ’ pv3b ’ , ’ pv4b ’ ,
50 ’ pv5b ’ , ’ pv6b ’ , ’ pv7b ’ , ’ pv8b ’ ]
51
52 f o r systemA in systems_A :
53 i f systemA == ’ pv7a ’ :
54 s e l f . d s s C i r c u i t . S e t A c t i v e E l e m e n t ( " PVSystem . " + systemA )
55 s e l f . d s s T e x t . Command = " PVSystem . " + systemA +\
56 " . Pmpp=" + s t r ( cap2 )
57 s e l f . d s s T e x t . Command = " PVSystem . " + systemA +\
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58 " . kVA=" + s t r ( cap2 )
59 s e l f . d s s T e x t . Command = " PVSystem . " + systemA +\
60 " . PF=" + s t r ( p f )
61 e l s e :
62 s e l f . d s s C i r c u i t . S e t A c t i v e E l e m e n t ( " PVSystem . " + systemA )
63 s e l f . d s s T e x t . Command = " PVSystem . " + systemA +\
64 " . Pmpp=" + s t r ( cap1 )
65 s e l f . d s s T e x t . Command = " PVSystem . " + systemA +\
66 " . kVA=" + s t r ( cap1 )
67 s e l f . d s s T e x t . Command = " PVSystem . " + systemA +\
68 " . PF=" + s t r ( p f )
69
70 # D e a c t i v a t e PV s y s t e m s w i t h V o l t V a r mode and c o n t r o l l e r
71 f o r systemB in sys tems_B :
72 s e l f . d s s T e x t . Command = " PVSystem . " + systemB + " . e n a b l e d =no "
73 # C o n t r o l l e r
74 s e l f . d s s T e x t . Command = " I n v C o n t r o l . I nvPVCt r l . e n a b l e d =no "
75
76 def def ine_PVvv ( s e l f , cap1 , cap2 ) :
77 # F u n c t i o n t o d e f i n e a l l 8 PV S y s t e m s w i t h v o l t −var o p e r a t i o n
78 # PVxa − w i t h name en d in g i n ’ a ’ are t h o s e w i t h PV PF
79 # PVxb − w i t h name en d in g i n ’ b ’ are t h o s e w i t h PV V o l t V a r
80 # A l l PV s y s t e m s
81 systems_A = [ ’ pv1a ’ , ’ pv2a ’ , ’ pv3a ’ , ’ pv4a ’ ,
82 ’ pv5a ’ , ’ pv6a ’ , ’ pv7a ’ , ’ pv8a ’ ]
83 sys tems_B = [ ’ pv1b ’ , ’ pv2b ’ , ’ pv3b ’ , ’ pv4b ’ ,
84 ’ pv5b ’ , ’ pv6b ’ , ’ pv7b ’ , ’ pv8b ’ ]
85
86 f o r systemB in sys tems_B :
87 # Recuded C a p a c i t y f o r PV7 ( r e s t r i c t e d due t o t r a n s f o r m e r

s i z e )
88 i f systemB == ’ pv7b ’ :
89 s e l f . d s s C i r c u i t . S e t A c t i v e E l e m e n t ( " PVSystem . " + systemB )
90 s e l f . d s s T e x t . Command = " PVSystem . " + systemB +\
91 " . Pmpp=" + s t r ( cap2 )
92 s e l f . d s s T e x t . Command = " PVSystem . " + systemB +\
93 " . kVA=" + s t r ( cap2 )
94 e l s e :
95 s e l f . d s s C i r c u i t . S e t A c t i v e E l e m e n t ( " PVSystem . " + \
96 systemB )
97 s e l f . d s s T e x t . Command = " PVSystem . " + systemB +\
98 " . Pmpp=" + s t r ( cap1 )
99 s e l f . d s s T e x t . Command = " PVSystem . " + systemB +\

100 " . kVA=" + s t r ( cap1 )
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101
102 # I n v e r t e r V o l t V a r C o n t r o l l e r
103 s e l f . d s s T e x t . Command = " I n v C o n t r o l . I nvPVCt r l . e n a b l e d = yes "
104
105 # D e a c t i v a t e PV s y s t e m s w i t h c o n s t a n t PowerFactor
106 f o r systemA in systems_A :
107 s e l f . d s s T e x t . Command = " PVSystem . " + systemA + " . e n a b l e d =no "
108
109
110
111
112 def defineBESS ( s e l f , power_kW , energy_kWh ) :
113 " " " F u n c t i o n t o d e f i n e gr id −s c a l e BESS " " "
114 s e l f . d s s C i r c u i t . S e t A c t i v e E l e m e n t ( ’ S t o r a g e . b e s s ’ )
115 s e l f . d s s T e x t . Command = ’ S t o r a g e . b e s s . kWrated= ’ + s t r ( power_kW )
116 s e l f . d s s T e x t . Command = ’ S t o r a g e . b e s s . kWhrated= ’ + s t r ( energy_kWh

)
117
118 def add_moni torPVpf ( s e l f ) :
119 # S e t m o n i t o r i n g e l e m e n t i n PV s y s t e m s PF
120 s y s t e m s = [ ’ pv1a ’ , ’ pv2a ’ , ’ pv3a ’ , ’ pv4a ’ ,
121 ’ pv5a ’ , ’ pv6a ’ , ’ pv7a ’ , ’ pv8a ’ ]
122 f o r sys tem in s y s t e m s :
123 s e l f . d s s T e x t . Command = "New m o n i t o r . " + sys tem +\
124 " _ v o l t a g e e l e m e n t =PVSystem . " + sys tem + " t e r m i n a l =1

mode=0 "
125 s e l f . d s s T e x t . Command = "New m o n i t o r . " + sys tem +\
126 " _ v a r i a b l e s e l e m e n t =PVSystem . " + sys tem + " t e r m i n a l =1

mode=3 "
127 s e l f . d s s T e x t . Command = "New m o n i t o r . " + sys tem +\
128 " _power e l e m e n t =PVSystem . " + sys tem +\
129 " t e r m i n a l =1 mode=1 p p o l a r =no "
130
131 def add_monitorPVvv ( s e l f ) :
132 # s e l f . a d d _ m o n i t o r g e n e r a l ( )
133 # S e t m o n i t o r i n g e l e m e n t i n PV s y s t e m s VV
134 s y s t e m s = [ ’ pv1b ’ , ’ pv2b ’ , ’ pv3b ’ , ’ pv4b ’ ,
135 ’ pv5b ’ , ’ pv6b ’ , ’ pv7b ’ , ’ pv8b ’ ]
136 f o r sys tem in s y s t e m s :
137 s e l f . d s s T e x t . Command = "New m o n i t o r . " + sys tem +\
138 " _ v o l t a g e e l e m e n t =PVSystem . " + sys tem + " t e r m i n a l =1

mode=0 "
139 s e l f . d s s T e x t . Command = "New m o n i t o r . " + sys tem +\



318

140 " _ v a r i a b l e s e l e m e n t =PVSystem . " + sys tem + " t e r m i n a l =1
mode=3 "

141 s e l f . d s s T e x t . Command = "New m o n i t o r . " + sys tem +\
142 " _power e l e m e n t =PVSystem . " + sys tem +\
143 " t e r m i n a l =1 mode=1 p p o l a r =no "
144
145 def add_moni torBESSpf ( s e l f ) :
146 # Add m o n i t o r i n g e l e m e n t s f o r s u b s t a t i o n and PV PF
147 s e l f . add_moni torPVpf ( )
148 # Moni tor BESS
149 s e l f . d s s T e x t . Command = "New m o n i t o r . b e s s _ v o l t a g e " + \
150 " e l e m e n t = S t o r a g e . b e s s t e r m i n a l =1 mode=0 "
151 s e l f . d s s T e x t . Command = "New m o n i t o r . b e s s _ v a r i a b l e s " + \
152 " e l e m e n t = S t o r a g e . b e s s t e r m i n a l =1 mode=3 "
153 s e l f . d s s T e x t . Command = "New m o n i t o r . be s s_power s " + \
154 " e l e m e n t = S t o r a g e . b e s s t e r m i n a l =1 mode=1 p p o l a r =no "
155
156 def add_monitorBESSvv ( s e l f ) :
157 # Add m o n i t o r i n g e l e m e n t s f o r s u b s t a t i o n and PV VV
158 s e l f . add_monitorPVvv ( )
159 # Moni tor BESS
160 s e l f . d s s T e x t . Command = "New m o n i t o r . b e s s _ v o l t a g e " + \
161 " e l e m e n t = S t o r a g e . b e s s t e r m i n a l =1 mode=0 "
162 s e l f . d s s T e x t . Command = "New m o n i t o r . b e s s _ v a r i a b l e s " + \
163 " e l e m e n t = S t o r a g e . b e s s t e r m i n a l =1 mode=3 "
164 s e l f . d s s T e x t . Command = "New m o n i t o r . be s s_power s " + \
165 " e l e m e n t = S t o r a g e . b e s s t e r m i n a l =1 mode=1 p p o l a r =no "
166
167 def e x p o r t _ r e s u l t s g e n e r a l ( s e l f ) :
168 # E xp or t t a p changes and Even t l o g
169 s e l f . d s s T e x t . Command = " Ex por t EventLog "
170 s e l f . d s s T e x t . Command = " Ex por t Taps "
171
172 def e x p o r t _ r e s u l t s P V p f ( s e l f ) :
173 s e l f . e x p o r t _ r e s u l t s g e n e r a l ( )
174 # E xp or t PV r e s u l t s
175 s y s t e m s = [ ’ pv1a ’ , ’ pv2a ’ , ’ pv3a ’ , ’ pv4a ’ ,
176 ’ pv5a ’ , ’ pv6a ’ , ’ pv7a ’ , ’ pv8a ’ ]
177 f o r sys tem in s y s t e m s :
178 s e l f . d s s T e x t . Command = " Ex po r t m o n i t o r s " + sys tem + "

