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Abstract

The building sector in developed countries consumes 20% to 40% of the global primary en-
ergy, contributing to 30% of the CO2 emissions. The population growth, particularly in urban
areas, is expected to exacerbate this trend, compromising the sustainability goals outlined in
international agreements and accelerating climate change. However, the increasing interest
and political support in mature renewable energy sources, particularly solar photovoltaic (PV),
offers improvement opportunities. The deployment of PV systems in urban areas presents ad-
vantages regarding emissions, economic, environmental, and social benefits, enhancing grid
efficiency, increasing energy independence, and promoting sustainability awareness and com-
munity involvement. To increase the adoption of rooftop PV self-consumption (PVSC) sys-
tems in urban environments, studies on the PV potential can help overcome social barriers and
enable public administration, utility companies, and private corporations to optimize energy
planning, promote PVSC, and attract private investment in clean energy. Although most of
the PV potential studies in the literature rely on geospatial physical models, the opportunities
provided by Machine Learning (ML) and agile statistical approaches to reduce the high com-
putational cost of the previous models are not fully exploited. These opportunities, especially
in the economic potential assessment, remain scarce.

The present research investigates the possibilities and constraints in the massive deploy-
ment of photovoltaic self-consumption (PVSC) systems in urban areas from an urban planning
perspective, considering the current technical and economic limitations. To this end, this thesis
employs data-driven strategies to develop both bottom-up physical and agile regression-based
models as assessment tools for the technical and economic potential of PVSC systems in urban
contexts.

First, an empirical PV production submodel has been developed and validated with climate
and production measurements collected from a 50 MW utility-scale in operation. Addition-
ally, several improvements in modeling the performance ratio (PR) in low-irradiance envi-
ronments have been investigated. In the second stage of this research, the previous submodel
has been integrated into a physical 3D GIS-based techno-economic model capable of assessing
the economic PVSC for a sample of residential buildings. Additionally, the model incorporates
shadow modeling and hourly electric demand estimations to assess sample residential build-
ings. A simulation database, derived from the previous results, has allowed the development of
a methodology to train a regression-based model to estimate the production and the economic



payback (P B) at a building scale with an assumable accuracy for energy planning purposes.
As the last step, the demand submodel was improved by employing real aggregated time se-
ries data for multiple consumer patterns and providing realistic estimations for other building
typologies. In addition to spatial restrictions, the model optimizes the sizing of the facilities ac-
cording to their demand and economic constraints, maximizing the relationship between self-
sufficiency (55) and PB. Furthermore, the regression-based methodology has been extended
to estimate, besides the payback, multiple key performance indicators such as internal rate of
return (/ RR), self-consumption rate (SC), and SS. Through an appropriate predictor iden-
tification and a training and validation methodology, these correlations allowed performance
estimations with an acceptable deviation compared with the physical model. The availability
of building-related data is progressively increasing in most countries, enabling widespread ap-
plication and generalization of the proposed methodologies and reducing the simulation cost
of these studies to cover larger urban areas.

As an application of the previous methodologies, a complete-census economic PV poten-
tial results of a Mediterranean municipality’s building stock was performed under different
demand and economic scenarios at a building and municipality scale. For the scenario that
meets the current regulation in Spain, the municipality S'S ranged between 22%-43% for the
most optimistic and pessimistic scenarios, respectively. The optimal sizing of the facilities ac-
cording to the load curves in the Net Billing (NB) modality is crucial to obtaining competitive
economic results. Consequently, the annual PV generation represented 68% of the annual to-
tal electricity consumption of the municipality for a net billing scenario, while a net metering
scenario represented 103%. Owing to economies of scale and high demand intensity, a higher
profitability was found in rooftops of apartment blocks and industrial buildings, which also
achieve the highest savings in emissions.



Resumen

El sector de la edificacion en los paises desarrollados consume entre el 20% y el 40% de
la energia primaria mundial, contribuyendo al 30% de las emisiones de CO3. Se espera que
el crecimiento demografico, particularmente en las zonas urbanas, exacerbe esta tendencia,
comprometiendo los objetivos de sostenibilidad descritos en los acuerdos internacionales y
acelerando el cambio climéatico. Sin embargo, el creciente interés y apoyo politico en las fuentes
de energia renovables maduras, en particular la energia solar fotovoltaica (PV), ofrece oportu-
nidades de mejora. El despliegue de sistemas fotovoltaicos en areas urbanas presenta ventajas
en cuanto a emisiones, beneficios econémicos, ambientales y sociales, mejora la eficiencia de
la red, aumenta la independencia energética y promueve la conciencia de sostenibilidad y la
participacion colectiva. Para aumentar la adopcioén de sistemas de autoconsumo fotovoltaico
(PVSC) sobre tejados de entornos urbanos, los estudios sobre el potencial fotovoltaico pueden
ayudar a superar las barreras sociales y permitir a la administraciéon publica, las empresas de
servicios publicos y las corporaciones privadas optimizar la planificacion energética, promover
los PVSC y atraer inversion privada en energias limpias. Aunque la mayoria de los estudios
sobre el potencial fotovoltaico en la literatura se basan en modelos fisicos geoespaciales, las
oportunidades que brindan el aprendizaje automatico (ML) y los enfoques estadisticos agiles
para reducir el alto coste computacional de los modelos anteriores no han sido explotados por
completo. Estas oportunidades, especialmente en la evaluacion del potencial econdémico, siguen
siendo escasas.

El presente trabajo investiga las posibilidades y limitaciones en el despliegue masivo de
sistemas de autoconsumo fotovoltaico (PVSC) en areas urbanas desde una perspectiva de plan-
ificacion urbana, considerando las limitaciones técnicas y econdmicas actuales. Con este fin,
esta tesis emplea estrategias basadas en datos para desarrollar modelos fisicos y modelos agiles
basados en regresiones como herramientas de evaluacion del potencial técnico y econémico de
los sistemas PVSC en contextos urbanos.

En primer lugar, se ha desarrollado y validado un submodelo empirico de produccion fo-
tovoltaica con mediciones climaticas y de produccién recopiladas de una planta fotovoltaica
de 50 MW en funcionamiento. Ademas, se han investigado varias mejoras en el modelado
del performance ratio (PR) en entornos de baja irradiancia. En la segunda etapa de esta in-
vestigacion, el submodelo anterior se ha integrado en un modelo tecnoeconémico 3D basado
en sistemas de informacioén geografica (GIS) capaz de evaluar el PVSC econémico para una



muestra de edificios residenciales. Ademas, el modelo incorpora modelos de sombras y estima-
ciones de demanda eléctrica horaria para evaluar una muestra de edificios residenciales. Una
base de datos de simulacion, derivada de los resultados anteriores, ha permitido el desarrollo
de una metodologia para entrenar un modelo basado en regresion y con ello estimar la produc-
cion y el periodo de retorno econdémico (PB) a escala de edificio con una precision asumible
para fines de planificacion energética. Como ultimo paso, se mejor6 el submodelo de demanda
empleando datos reales agregados de series temporales para multiples patrones de consumo
y proporcionando estimaciones realistas para otras tipologias de edificios. Ademas de las re-
stricciones espaciales, el modelo optimiza el tamario de las instalaciones segtin su demanda y
limitaciones econdémicas, maximizando la relacion entre autosuficiencia (S5) y el PB. Ademas,
la metodologia basada en regresion se ha ampliado para estimar, ademas del retorno de la inver-
sién, multiples indicadores clave de desempefio (KPIs) como la tasa interna de retorno (/ RR),
la tasa de autoconsumo (SC) y SS. A través de una adecuada identificacién de predictores y
una metodologia de entrenamiento y validacion, estas correlaciones permitieron estimaciones
de rendimiento con una desviacion aceptable respecto al modelo fisico. La disponibilidad de
datos relacionados con la construccién esta aumentando progresivamente en la mayoria de los
paises, lo que permite una amplia aplicacion y generalizacién de las metodologias propuestas
y reduce el costo de simulacion de estos estudios para cubrir areas urbanas mas grandes.