_ v o l t a g e "
179 s e l f . d s s T e x t . Command = " Ex po r t m o n i t o r s " + sys tem + " _power

"
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180 s e l f . d s s T e x t . Command = " Ex po r t m o n i t o r s " + sys tem + "
_ v a r i a b l e s "

181
182 def e x p o r t _ r e s u l t s P V v v ( s e l f ) :
183 s e l f . e x p o r t _ r e s u l t s g e n e r a l ( )
184 # E xp or t PV r e s u l t s
185 s y s t e m s = [ ’ pv1b ’ , ’ pv2b ’ , ’ pv3b ’ , ’ pv4b ’ ,
186 ’ pv5b ’ , ’ pv6b ’ , ’ pv7b ’ , ’ pv8b ’ ]
187 f o r sys tem in s y s t e m s :
188 s e l f . d s s T e x t . Command = " Ex po r t m o n i t o r s " + sys tem + "

_ v o l t a g e "
189 s e l f . d s s T e x t . Command = " Ex po r t m o n i t o r s " + sys tem + " _power

"
190 s e l f . d s s T e x t . Command = " Ex po r t m o n i t o r s " + sys tem + "

_ v a r i a b l e s "
191
192 def e x p o r t _ r e s u l t s B E S S p f ( s e l f ) :
193 # Genera l and PV PF r e s u l t s
194 s e l f . e x p o r t _ r e s u l t s P V p f ( )
195 # BESS r e s u l t s
196 s e l f . d s s T e x t . Command = " Ex por t m o n i t o r s b e s s _ v o l t a g e "
197 s e l f . d s s T e x t . Command = " Ex por t m o n i t o r s bes s_power s "
198 s e l f . d s s T e x t . Command = " Ex por t m o n i t o r s b e s s _ v a r i a b l e s "
199
200 def e x p o r t _ r e s u l t s B E S S v v ( s e l f ) :
201 # Genera l and PV VV r e s u l t s
202 s e l f . e x p o r t _ r e s u l t s P V v v ( )
203 # BESS r e s u l t s
204 s e l f . d s s T e x t . Command = " Ex por t m o n i t o r s b e s s _ v o l t a g e "
205 s e l f . d s s T e x t . Command = " Ex por t m o n i t o r s bes s_power s "
206 s e l f . d s s T e x t . Command = " Ex por t m o n i t o r s b e s s _ v a r i a b l e s "
207
208 #

=============================================================================

209 # SIMULATION STARTS HERE
210 #

=============================================================================

211
212 i f __name__ == " __main__ " :
213 # Change d i c t i o n a r y
214 os . c h d i r ( "D : \ \ pv+ g r i d s c a l e \ \ d s s _ s i m u l a t i o n " )
215 # D e f i n i t i o n o f c a s e s o f s i m u l a t i o n
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216 c a s e s = ( ’ PV_pf ’ , # D i s t r i b u t e d PV w i t h c o n s t a n t PF=1
217 ’ PV_pf095 ’ , # D i s t r i b u t e d PV w i t h PV=0.95 i n d
218 ’ PV_pf095c ’ , # D i s t r i b u t e d PV w i t h PV=0.95 cap
219 ’ PV_vv ’ , # D i s t r i b u t e d PV w i t h v o l t −var o p e r a t i o n
220 ’ BESS_pf ’ , # PV c o n s t a n t PF p l u s Grid −s c a l e b a t t e r y s t o r a g e
221 ’ BESS_vv ’ ) # PV w i t h v o l t −var and Grid −s c a l e BESS
222
223 # S c e n a r i o s f o r PV p e n e t r a t i o n ( p e n e t r a t i o n , cap1 , cap2 )
224 # cap1 = C a p a c i t y f o r s i t e s PV1−PV6 and PV8 ; cap2 = C a p a c i t y f o r

s i t e PV7
225 s c e n a r i o s = [ ( 5 , 5 8 . 2 , 5 8 . 2 ) , ( 1 0 , 1 1 6 . 4 , 1 1 6 . 4 ) , ( 1 5 ,

1 7 4 . 7 , 1 7 4 . 7 ) ,
226 ( 2 0 , 2 3 2 . 9 , 2 3 2 . 9 ) , ( 2 5 , 2 9 1 . 1 , 2 9 1 . 1 ) , ( 3 0 ,

3 4 9 . 3 , 3 4 9 . 3 ) ,
227 ( 3 5 , 4 1 5 . 9 , 3 4 9 . 3 ) , ( 4 0 , 4 8 2 . 4 , 3 4 9 . 3 ) , ( 4 5 ,

549 , 3 4 9 . 3 ) ,
228 ( 5 0 , 6 1 5 . 5 , 3 4 9 . 3 ) , ( 5 5 , 6 8 2 . 1 , 3 4 9 . 3 ) , ( 6 0 ,

7 4 8 . 6 , 3 4 9 . 3 ) ,
229 ( 6 5 , 8 1 5 . 1 , 3 4 9 . 3 ) , ( 7 0 , 8 8 1 . 7 , 3 4 9 . 3 ) , ( 7 5 ,

9 4 8 . 2 , 3 4 9 . 3 ) ]
230
231 # I t e r a t e over s c e n a r i o s
232 f o r s c e n a r i o , cap1 , cap2 in s c e n a r i o s :
233 p r i n t ( ’ P r o c e s s i n g s c e n a r i o ’ , s c e n a r i o , "%" )
234 # I t e r a t e over c a s e s
235 f o r c a s e in c a s e s :
236 p r i n t ( ’ P r o c e s s i n g c a s e : ’ , c a s e )
237 # C re a t e o j e c t o f C l a s s DSS w i t h Master f i l e
238 dssObj = DSS( r "D : \ \ pv+ g r i d s c a l e \ \ d s s _ s i m u l a t i o n \ \

ieee34Mod2ed . d s s " )
239
240 # C o n t i n u e s i m u l a t i o n a c c o r d i n g t o t h e case
241 i f c a s e == ’ PV_pf ’ :
242 # Add D i s t r i b u t e d PV w i t h c o n s t a n t PF
243 dssObj . de f ine_PVpf ( cap1 , cap2 , p f =1)
244 # Add M o n i t o r i n g e l e m e n t s t o t h e case
245 dssObj . add_moni torPVpf ( )
246
247 e l i f c a s e == ’ PV_pf095 ’ :
248 # Add D i s t r i b u t e d PV w i t h c o n s t a n t PF
249 dssObj . de f ine_PVpf ( cap1 , cap2 , p f = 0 . 9 5 )
250 # Add M o n i t o r i n g e l e m e n t s t o t h e case
251 dssObj . add_moni torPVpf ( )
252
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253 e l i f c a s e == ’ PV_pf095c ’ :
254 # Add D i s t r i b u t e d PV w i t h c o n s t a n t PF
255 dssObj . de f ine_PVpf ( cap1 , cap2 , p f = −0.95)
256 # Add M o n i t o r i n g e l e m e n t s t o t h e case
257 dssObj . add_moni torPVpf ( )
258
259 e l i f c a s e == ’ PV_vv ’ :
260 # Add D i s t r i b u t e d PV w i t h Vo l t −var c o n t r o l
261 dssObj . def ine_PVvv ( cap1 , cap2 )
262 # Add M o n i t o r i n g e l e m e n t s t o t h e case
263 dssObj . add_monitorPVvv ( )
264
265 e l i f c a s e == ’ BESS_pf ’ :
266 # Add D i s t r i b u t e d PV w i t h c o n s t a n t PF
267 dssObj . de f ine_PVpf ( cap1 , cap2 , p f =1)
268 # Add BESS
269 dssObj . d s s T e x t . Command = " R e d i r e c t b e s s 1 . d s s "
270 # D e f i n i t i o n o f t h e b a t t e r y s y s t e m
271 dssObj . d s s T e x t . Command = "New S t o r a g e . b e s s p h a s e s =3 " + \
272 " bus1 = 8 5 0 . 1 . 2 . 3 kv =24 .9 kva =1190 kwra t ed =950 " + \
273 " kwhra ted =3800 Ef fCurve = E f f %s t o r e d =66 "
274 # Real Power c o n t r o l w i t h S e a s o n a l C o n t r o l l e r ( Peak

s h a v i n g )
275 dssObj . d s s T e x t . Command = "New S t o r a g e C o n t r o l l e r .

b e s s P _ C t r l " + \
276 " e l e m e n t = Line . L24 t e r m i n a l =1 " + \
277 " ModeCharge=PeakShaveLow kWTargetLow =640 "
278 dssObj . d s s T e x t . Command = " ~ ModeDischarge=PeakShave " + \
279 " kWTarget =1050 "
280 dssObj . d s s T e x t . Command = " ~ Seasons =5 " + \
281 " S e a s o n T a r g e t s = [1 3 00 ,1 0 50 ,9 6 0 , 94 0 , 1 04 0 ] "
282 dssObj . d s s T e x t . Command=" ~ SeasonTarge t sLow