Como aplicacion de las metodologias anteriores, se analizaron los resultados del potencial
econémico fotovoltaico dedel parque inmobiliario completo de un municipio mediterraneo bajo
diferentes escenarios econémicos y de demanda a escala de edificio y municipal. Para el esce-
nario que cumple con la regulacion actual en Espana, la S\S municipal oscila entre el 22%-43%
para los escenarios mas optimista y pesimista, respectivamente. El dimensionamiento 6ptimo
de las instalaciones segtn las curvas de carga en la modalidad de Net Billing (NB) es crucial
para obtener resultados econémicos competitivos. En consecuencia, la generacion fotovoltaica
anual represent6 el 68% del consumo eléctrico total anual.



Resum

El sector de I’edificaci6 als paisos desenvolupats consumeix entre el 20% i el 40% de 'energia
primaria mundial, contribuint al 30% de les emissions de CO3. S’espera que el creixement de-
mografic, particularment en les zones urbanes, exacerbe aquesta tendeéncia, comprometent els
objectius de sostenibilitat descrits en els acords internacionals i accelerant el canvi climatic.
No obstant aixo, el creixent interés i suport politic en les fonts d’energia renovables madures,
en particular I'energia solar fotovoltaica (PV), ofereix oportunitats de millora. El desplega-
ment de sistemes fotovoltaics en arees urbanes presenta avantatges quant a emissions, benefi-
cis economics, ambientals i socials, millora I'eficiencia de la xarxa, augmenta la independencia
energética i promou la consciéncia de sostenibilitat i la participaci6 col-lectiva. Per a augmen-
tar 'adopcid de sistemes d’autoconsum fotovoltaic (PVSC) sobre teulades d’entorns urbans,
els estudis sobre el potencial fotovoltaic poden ajudar a superar les barreres socials i perme-
tre a ’administracié puablica, les empreses de serveis publics i les corporacions privades op-
timitzar la planificacié energética, promoure els PVSC i atraure inversio privada en energies
netes. Encara que la majoria dels estudis sobre el potencial fotovoltaic en la literatura es basen
en models fisics geoespacials, les oportunitats que brinden ’aprenentatge automatic (ML) i els
enfocaments estadistics agils per a reduir I’alt cost computacional dels models anteriors no han
sigut explotats per complet. Aquestes oportunitats, especialment en ’avaluacié del potencial
economic, continuen sent escasses.

El present treball investiga les possibilitats i limitacions en el desplegament massiu de sis-
temes PVSC en arees urbanes des d’una perspectiva de planificacié urbana, considerant les
limitacions técniques i economiques actuals. A aquest efecte, aquesta tesi empra estratégies
basades en dades per a desenvolupar models fisics i models agils basats en regressions com a
eines d’avaluaci6 del potencial técnic i economic dels sistemes PVSC en contextos urbans.

En primer lloc, s’ha desenvolupat i validat un submodel empiric de produccié fotovoltaica
amb mesuraments climatics i de producci6 recopilades d’'una planta fotovoltaica de 50 MW en
funcionament. A més, s’han investigat diverses millores en el modelatge del performance ratio
(PR) en entorns de baixa irradiancia. En la segona etapa d’aquesta investigacio, el submodel
anterior s’ha integrat en un model tecnoeconémic 3D basat en sistemes d’informacié geografica
(GIS) capag¢ d’avaluar el PVSC econdomic per a una mostra d’edificis residencials. A més, el
model incorpora models d’ombres i estimacions de demanda eléctrica horaria per a avaluar una
mostra d’edificis residencials. Una base de dades de simulacid, derivada dels resultats anteriors,