= [ 7 0 0 , 6 4 0 , 5 9 0 , 5 8 0 , 6 0 0 ] "
283 dssObj . d s s T e x t . Command=" ~ %r e s e r v e =20 EventLog=no "
284 # R e a c t i v e Energy C o n t r o l l e r
285 dssObj . d s s T e x t . Command = " R e d i r e c t b e s s 2 . d s s "
286 dssObj . def ineBESS ( power_kW =950 , energy_kWh =950*4)
287 # Add M o n i t o r i n g e l e m e n t s t o t h e case
288 dssObj . add_moni torBESSpf ( )
289
290 e l i f c a s e == ’ BESS_vv ’ :
291 # Add D i s t r i b u t e d PV w i t h Vo l t −var c o n t r o l
292 dssObj . def ine_PVvv ( cap1 , cap2 )
293 # Add BESS
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294 dssObj . d s s T e x t . Command = " R e d i r e c t b e s s 1 . d s s "
295 # D e f i n i t i o n o f t h e b a t t e r y s y s t e m
296 dssObj . d s s T e x t . Command = "New S t o r a g e . b e s s p h a s e s =3 " + \
297 " bus1 = 8 5 0 . 1 . 2 . 3 kv =24 .9 kva =1190 kwra t ed =950 " + \
298 " kwhra ted =3800 Ef fCurve = E f f %s t o r e d =66 "
299 # Real Power c o n t r o l w i t h S e a s o n a l C o n t r o l l e r ( Peak

s h a v i n g )
300 dssObj . d s s T e x t . Command = "New S t o r a g e C o n t r o l l e r .

b e s s P _ C t r l " + \
301 " e l e m e n t = Line . L24 t e r m i n a l =1 " + \
302 " ModeCharge=PeakShaveLow kWTargetLow =640 "
303 dssObj . d s s T e x t . Command = " ~ ModeDischarge=PeakShave " + \
304 " kWTarget =1050 "
305 dssObj . d s s T e x t . Command = " ~ Seasons =5 " + \
306 " S e a s o n T a r g e t s = [1 3 00 ,1 0 50 ,9 6 0 , 94 0 , 1 04 0 ] "
307 dssObj . d s s T e x t . Command = " ~ SeasonTarge t sLow

= [ 7 0 0 , 6 4 0 , 5 9 0 , 5 8 0 , 6 0 0 ] "
308 dssObj . d s s T e x t . Command = " ~ %r e s e r v e =20 EventLog=no "
309 # R e a c t i v e Energy C o n t r o l l e r
310 dssObj . d s s T e x t . Command = " R e d i r e c t b e s s 2 . d s s "
311 dssObj . def ineBESS ( power_kW =950 , energy_kWh =950*4)
312 # Add M o n i t o r i n g e l e m e n t s ( ’ e n e r g y m e t e r ’ and ’ m o n i t o r ’

t o t h e case )
313 dssObj . add_monitorBESSvv ( )
314
315 # Common commands o f t h e s i m u l a t i o n f o r any case :
316 # S e t s i m u l a t i o n c o n t r o l s :
317 # Maximum i t e r a t i o n s f o r C o n t r o l e l e m e n t s
318 dssObj . d s s S o l u t i o n . M a x C o n t r o l I t e r a t i o n s = 1000
319 # Maximum i t e r a t i o n s f o r power f l o w c o n v e r g e n c e
320 dssObj . d s s S o l u t i o n . M a x I t e r a t i o n s = 1000
321 " " " S e t " DemandIn t e rva l " t o t r u e so t h a t en e rg y q u a n t i t i e s

r e c o r d e d
322 by e ne r gy m e t e r s are r e c o r d e d f o r each t i m e s t e p and s e t "

casename "
323 t o d e f i n e a d i r e c t o r y under d e f a u l t d i r e c t o r y i n which a l l

o f t h e
324 demand i n t e r v a l da ta i s r e c o r d e d .
325 (NOTE: S e t t i n g Demand=t r u e r e s e t s a l l e n e r g y m e t e r s . ) " " "
326
327 # S e t and C a l c u l a t e V o l t a g e Bases
328 dssObj . d s s T e x t . Command =" S e t V o l t a g e B a s e s = [ 6 9 , 2 4 . 9 , 4 . 1 6 ,

0 . 4 8 ] "
329 dssObj . d s s T e x t . Command = " C a l c V o l t a g e B a s e s "
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330 # Turn o v e r l o a d r e p o r t ON
331 dssObj . d s s T e x t . Command = " S e t o v e r l o a d r e p o r t = t r u e "
332 # V o l t a g e e x c e p t i o n r e p o r t
333 dssObj . d s s T e x t . Command = " S e t v o l t e x c e p t i o n r e p o r t = t r u e "
334 # demand i n t e r v a l ON
335 dssObj . d s s T e x t . Command = " S e t d e m a n d i n t e r v a l = t r u e "
336 # v e r b o s e mode i s ON
337 dssObj . d s s T e x t . Command = " S e t DIVerbose= t r u e "
338 # Add Case
339 dssObj . d s s T e x t . Command = " S e t casename=" +\
340 s t r ( s c e n a r i o ) + ’ _ ’ + c a s e
341 # D e f i n e t h e mode , s t e p s i z e and s i m u l a t i o n s t e p s
342 # 1 year s i m u l a t i o n w i t h 1− mi nu t e s t e p s
343 dssObj . d s s T e x t . Command =" S e t Mode= y e a r l y s t e p s i z e =1m number

=525600 "
344 # S e t Network c o n d i t i o n s t o N o r t h e rn I r i s h D i s t r i b u t i o n Code
345 # t o a c c o u n t f o r over and under −v o l t a g e e v e n t s .
346 # O/ V and U/ V below Over 1 . 1 and below 0 . 8 5
347 dssObj . d s s T e x t . Command = " S e t normvmaxpu =1 .1 "
348 dssObj . d s s T e x t . Command = " S e t normvminpu =0.85 "
349 dssObj . d s s T e x t . Command = " S e t emergvmaxpu =1.101 "
350 dssObj . d s s T e x t . Command = " S e t emergvminpu =0.849 "
351
352 # S o l v e t h e s i m u l a t i o n
353 dssObj . d s s S o l u t i o n . So lve ( )
354 # Close demand i n t e r v a l f i l e s a t end o f run
355 dssObj . d s s T e x t . Command = " c l o s e d i "
356 p r i n t ( "SIMULATION : c a s e " , case ,
357 "− s c e n a r i o " , s c e n a r i o , "% COMPLETED" )
358
359 # E xp or t d e s i r e d r e s u l t s
360 i f c a s e == ’ PV_pf ’ :
361 # E xp or t R e s u l t s PV w i t h c o n s t a n t PF
362 dssObj . e x p o r t _ r e s u l t s P V p f ( )
363 e l i f c a s e == ’ PV_pf095 ’ :
364 # E xp or t R e s u l t s PV w i t h c o n s t a n t PF
365 dssObj . e x p o r t _ r e s u l t s P V p f ( )
366 e l i f c a s e == ’ PV_pf095c ’ :
367 # E xp or t R e s u l t s PV w i t h c o n s t a n t PF
368 dssObj . e x p o r t _ r e s u l t s P V p f ( )
369 e l i f c a s e == ’ PV_vv ’ :
370 # E xp or t R e s u l t s PV w i t h Vo l t −var c o n t r o l
371 dssObj . e x p o r t _ r e s u l t s P V v v ( )
372 e l i f c a s e == ’ BESS_pf ’ :
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373 # E xp or t R e s u l t s BESS and PV PF
374 dssObj . e x p o r t _ r e s u l t s B E S S p f ( )
375 e l i f c a s e == ’ BESS_vv ’ :
376 # E xp or t R e s u l t s BESS and PV VV
377 dssObj . e x p o r t _ r e s u l t s B E S S v v ( )
378 # P r i n t s t a t u s
379 p r i n t ( "RESULTS : c a s e " , case , " | s c e n a r i o " , s c e n a r i o , "%

EXPORTED" )
380 p r i n t ( " ******* RUNNING NEXT SIMULATION *******\ n " )
381
382 # Clear da ta from s i m u l a t i o n
383 dssObj . dssObj . C l e a r A l l ( )
384 # S i m u l a t i o n s Comple ted
385 p r i n t ( " ******* ALL SIMULATIONS COMPLETED *******\ n " )

OpenDSS code

Main OpenDSS file (ieee34Mod2ed.dss) with the characteristics of the network.

1 ! ************ Main f i l e IEEE 34− bus t e s t f e e d e r **************
2 ! Source : OpenDSS ( EPRI )
3 ! *************************************************************
4 ! Modi f i ed (Mod 2) v e r s i o n o f IEEE 34− bus t e s t c a s e wi th b u s e s added
5 ! i n t h e midd le o f l i n e s e c t i o n s . Th i s g i v e s a b e t t e r match t o t h e
6 ! ’ d i s t r i b u t e d load ’ model used i n t h e t e s t c a s e . The DSS Line model
7 ! p r e s e n t l y does n o t s u p p o r t t h e d i s t r i b u t e d l o a d c o n c e p t . Load
8 ! o b j e c t s may be a t t a c h e d on ly a t b u s e s .
9 ! T h e r e f o r e , m i d p o i n t b u s e s a r e c r e a t e d i n t h i s ne twork .

10
11 C l e a r
12
13 New o b j e c t = c i r c u i t . i e ee34 −2
14 ~ basekv =69 pu =1.00 a n g l e =30 mvasc3 =200000
15
16 ! S u b s t a t i o n T r a n s f o r m e r
17 ! Very low %Z and no s h u n t r e a c t a n c e added and %r ve ry low
18 New T r a n s f o r m e r . SubXF Pha se s =3 Windings =2 Xhl =0 .001 ppm=0
19 ~ wdg=1 bus= s o u r c e b u s conn= D e l t a kv=69 kva =25000 %r =0.0005
20 ~ wdg=2 bus =800 conn=wye kv =24 .9 kva =25000 %r =0.0005
21
22 ! Line codes wi th phase impedance m a t r i c e s :
23 ! assumes o r i g i n a l o r d e r i s ABC r a t h e r t h a n BAC
24 New l i n e c o d e . 3 0 0 n p h a s e s =3 b a s e f r e q =50 ! ohms p e r 1000 f t C o r r e c t e d

1 1 / 3 0 / 0 5
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25 ~ r m a t r i x = [0 .253181818 | 0 .039791667 0 . 2 5 0 7 1 9 6 9 7 | 0 .040340909
0 .039128788 0 .251780303] !ABC ORDER

26 ~ x m a t r i x = [0 .252708333 | 0 .109450758 0 . 2 5 6 9 8 8 6 3 6 | 0 .094981061
0 .086950758 0 .255132576]

27 ~ CMATRIX = [2 .680150309 | −0 .769281006 2 .5610381 | −0.499507676
−0.312072984 2 .455590387 ]

28 New l i n e c o d e . 3 0 1 n p h a s e s =3 b a s e f r e q =50
29 ~ r m a t r i x = [0 .365530303 | 0 .04407197 0 .36282197 |

0 .04467803 0 .043333333 0 .363996212]
30 ~ x m a t r i x = [0 .267329545 | 0 .122007576 0.270473485 |

0 .107784091 0 .099204545 0 .269109848]
31 ~ c m a t r i x = [2 .572492163 | −0.72160598 2.464381882 |

−0.472329395 −0.298961096 2 .368881119]
32 New l i n e c o d e . 3 0 2 n p h a s e s =1 b a s e f r e q =50
33 ~ r m a t r i x = ( 0 . 5 3 0 2 0 8 )
34 ~ x m a t r i x = ( 0 . 2 8 1 3 4 5 )
35 ~ c m a t r i x = ( 2 . 1 2 2 5 7 )
36 New l i n e c o d e . 3 0 3 n p h a s e s =1 b a s e f r e q =50
37 ~ r m a t r i x = ( 0 . 5 3 0 2 0 8 )
38 ~ x m a t r i x = ( 0 . 2 8 1 3 4 5 )
39 ~ c m a t r i x = ( 2 . 1 2 2 5 7 )
40 New l i n e c o d e . 3 0 4 n p h a s e s =1 b a s e f r e q =50
41 ~ r m a t r i x = ( 0 . 3 6 3 9 5 8 )
42 ~ x m a t r i x = ( 0 . 2 6 9 1 6 7 )
43 ~ c m a t r i x = ( 2 . 1 9 2 2 )
44
45 ! De f i ne L i n e s and mid− p o i n t b u s e s
46 New Line . L1 Pha se s =3 Bus1 = 8 0 0 . 1 . 2 . 3 Bus2 = 8 0 2 . 1 . 2 . 3 LineCode

=300 Length =2 .58 u n i t s = k f t
47 New Line . L2a Pha se s =3 Bus1 = 8 0 2 . 1 . 2 . 3 Bus2=mid806 . 1 . 2 . 3 LineCode

=300 Length = ( 1 . 7 3 2 / ) u n i t s = k f t
48 New Line . L2b Pha se s =3 Bus1=mid806 . 1 . 2 . 3 Bus2 = 8 0 6 . 1 . 2 . 3 LineCode

=300 Length = ( 1 . 7 3 2 / ) u n i t s = k f t
49 New Line . L3 Pha se s =3 Bus1 = 8 0 6 . 1 . 2 . 3 Bus2 = 8 0 8 . 1 . 2 . 3 LineCode

=300 Length =32.23 u n i t s = k f t
50 New Line . L4a Pha se s =1 Bus1 =808 .2 Bus2=Mid810 . 2 LineCode

=303 Length = ( 5 . 8 0 4 2 / ) u n i t s = k f t
51 New Line . L4b Pha se s =1 Bus1=Mid810 . 2 Bus2 =810.2 LineCode

=303 Length = ( 5 . 8 0 4 2 / ) u n i t s = k f t
52 New Line . L5 Pha se s =3 Bus1 = 8 0 8 . 1 . 2 . 3 Bus2 = 8 1 2 . 1 . 2 . 3 LineCode

=300 Length =37 .5 u n i t s = k f t
53 New Line . L6 Pha se s =3 Bus1 = 8 1 2 . 1 . 2 . 3 Bus2 = 8 1 4 . 1 . 2 . 3 LineCode

=300 Length =29.73 u n i t s = k f t
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54 New Line . L7 Pha se s =3 Bus1 =814 r . 1 . 2 . 3 Bus2 = 8 5 0 . 1 . 2 . 3 LineCode
=301 Length =0 .01 u n i t s = k f t

55 New Line . L24 Pha se s =3 Bus1 = 8 5 0 . 1 . 2 . 3 Bus2 = 8 1 6 . 1 . 2 . 3 LineCode
=301 Length =0 .31 u n i t s = k f t

56 New Line . L8 Pha se s =1 Bus1 =816 .1 Bus2 =818.1 LineCode
=302 Length =1 .71 u n i t s = k f t

57 New Line . L9a Pha se s =3 Bus1 = 8 1 6 . 1 . 2 . 3 Bus2=mid824 . 1 . 2 . 3 LineCode
=301 Length = ( 1 0 . 2 1 2 / ) u n i t s = k f t

58 New Line . L9b Pha se s =3 Bus1=mid824 . 1 . 2 . 3 Bus2 = 8 2 4 . 1 . 2 . 3 LineCode
=301 Length = ( 1 0 . 2 1 2 / ) u n i t s = k f t

59 New Line . L10a Pha se s =1 Bus1 =818 .1 Bus2=mid820 . 1 LineCode
=302 Length = ( 4 8 . 1 5 2 / ) u n i t s = k f t

60 New Line . L10b Pha se s =1 Bus1=mid820 . 1 Bus2 =820.1 LineCode
=302 Length = ( 4 8 . 1 5 2 / ) u n i t s = k f t

61 New Line . L11a Pha se s =1 Bus1 =820 .1 Bus2=mid822 . 1 LineCode
=302 Length = ( 1 3 . 7 4 2 / ) u n i t s = k f t

62 New Line . L11b Pha se s =1 Bus1=mid822 . 1 Bus2 =822.1 LineCode
=302 Length = ( 1 3 . 7 4 2 / ) u n i t s = k f t

63 New Line . L12a Pha se s =1 Bus1 =824 .2 Bus2=mid826 . 2 LineCode
=303 Length = ( 3 . 0 3 2 / ) u n i t s = k f t

64 New Line . L12b Pha se s =1 Bus1=mid826 . 2 Bus2 =826.2 LineCode
=303 Length = ( 3 . 0 3 2 / ) u n i t s = k f t

65 New Line . L13a Pha se s =3 Bus1 = 8 2 4 . 1 . 2 . 3 Bus2=mid828 . 1 . 2 . 3 LineCode
=301 Length = ( 0 . 8 4 2 / ) u n i t s = k f t

66 New Line . L13b Pha se s =3 Bus1=mid828 . 1 . 2 . 3 Bus2 = 8 2 8 . 1 . 2 . 3 LineCode
=301 Length = ( 0 . 8 4 2 / ) u n i t s = k f t

67 New Line . L14a Pha se s =3 Bus1 = 8 2 8 . 1 . 2 . 3 Bus2=mid830 . 1 . 2 . 3 LineCode
=301 Length = ( 2 0 . 4 4 2 / ) u n i t s = k f t

68 New Line . L14b Pha se s =3 Bus1=mid830 . 1 . 2 . 3 Bus2 = 8 3 0 . 1 . 2 . 3 LineCode
=301 Length = ( 2 0 . 4 4 2 / ) u n i t s = k f t

69 New Line . L15 Pha se s =3 Bus1 = 8 3 0 . 1 . 2 . 3 Bus2 = 8 5 4 . 1 . 2 . 3 LineCode
=301 Length =0 .52 u n i t s = k f t

70 New Line . L16a Pha se s =3 Bus1 = 8 3 2 . 1 . 2 . 3 Bus2=mid858 . 1 . 2 . 3 LineCode
=301 Length = ( 4 . 9 2 / ) u n i t s = k f t

71 New Line . L16b Pha se s =3 Bus1=mid858 . 1 . 2 . 3 Bus2 = 8 5 8 . 1 . 2 . 3 LineCode
=301 Length = ( 4 . 9 2 / ) u n i t s = k f t

72 New Line . L29a Pha se s =3 Bus1 = 8 5 8 . 1 . 2 . 3 Bus2=mid834 . 1 . 2 . 3 LineCode
=301 Length = ( 5 . 8 3 2 / ) u n i t s = k f t

73 New Line . L29b Pha se s =3 Bus1=mid834 . 1 . 2 . 3 Bus2 = 8 3 4 . 1 . 2 . 3 LineCode
=301 Length = ( 5 . 8 3 2 / ) u n i t s = k f t

74 New Line . L18 Pha se s =3 Bus1 = 8 3 4 . 1 . 2 . 3 Bus2 = 8 4 2 . 1 . 2 . 3 LineCode
=301 Length =0 .28 u n i t s = k f t

75 New Line . L19a Pha se s =3 Bus1 = 8 3 6 . 1 . 2 . 3 Bus2=mid840 . 1 . 2 . 3 LineCode
=301 Length = ( 0 . 8 6 2 / ) u n i t s = k f t



327

76 New Line . L19b Pha se s =3 Bus1=mid840 . 1 . 2 . 3 Bus2 = 8 4 0 . 1 . 2 . 3 LineCode
=301 Length = ( 0 . 8 6 2 / ) u n i t s = k f t

77 New Line . L21a Pha se s =3 Bus1 = 8 4 2 . 1 . 2 . 3 Bus2=mid844 . 1 . 2 . 3 LineCode
=301 Length = ( 1 . 3 5 2 / ) u n i t s = k f t

78 New Line . L21b Pha se s =3 Bus1=mid844 . 1 . 2 . 3 Bus2 = 8 4 4 . 1 . 2 . 3 LineCode
=301 Length = ( 1 . 3 5 2 / ) u n i t s = k f t

79 New Line . L22a Pha se s =3 Bus1 = 8 4 4 . 1 . 2 . 3 Bus2=mid846 . 1 . 2 . 3 LineCode
=301 Length = ( 3 . 6 4 2 / ) u n i t s = k f t

80 New Line . L22b Pha se s =3 Bus1=mid846 . 1 . 2 . 3 Bus2 = 8 4 6 . 1 . 2 . 3 LineCode
=301 Length = ( 3 . 6 4 2 / ) u n i t s = k f t

81 New Line . L23a Pha se s =3 Bus1 = 8 4 6 . 1 . 2 . 3 Bus2=mid848 . 1 . 2 . 3 LineCode
=301 Length = ( 0 . 5 3 2 / ) u n i t s = k f t

82 New Line . L23b Pha se s =3 Bus1=mid848 . 1 . 2 . 3 Bus2 = 8 4 8 . 1 . 2 . 3 LineCode
=301 Length = ( 0 . 5 3 2 / ) u n i t s = k f t

83 New Line . L26a Pha se s =1 Bus1 =854 .2 Bus2=mid856 . 2 LineCode
=303 Length = ( 2 3 . 3 3 2 / ) u n i t s = k f t

84 New Line . L26b Pha se s =1 Bus1=mid856 . 2 Bus2 =856.2 LineCode
=303 Length = ( 2 3 . 3 3 2 / ) u n i t s = k f t

85 New Line . L27 Pha se s =3 Bus1 = 8 5 4 . 1 . 2 . 3 Bus2 = 8 5 2 . 1 . 2 . 3 LineCode
=301 Length =36.83 u n i t s = k f t

86 ! r e g u l a t o r i n h e r e
87 New Line . L25 Pha se s =3 Bus1 =852 r . 1 . 2 . 3 Bus2 = 8 3 2 . 1 . 2 . 3 LineCode

=301 Length =0 .01 u n i t s = k f t
88
89 ! Y−Y Stepdown t r a n s f o r m e r T r a n s f o r m e r
90 New T r a n s f o r m e r .XFM1 Pha se s =3 Windings =2 Xhl =4 .08
91 ~ wdg=1 bus =832 conn=wye kv =24 .9 kva =500 %r =0.95
92 ~ wdg=2 bus =888 conn=Wye kv =4.16 kva =500 %r =0.95
93
94 ! l i n e s c o n t i n u e :
95 New Line . L28a Pha se s =1 Bus1 =858 .1 Bus2=mid864 . 1 LineCode

=303 Length = ( 1 . 6 2 2 / ) u n i t s = k f t
96 New Line . L28b Pha se s =1 Bus1=mid864 . 1 Bus2 =864.1 LineCode

=303 Length = ( 1 . 6 2 2 / ) u n i t s = k f t
97 New Line . L17a Pha se s =3 Bus1 = 8 3 4 . 1 . 2 . 3 Bus2=mid860 . 1 . 2 . 3 LineCode

=301 Length = ( 2 . 0 2 2 / ) u n i t s = k f t
98 New Line . L17b Pha se s =3 Bus1=mid860 . 1 . 2 . 3 Bus2 = 8 6 0 . 1 . 2 . 3 LineCode

=301 Length = ( 2 . 0 2 2 / ) u n i t s = k f t
99 New Line . L30a Pha se s =3 Bus1 = 8 6 0 . 1 . 2 . 3 Bus2=mid836 . 1 . 2 . 3 LineCode

=301 Length = ( 2 . 6 8 2 / ) u n i t s = k f t
100 New Line . L30b Pha se s =3 Bus1=mid836 . 1 . 2 . 3 Bus2 = 8 3 6 . 1 . 2 . 3 LineCode

=301 Length = ( 2 . 6 8 2 / ) u n i t s = k f t
101 New Line . L20 Pha se s =3 Bus1 = 8 3 6 . 1 . 2 . 3 Bus2 = 8 6 2 . 1 . 2 . 3 LineCode

=301 Length =0 .28 u n i t s = k f t
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102 New Line . L31a Pha se s =1 Bus1 =862 .2 Bus2=mid838 . 2 LineCode
=304 Length = ( 4 . 8 6 2 / ) u n i t s = k f t

103 New Line . L31b Pha se s =1 Bus1=mid838 . 2 Bus2 =838.2 LineCode
=304 Length = ( 4 . 8 6 2 / ) u n i t s = k f t

104 New Line . L32 Pha se s =3 Bus1 = 8 8 8 . 1 . 2 . 3 Bus2 = 8 9 0 . 1 . 2 . 3 LineCode
=300 Length =10.56 u n i t s = k f t

105
106 ! C a p a c i t o r s
107 New C a p a c i t o r . C844 Bus1 =844 Ph as e s =3 kVAR=300

kV=24.9
108 New C a p a c i t o r . C848 Bus1 =848 Ph as e s =3 kVAR=450

kV=24.9
109
110 ! R e g u l a t o r s − t h r e e i n d e p e n d e n t p h a s e s
111 ! R e g u l a t o r 1
112 new t r a n s f o r m e r . r e g 1 a p h a s e s =1 w i n d i n gs =2 b u s e s = ( 8 1 4 . 1 814 r . 1 ) conns = ’

wye wye ’ kvs ="14 .376 1 4 . 3 7 6 " kvas ="2000 2000" XHL=.01
113 ~ wdg=1 %r =.0001 wdg=2 %r =.0001 ppm=0
114 new r e g c o n t r o l . c r e g 1 a t r a n s f o r m e r = r e g 1 a wind ing =2 vreg =122 band =2

p t r a t i o =120 c t p r i m =100 R=2.7 X=1.6
115 new t r a n s f o r m e r . r eg1b p h a s e s =1 w i n d i n gs =2 b u s e s = ( 8 1 4 . 2 814 r . 2 ) conns = ’

wye wye ’ kvs ="14 .376 1 4 . 3 7 6 " kvas ="2000 2000" XHL=.01
116 ~ wdg=1 %r =.0001 wdg=2 %r =.0001 ppm=0
117 new r e g c o n t r o l . c r eg 1 b t r a n s f o r m e r = reg1b wind ing =2 vreg =122 band =2

p t r a t i o =120 c t p r i m =100 R=2.7 X=1.6
118 new t r a n s f o r m e r . r e g 1 c p h a s e s =1 w i n d i n gs =2 b u s e s = ( 8 1 4 . 3 814 r . 3 ) conns = ’

wye wye ’ kvs ="14 .376 1 4 . 3 7 6 " kvas ="2000 2000" XHL=.01
119 ~ wdg=1 %r =.0001 wdg=2 %r =.0001 ppm=0
120 new r e g c o n t r o l . c r e g 1 c t r a n s f o r m e r = r e g 1 c wind ing =2 vreg =122 band =2

p t r a t i o =120 c t p r i m =100 R=2.7 X=1.6
121
122 ! R e g u l a t o r 2
123 new t r a n s f o r m e r . r e g 2 a p h a s e s =1 w i n d i n gs =2 b u s e s = ( 8 5 2 . 1 852 r . 1 ) conns = ’

wye wye ’ kvs ="14 .376 1 4 . 3 7 6 " kvas ="2000 2000" XHL=.01
124 ~ wdg=1 %r =.0001 wdg=2 %r =.0001 ppm=0
125 new r e g c o n t r o l . c r e g 2 a t r a n s f o r m e r = r e g 2 a wind ing =2 vreg =124 band =2

p t r a t i o =120 c t p r i m =100 R=2.5 X=1.5 d e l a y =30
126 new t r a n s f o r m e r . r eg2b p h a s e s =1 w i n d i n gs =2 b u s e s = ( 8 5 2 . 2 852 r . 2 ) conns = ’

wye wye ’ kvs ="14 .376 1 4 . 3 7 6 " kvas ="2000 2000" XHL=.01
127 ~ wdg=1 %r =.0001 wdg=2 %r =.0001 ppm=0
128 new r e g c o n t r o l . c r eg 2 b t r a n s f o r m e r = reg2b wind ing =2 vreg =124 band =2

p t r a t i o =120 c t p r i m =100 R=2.5 X=1.5 d e l a y =30
129 new t r a n s f o r m e r . r e g 2 c p h a s e s =1 w i n d i n gs =2 b u s e s = ( 8 5 2 . 3 852 r . 3 ) conns = ’

wye wye ’ kvs ="14 .376 1 4 . 3 7 6 " kvas ="2000 2000" XHL=.01
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130 ~ wdg=1 %r =.0001 wdg=2 %r =.0001 ppm=0
131 new r e g c o n t r o l . c r e g 2 c t r a n s f o r m e r = r e g 2 c wind ing =2 vreg =124 band =2

p t r a t i o =120 c t p r i m =100 R=2.5 X=1.5 d e l a y =30
132
133 ! s p o t l o a d s
134 New Load . S860 Bus1 =860 Ph ase s =3 Conn=Wye Model=1 kV= 24 .900

kW= 6 0 . 0 kVAR= 4 8 . 0
135 New Load . S840 Bus1 =840 Ph ase s =3 Conn=Wye Model=5 kV= 24 .900

kW= 2 7 . 0 kVAR= 2 1 . 0
136 New Load . S844 Bus1 =844 Ph ase s =3 Conn=Wye Model=2 kV= 24 .900

kW= 405 .0 kVAR= 315 .0
137 New Load . S848 Bus1 =848 Ph ase s =3 Conn= D e l t a Model=1 kV= 24 .900

kW= 6 0 . 0 kVAR= 4 8 . 0
138 New Load . S830a Bus1 = 8 3 0 . 1 . 2 Ph ase s =1 Conn= D e l t a Model=2 kV= 24 .900

kW= 1 0 . 0 kVAR= 5 . 0
139 New Load . S830b Bus1 = 8 3 0 . 2 . 3 Ph ase s =1 Conn= D e l t a Model=2 kV= 24 .900

kW= 1 0 . 0 kVAR= 5 . 0
140 New Load . S830c Bus1 = 8 3 0 . 3 . 1 Ph ase s =1 Conn= D e l t a Model=2 kV= 24 .900

kW= 2 5 . 0 kVAR= 1 0 . 0
141 New Load . S890 Bus1 =890 Ph ase s =3 Conn= D e l t a Model=5 kV= 4 .160

kW= 450 .0 kVAR= 225 .0
142
143 ! d i s t r i b u t e d l o a d s c o n n e c t e d t o l i n e mid p o i n t s
144 New Load . D802_806b Bus1=Mid806 . 2 Ph as e s =1 Conn=Wye Model=1 kV=

14 .376 kW= 30 kVAR= 15
145 New Load . D802_806c Bus1=Mid806 . 3 Ph as e s =1 Conn=Wye Model=1 kV=

14 .376 kW= 25 kVAR= 14
146 New Load . D808_810b Bus1=Mid810 . 2 Ph as e s =1 Conn=Wye Model=5 kV=

14 .376 kW= 16 kVAR= 8
147 New Load . D818_820a Bus1=mid820 . 1 Ph as e s =1 Conn=Wye Model=2 kV=

14 .376 kW= 34 kVAR= 17
148 New Load . D820_822a Bus1=mid822 . 1 Ph as e s =1 Conn=Wye Model=1 kV=

14 .376 kW= 135 kVAR= 70
149 New Load . D816_824b Bus1=mid824 . 2 . 3 Ph as e s =1 Conn= D e l t a Model=5 kV=

24 .900 kW= 5 kVAR= 2
150 New Load . D824_826b Bus1=mid826 . 2 Ph as e s =1 Conn=Wye Model=5 kV=

14 .376 kW= 4 0 . 0 kVAR= 2 0 . 0
151 New Load . D824_828c Bus1=mid828 . 3 Ph as e s =1 Conn=Wye Model=1 kV=

14 .376 kW= 4 . 0 kVAR= 2 . 0
152 New Load . D828_830a Bus1=mid830 . 1 Ph as e s =1 Conn=Wye Model=1 kV=

14 .376 kW= 7 kVAR= 3
153 New Load . D854_856b Bus1=mid856 . 2 Ph as e s =1 Conn=Wye Model=1 kV=

14 .376 kW= 4 kVAR= 2
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154 New Load . D832_858a Bus1=mid858 . 1 . 2 Ph as e s =1 Conn= D e l t a Model=2 kV=
24 .900 kW= 7 kVAR= 3

155 New Load . D832_858b Bus1=mid858 . 2 . 3 Ph as e s =1 Conn= D e l t a Model=2 kV=
24 .900 kW= 2 kVAR= 1

156 New Load . D832_858c Bus1=mid858 . 3 . 1 Ph as e s =1 Conn= D e l t a Model=2 kV=
24 .900 kW= 6 kVAR= 3

157 New Load . D858_864a Bus1=mid864 . 1 Ph as e s =1 Conn=Wye Model=1 kV=
14 .376 kW= 2 kVAR= 1

158 New Load . D858_834a Bus1=mid834 . 1 . 2 Ph as e s =1 Conn= D e l t a Model=1 kV=
24 .900 kW= 4 . 0 kVAR= 2 . 0

159 New Load . D858_834b Bus1=mid834 . 2 . 3 Ph as e s =1 Conn= D e l t a Model=1 kV=
24 .900 kW= 15 kVAR= 8

160 New Load . D858_834c Bus1=mid834 . 3 . 1 Ph as e s =1 Conn= D e l t a Model=1 kV=
24 .900 kW= 13 kVAR= 7

161 New Load . D834_860a Bus1=mid860 . 1 . 2 Ph as e s =1 Conn= D e l t a Model=2 kV=
24 .900 kW= 16 kVAR= 8

162 New Load . D834_860b Bus1=mid860 . 2 . 3 Ph as e s =1 Conn= D e l t a Model=2 kV=
24 .900 kW= 2 0 . 0 kVAR= 10

163 New Load . D834_860c Bus1=mid860 . 3 . 1 Ph as e s =1 Conn= D e l t a Model=2 kV=
24 .900 kW= 110 kVAR= 55

164 New Load . D860_836a Bus1=mid836 . 1 . 2 Ph as e s =1 Conn= D e l t a Model=1 kV=
24 .900 kW= 30 kVAR= 15

165 New Load . D860_836b Bus1=mid836 . 2 . 3 Ph as e s =1 Conn= D e l t a Model=1 kV=
24 .900 kW= 10 kVAR= 6

166 New Load . D860_836c Bus1=mid836 . 3 . 1 Ph as e s =1 Conn= D e l t a Model=1 kV=
24 .900 kW= 42 kVAR= 22

167 New Load . D836_840a Bus1=mid840 . 1 . 2 Ph as e s =1 Conn= D e l t a Model=5 kV=
24 .900 kW= 18 kVAR= 9

168 New Load . D836_840b Bus1=mid840 . 2 . 3 Ph as e s =1 Conn= D e l t a Model=5 kV=
24 .900 kW= 22 kVAR= 11

169 New Load . D862_838b Bus1=mid838 . 2 Ph as e s =1 Conn=Wye Model=1 kV=
14 .376 kW= 2 8 . 0 kVAR= 14

170 New Load . D842_844a Bus1=mid844 . 1 Ph as e s =1 Conn=Wye Model=1 kV=
14 .376 kW= 9 kVAR= 5

171 New Load . D844_846b Bus1=mid846 . 2 Ph as e s =1 Conn=Wye Model=1 kV=
14 .376 kW= 25 kVAR= 12

172 New Load . D844_846c Bus1=mid846 . 3 Ph as e s =1 Conn=Wye Model=1 kV=
14 .376 kW= 20 kVAR= 11

173 New Load . D846_848b Bus1=mid848 . 2 Ph as e s =1 Conn=Wye Model=1 kV=
14 .376 kW= 23 kVAR= 11

174
175 ! De f i n e t h e a n n u a l l o a d shape . he d a t a c o r r e s p o n d t o t h e 1−min
176 ! i n t e r p o l a t e d v a l u e s from t h e Elexon C l a s s 1 p r o f i l e .
177 New LoadShape . a n n u a l _ a v g n p t s =525600 m i n t e r v a l =1 c s v f i l e = raw_e lexon . csv
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178
179 ! O v e r r i d e Vminpu p r o p e r t y t o a l l o w c o n v e r g e n c e a t a lower p e r u n i t
180 ! v o l t a g e and d e f i n e t h e a n n u a l l o a d p r o f i l e s o f t h e l o a d s .
181 Load . s860 . vminpu =0.85 y e a r l y = a n n u a l _ a v g
182 Load . s840 . vminpu =0.85 y e a r l y = a n n u a l _ a v g
183 Load . s844 . vminpu =0.85 y e a r l y = a n n u a l _ a v g
184 Load . s848 . vminpu =0.85 y e a r l y = a n n u a l _ a v g
185 Load . s830a . vminpu =0.85 y e a r l y = a n n u a l _ a v g
186 Load . s830b . vminpu =0.85 y e a r l y = a n n u a l _ a v g
187 Load . s830c . vminpu =0.85 y e a r l y = a n n u a l _ a v g
188 Load . s890 . vminpu =0.85 y e a r l y = a n n u a l _ a v g
189 Load . d802_806b . vminpu =0.85 y e a r l y = a n n u a l _ a v g
190 Load . d802_806c . vminpu =0.85 y e a r l y = a n n u a l _ a v g
191 Load . d808_810b . vminpu =0.85 y e a r l y = a n n u a l _ a v g
192 Load . d818_820a . vminpu =0.85 y e a r l y = a n n u a l _ a v g
193 Load . d820_822a . vminpu =0.85 y e a r l y = a n n u a l _ a v g
194 Load . d816_824b . vminpu =0.85 y e a r l y = a n n u a l _ a v g
195 Load . d824_826b . vminpu =0.85 y e a r l y = a n n u a l _ a v g
196 Load . d824_828c . vminpu =0.85 y e a r l y = a n n u a l _ a v g
197 Load . d828_830a . vminpu =0.85 y e a r l y = a n n u a l _ a v g
198 Load . d854_856b . vminpu =0.85 y e a r l y = a n n u a l _ a v g
199 Load . d832_858a . vminpu =0.85 y e a r l y = a n n u a l _ a v g
200 Load . d832_858b . vminpu =0.85 y e a r l y = a n n u a l _ a v g
201 Load . d832_858c . vminpu =0.85 y e a r l y = a n n u a l _ a v g
202 Load . d858_864a . vminpu =0.85 y e a r l y = a n n u a l _ a v g
203 Load . d858_834a . vminpu =0.85 y e a r l y = a n n u a l _ a v g
204 Load . d858_834b . vminpu =0.85 y e a r l y = a n n u a l _ a v g
205 Load . d858_834c . vminpu =0.85 y e a r l y = a n n u a l _ a v g
206 Load . d834_860a . vminpu =0.85 y e a r l y = a n n u a l _ a v g
207 Load . d834_860b . vminpu =0.85 y e a r l y = a n n u a l _ a v g
208 Load . d834_860c . vminpu =0.85 y e a r l y = a n n u a l _ a v g
209 Load . d860_836a . vminpu =0.85 y e a r l y = a n n u a l _ a v g
210 Load . d860_836b . vminpu =0.85 y e a r l y = a n n u a l _ a v g
211 Load . d860_836c . vminpu =0.85 y e a r l y = a n n u a l _ a v g
212 Load . d836_840a . vminpu =0.85 y e a r l y = a n n u a l _ a v g
213 Load . d836_840b . vminpu =0.85 y e a r l y = a n n u a l _ a v g
214 Load . d862_838b . vminpu =0.85 y e a r l y = a n n u a l _ a v g
215 Load . d842_844a . vminpu =0.85 y e a r l y = a n n u a l _ a v g
216 Load . d844_846b . vminpu =0.85 y e a r l y = a n n u a l _ a v g
217 Load . d844_846c . vminpu =0.85 y e a r l y = a n n u a l _ a v g
218 Load . d846_848b . vminpu =0.85 y e a r l y = a n n u a l _ a v g
219
220 ! Loadshapes wi th PV g e n e r a t i o n p r o f i l e s from CSV f i l e s
221 ! Data from per − u n i t p r o f i l e s e s t i m a t e d i n C h a p t e r 4 .
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222 New Loadshape . pv1 n p t s =525600 m i n t e r v a l =1 mul t =( f i l e = p v 1 _ p r o f i l e . c sv )
223 New Loadshape . pv2 n p t s =525600 m i n t e r v a l =1 mul t =( f i l e = p v 2 _ p r o f i l e . c sv )
224 New Loadshape . pv3 n p t s =525600 m i n t e r v a l =1 mul t =( f i l e = p v 3 _ p r o f i l e . c sv )
225 New Loadshape . pv4 n p t s =525600 m i n t e r v a l =1 mul t =( f i l e = p v 4 _ p r o f i l e . c sv )
226 New Loadshape . pv5 n p t s =525600 m i n t e r v a l =1 mul t =( f i l e = p v 5 _ p r o f i l e . c sv )
227 New Loadshape . pv6 n p t s =525600 m i n t e r v a l =1 mul t =( f i l e = p v 6 _ p r o f i l e . c sv )
228 New Loadshape . pv7 n p t s =525600 m i n t e r v a l =1 mul t =( f i l e = p v 7 _ p r o f i l e . c sv )
229 New Loadshape . pv8 n p t s =525600 m i n t e r v a l =1 mul t =( f i l e = p v 8 _ p r o f i l e . c sv )
230
231 ! D e f i n i t i o n o f PV s y s t e m s ( A l l d e f i n e d wi th c a p a c i t y 0 . 1 wat t ,
232 ! which w i l l be e d i t e d i n Python )
233
234 / / PV Systems wi th CONSTANT POWER FACTOR (PVXa − u n d e r s c o r e ’ a ’ )
235 / / 1− Phase PV s y s t e m s
236 New PVSystem . pv1a p h a s e s =1 bus1 = 8 1 0 . 2 . 0 kV=14.376 conn=wye kVA=.0001

i r r a d i a n c e =1 Pmpp=.0001 pf =1 %c u t i n =0 .1 %c u t o u t =0 .1 y e a r l y =pv1
237 New PVSystem . pv2a p h a s e s =1 bus1 = 8 2 2 . 1 . 0 kV=14.376 conn=wye kVA=.0001

i r r a d i a n c e =1 Pmpp=.0001 pf =1 %c u t i n =0 .1 %c u t o u t =0 .1 y e a r l y =pv2
238 New PVSystem . pv3a p h a s e s =1 bus1 = 8 2 6 . 2 . 0 kV=14.376 conn=wye kVA=.0001

i r r a d i a n c e =1 Pmpp=.0001 pf =1 %c u t i n =0 .1 %c u t o u t =0 .1 y e a r l y =pv3
239 New PVSystem . pv4a p h a s e s =1 bus1 = 8 6 4 . 1 . 0 kV=14.376 conn=wye kVA=.0001

i r r a d i a n c e =1 Pmpp=.0001 pf =1 %c u t i n =0 .1 %c u t o u t =0 .1 y e a r l y =pv4
240 New PVSystem . pv6a p h a s e s =1 bus1 = 8 5 6 . 2 . 0 kV=14.376 conn=wye kVA=.0001

i r r a d i a n c e =1 Pmpp=.0001 pf =1 %c u t i n =0 .1 %c u t o u t =0 .1 y e a r l y =pv6
241 New PVSystem . pv8a p h a s e s =1 bus1 = 8 3 8 . 2 . 0 kV=14.376 conn=wye kVA=.0001

i r r a d i a n c e =1 Pmpp=.0001 pf =1 %c u t i n =0 .1 %c u t o u t =0 .1 y e a r l y =pv8
242 / / 3− Phase PV s y s t e m s
243 New PVSystem . pv5a p h a s e s =3 bus1 = 8 4 8 . 1 . 2 . 3 kV=24.9 conn= d e l t a kVA=.0001

i r r a d i a n c e =1 Pmpp=.0001 pf =1 %c u t i n =0 .1 %c u t o u t =0 .1 y e a r l y =pv5
244 New PVSystem . pv7a p h a s e s =3 bus1 = 8 9 0 . 1 . 2 . 3 kV=4.160 conn= d e l t a kVA=.0001

i r r a d i a n c e =1 Pmpp=.0001 pf =1 %c u t i n =0 .1 %c u t o u t =0 .1 y e a r l y =pv7
245
246 / / PV Systems wi th VOLT−VAR MODE (PVXb − u n d e r s c o r e ’b ’ )
247 / / 1− Phase PV s y s t e m s
248 New PVSystem . pv1b p h a s e s =1 bus1 = 8 1 0 . 2 . 0 kV=14.376 conn=wye kVA=.0001

i r r a d i a n c e =1 Pmpp=.0001 pf =1 %c u t i n =0 .1 %c u t o u t =0 .1 y e a r l y =pv1
249 New PVSystem . pv2b p h a s e s =1 bus1 = 8 2 2 . 1 . 0 kV=14.376 conn=wye kVA=.0001

i r r a d i a n c e =1 Pmpp=.0001 pf =1 %c u t i n =0 .1 %c u t o u t =0 .1 y e a r l y =pv2
250 New PVSystem . pv3b p h a s e s =1 bus1 = 8 2 6 . 2 . 0 kV=14.376 conn=wye kVA=.0001

i r r a d i a n c e =1 Pmpp=.0001 pf =1 %c u t i n =0 .1 %c u t o u t =0 .1 y e a r l y =pv3
251 New PVSystem . pv4b p h a s e s =1 bus1 = 8 6 4 . 1 . 0 kV=14.376 conn=wye kVA=.0001

i r r a d i a n c e =1 Pmpp=.0001 pf =1 %c u t i n =0 .1 %c u t o u t =0 .1 y e a r l y =pv4
252 New PVSystem . pv6b p h a s e s =1 bus1 = 8 5 6 . 2 . 0 kV=14.376 conn=wye kVA=.0001

i r r a d i a n c e =1 Pmpp=.0001 pf =1 %c u t i n =0 .1 %c u t o u t =0 .1 y e a r l y =pv6
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253 New PVSystem . pv8b p h a s e s =1 bus1 = 8 3 8 . 2 . 0 kV=14.376 conn=wye kVA=.0001
i r r a d i a n c e =1 Pmpp=.0001 pf =1 %c u t i n =0 .1 %c u t o u t =0 .1 y e a r l y =pv8

254 / / 3− Phase PV s y s t e m s
255 New PVSystem . pv5b p h a s e s =3 bus1 = 8 4 8 . 1 . 2 . 3 kV=24.9 conn= d e l t a kVA=.0001

i r r a d i a n c e =1 Pmpp=.0001 pf =1 %c u t i n =0 .1 %c u t o u t =0 .1 y e a r l y =pv5
256 New PVSystem . pv7b p h a s e s =3 bus1 = 8 9 0 . 1 . 2 . 3 kV=4.160 conn= d e l t a kVA=.0001

i r r a d i a n c e =1 Pmpp=.0001 pf =1 %c u t i n =0 .1 %c u t o u t =0 .1 y e a r l y =pv7
257
258 ! Curve f o r Vol t −Var C o n t r o l
259 New XYCurve . Vol tVarCurve1 n p t s =6 Yar ray = ( 0 . 5 , 0 . 5 , 0 , 0 , − 0 . 5 , − 0 . 5 )

Xar ray = ( 0 . 5 , 0 . 9 2 5 , 0 . 9 7 , 1 . 0 3 , 1 . 0 7 5 , 1 . 5 )
260
261 ! PV I n v e r t e r C o n t r o l
262 New I n v C o n t r o l . I nvPVCt r l mode=VOLTVAR vvc_curve1 = Vol tVarCurve1

v o l t a g e _ c u r v e x _ r e f = r a t e d d e l t a P _ F a c t o r =0 .1 d e l t a Q _ F a c t o r =0 .1 EventLog
=no

263 ~ DERList =( PVSystem . pv1b , PVSystem . pv2b , PVSystem . pv3b , PVSystem . pv4b ,
PVSystem . pv5b , PVSystem . pv6b , PVSystem . pv7b , PVSystem . pv8b )

Code to define the BESS bess1.dss to define the operational curves and bess2.dss to set the
control of reactive energy dispatch.

1 ! F i l e ’ b e s s 1 . dss ’ : O p e r a t i o n a l Curves
2 New XYCurve . E f f n p t s =4 Xar ray = ( 0 . 1 , 0 . 2 , 0 . 4 , 1 . 0 ) Yar ray = ( 0 . 8 6 , 0 . 9 ,

0 . 9 3 , 0 . 9 7 ) ! E f f i c i e n c y c u r v e
3 New XYCurve . Vol tVarCurve2 n p t s =4 Yar ray = ( 1 . 0 , 1 . 0 , − 1 . 0 , − 1 . 0 ) XArray

= ( 0 . 5 , 0 . 9 5 , 1 . 0 5 , 1 . 5 )
4 ! S e a s o n a l Curve
5 New XYCurve . s e a s o n s r a t n p t s =12 x a r r a y

=[0 ,119519 ,119520 ,177120 ,177121 ,277920 ,277921 ,341280 ,341281 ,
6 430560 ,430561 ,525600] y a r r a y = [ 1 , 1 , 2 , 2 , 3 , 3 , 4 , 4 , 5 , 5 , 1 , 1 ]
7 s e t S e a s o n R a t i n g = t r u e S e a s o n S i g n a l = s e a s o n s r a t

1 ! F i l e ’ b e s s 2 . dss ’ : R e a c t i v e power c o n t r o l w i th t h e I n v C o n t r o l e l e m e n t
2 New I n v C o n t r o l . b e s s Q _ C t r l DERList= S t o r a g e . b e s s mode=VOLTVAR vvc_curve1 =

Vol tVarCurve2 v o l t a g e _ c u r v e x _ r e f = r a t e d RefReac t i vePower =VARAVAL !~
V o l t w a t t Y a x i s = PMPPU

3 ~ d e l t a Q _ f a c t o r =0 .1 d e l t a P _ f a c t o r =0 .1
4 ~ VarChangeTole rance =0.025 V o l t a g e C h a n g e T o l e r a n c e =0.0001 EventLog=no


	Table of Contents
	List of Figures
	List of Tables
	List of Publications
	Nomenclature
	1 Introduction
	1.1 The Good, the Bad and the Ugly: the Rise of Renewables, the Energy Problem and the Threat of Climate Change
	1.2 A Changing Landscape for the Electricity Industry
	1.3 The Boom of Stand-Alone Solar PV Systems and the Onset of Mass-deployment of Distributed Storage
	1.3.1 The proliferation of solar PV
	1.3.2 Solar PV energy in Northern Ireland
	1.3.3 Distributed storage to enable high PV integration

	1.4 Challenges and Shadows on Integrating Small-Scale Solar PV Generation
	1.5 Aims and Scope of this Thesis
	1.6 Contributions of this Thesis
	1.7 Outline of this Thesis

	2 Solar Photovoltaic and Energy Storage Systems in Active Power Networks
	2.1 Introduction
	2.2 Integration of Solar PV Energy in Power Grids
	2.2.1 Challenges in grid planning
	2.2.2 Challenges in grid operation
	2.2.3 Challenges in electricity markets

	2.3 Grid Flexibility to Sustain Solar Energy
	2.4 Energy Storage Systems as a Flexibility Resource
	2.4.1 Energy storage systems in power systems
	2.4.2 Applications of energy storage systems
	2.4.3 Siting and sizing of energy storage systems

	2.5 Distributed Solar with Presence of Energy Storage
	2.5.1 Utility-scale energy storage
	2.5.2 Residential energy storage

	2.6 Chapter Summary

	3 Principles and Modelling of Solar Photovoltaic Energy
	3.1 Introduction
	3.2 Sunlight
	3.2.1 Solar position
	3.2.2 Extra-terrestrial solar radiation
	3.2.3 Terrestrial solar radiation
	3.2.4 Clear-sky radiation models
	3.2.5 Decomposition models
	3.2.6 Transposition models

	3.3 Sunlight to Electric Power: the Conversion in Photovoltaic Systems
	3.3.1 The photovoltaic effect
	3.3.2 Electric characteristics of solar cells
	3.3.3 Photovoltaic technologies
	3.3.4 Operation conditions: rating conditions and losses
	3.3.5 Physical performance methods for PV power output modelling

	3.4 Grid-Connected PV installations
	3.4.1 Solar inverters
	3.4.2 Solar PV-plus-storage installations

	3.5 Metrics Utilised in This Thesis
	3.5.1 Statistical performance metrics
	3.5.2 Economic performance metrics

	3.6 Chapter Summary

	I Solar PV Integration in Today's Power Networks
	4 Spatial Aggregation of Small-Scale Solar Photovoltaic Generation in Large Geographical Areas
	4.1 Introduction
	4.2 Spatial Distribution of Solar Photovoltaic Systems
	4.2.1 Scaling-up solar photovoltaic generation
	4.2.2 Data scarcity from solar installations and its implications

	4.3 Methodology for the Aggregation of PV Generation
	4.3.1 Spatial division and estimation of representative locations
	4.3.2 Modelling plane-of-array solar irradiance
	4.3.3 Estimation of aggregated electricity generation
	4.3.4 Selection of days of interest

	4.4 Case Study and Data Sources
	4.5 Results
	4.5.1 Spatial division and distribution of solar generators
	4.5.2 Inter-area analysis of solar resource
	4.5.3 Estimation of the overall small-scale generation
	4.5.4 Value of small-scale PV generation

	4.6 Validation of the Model
	4.6.1 Validation against real data from solar installations
	4.6.2 Benchmarking: comparison to other models

	4.7 Discussion of Results
	4.7.1 Spatial division and distribution of PV installations
	4.7.2 Selection of days of interest
	4.7.3 Inter-area solar resource and PV fleet electricity generation
	4.7.4 Validation of the results

	4.8 Chapter Summary

	5 Near Real-Time Monitoring of Solar PV Generation Using Personal Weather Stations
	5.1 Introduction
	5.2 Personal Weather Stations as a Solar Radiation Data Source
	5.3 Assessment and Calibration of Solar Irradiance Measurements in PWS
	5.3.1 Data sources to evaluate PWS irradiance data
	5.3.2 Methodology for the assessment of PWS irradiance data
	5.3.3 Evaluation of PWS measurements and the correction procedure

	5.4 Potential for Intra-Hourly Analysis of Solar PV Generation
	5.4.1 Methodology for the intra-hourly comparison of solar data
	5.4.2 Case study
	5.4.3 Analysis of intra-hourly variability of solar resources

	5.5 Discussion
	5.6 Chapter Summary


	II Solar PV Integration in Tomorrow's Power Networks
	6 Evolution of Electricity Demand in Residential Networks: High-Presence Scenarios of Stand-Alone Solar and Solar-plus-Storage Systems
	6.1 Introduction
	6.2 Solar PV-plus-Storage Prosumers in the Residential Sector
	6.3 Methodology to Estimate the Total Demand in Presence of Solar Prosumers
	6.3.1 Generation of synthetic residential demand profiles
	6.3.2 Modelling of solar PV and BESS generation
	6.3.3 Estimation of the aggregated net demand
	6.3.4 Scenarios
	6.3.5 Uncertainty in the BESS operation
	6.3.6 Design of multi-period electricity tariffs
	6.3.7 Evaluation metrics

	6.4 Evolved Net Demand Profiles under High Presence of Solar Prosumers
	6.5 Sensitivity Analysis to BESS Size
	6.6 Economic Profitability of Solar Residential Prosumers
	6.6.1 Billing options and prosumer tariffs
	6.6.2 Sensitivity to PV array and BESS size
	6.6.3 Sensitivity to economic incentives

	6.7 Discussion
	6.7.1 Evolved electric net demand profiles
	6.7.2 Economics of solar prosumer schemes
	6.7.3 Applications and usefulness of the model and findings
	6.7.4 Limitations in the implementation of high-presence scenarios for solar PV

	6.8 Chapter Summary

	7 Techno-Economic Assessment of Grid-Level Energy Storage in Distribution Networks with Distributed PV
	7.1 Introduction
	7.2 Grid-Level Storage for PV Integration
	7.3 Case Study and Methodology to Assess Grid-Scale BESS
	7.3.1 Case study
	7.3.2 Cases for distributed PV and grid-scale storage
	7.3.3 Scenarios for distributed PV penetration
	7.3.4 Siting of grid-level BESS
	7.3.5 Considerations for the economic assessment of the network

	7.4 Siting Decision of Grid-Level Storage System
	7.5 Technical Performance of Grid-Level BESS in Presence of Distributed PV
	7.5.1 Voltage violations in the network
	7.5.2 Energy balance for real power
	7.5.3 Energy balance for reactive power
	7.5.4 Self-consumption and self-sufficiency
	7.5.5 Operation of in-line voltage regulators

	7.6 Economic Performance of Grid-Level BESS in Presence of Distributed PV
	7.6.1 Revenue streams from real and reactive power supply
	7.6.2 Economic profitability metrics
	7.6.3 Financial break-even threshold for the revenue of grid-scale BESS
	7.6.4 Economic impact on the local power network

	7.7 Sensitivity Analysis for Grid-Level BESS
	7.7.1 Sensitivity to macro-economic parameters
	7.7.2 Sensitivity to BESS size: rated output and capacity

	7.8 Discussion
	7.8.1 PV integration with smart inverter capabilities
	7.8.2 Technical performance of grid-level BESS
	7.8.3 Economic performance of grid-level BESS

	7.9 Chapter Summary

	8 Conclusions and Recommendations for Future Work
	8.1 Concluding summary
	8.1.1 Integration of small-scale PV deployment in today’s power networks
	8.1.2 Integration of small-scale PV deployment in tomorrow’s power networks

	8.2 Directions of Future Work
	8.2.1 Regional estimation and monitoring of small-scale PV generation
	8.2.2 Small-scale PV and behind-the-meter storage systems
	8.2.3 Small-scale PV and front-of-the-meter storage systems
	8.2.4 Suggested topics for further research


	References
	Appendix A Small-scale PV connected to bulk supply points
	Appendix B Validation results for the aggregation model of small-scale PV
	Appendix C Python Programming Code for Solar Modelling
	Appendix D Characteristics of the IEEE 34-node test feeder
	Appendix E OpenDSS Programming Code