ha permés el desenvolupament d’una metodologia per a entrenar un model basat en regressio
i amb aix0 estimar la produccié i la periode de retorn economic (PB) a escala d’edifici amb
una precisi6é assumible per a fins de planificaci6 energética. Com a ultim pas, es va millorar el
submodel de demanda emprant dades reals agregats de séries temporals per a multiples patrons
de consum i proporcionant estimacions realistes per a altres tipologies d’edificis. A més de
les restriccions espacials, el model optimitza la grandaria de les instal-lacions segons la seua
demanda i limitacions economiques, maximitzant la relacié entre la taxa d’autosuficiéncia (5'5)
i PB. A més, la metodologia basada en regressi6é s’ha ampliat per a estimar, a més del retorn
de la inversid, multiples indicadors clau d’acompliment (KPIs) com la taxa interna de retorn
(IRR), lataxa d’autoconsum (SC)ila §S. A través d’'una adequada identificaci6 de predictors
i una metodologia d’entrenament i validacio, aquestes correlacions van permetre estimacions
de rendiment amb una desviacié acceptable respecte al model fisic. La disponibilitat de dades
relacionades amb la construcci6 esta augmentant progressivament en la majoria dels paisos, la
qual cosa permet una amplia aplicacié i generalitzacié de les metodologies proposades i redueix
el cost de simulaci6é d’aquests estudis per a cobrir arees urbanes més grans.

Com a aplicacié de les metodologies anteriors, es van analitzar els resultats del potencial
economic fotovoltaic del parc immobiliari complet d’'un municipi mediterrani baix diferents
escenaris economics i de demanda a escala d’edifici i municipal. Per a I'escenari que compleix
amb la regulaci6 actual a Espanya, la taxa d’autosuficiéncia municipal oscil-la entre el 22%-43%
per als escenaris més optimista i pessimista, respectivament. El dimensionament optim de les
instal-lacions segons les corbes de carrega en la modalitat de Net Billing (NB) és crucial per a
obtindre resultats economics competitius. En conseqiiéncia, la generacié fotovoltaica anual va
representar el 68% del consum eléctric total anual.
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Chapter 1

Introduction

1.1 Motivation

1.1.1 Climate change context

The building sector in developed countries consumes around 20% to 40% of the global pri-
mary energy [1-3], which represents 30% of the CO4 emissions [4, 5]. With the population
growth, this rate is expected to continue increasing in the following decades [6]. This phe-
nomenon intensifies in urban areas, where two-thirds of the world are projected to live and
develop their economic activities by 2050 [7].

The above-mentioned trends compromise the sustainability objectives to mitigate climate
change and evolve towards low carbon economies as settled in the Paris Agreement [8] and
defined by 2030 Agenda for Sustainable Development by the United Nations, especially the
sustainable development goals in ensuring access to affordable, reliable, sustainable and mod-
ern energy for all and making cities inclusive, safe, resilient and sustainable [9]. Therefore,
cities are potentially vulnerable to climate change, but it is also a significant improvement
opportunity.

In response to previous commitments, the European Union (EU) has promoted diverse poli-
cies gathered in the "Clean Energy for All Europeans package" to increase energy efficiency, the
deployment of renewable energy generation systems, and the flexibility of the electricity mar-
ket to integrate new renewable systems [10]. Among these policies, the directive 2018 /2001
/EU establishes a 2030 target of 40% reduction in greenhouse gases compared with 1990 levels
and at least 32% of the total energy needs of the EU covered by renewables, with a clause for
a possible revision by September 2023 [11]. Additionally, in 2019, the European Commission
declared with the European Green Deal [12] the aim to continue increasing the 2030 target
of emissions reduction up to 55%, as well as the definition of a long-term legal framework
(European Climate Law) to meet the climate neutrality in the EU by 2050 [13].
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1.1.2 Contribution of PV energy

In recent years, the interest in renewable energy sources has grown worldwide as increas-
ingly competitive technologies to replace fossil energy sources. This transition not only re-
duces emissions but also addresses potential national supply issues, stabilizes energy markets,
and enhances reliability and resilience, among other advantages.

Alongside conventional hydropower, wind and solar PV energy present the highest in-
stalled capacity worldwide thanks to a high growth rate in the last years. Meanwhile, the other
technologies, such as bioenergy, geothermal, and concentrated solar power, present lower but
consistent growths despite their significant role in integrating wind and PV in grid systems
[14]. Solar PV has experienced the most intensive growth in 2022, reaching 31.0% of the to-
tal renewable capacity worldwide, as shown in Figure 1.1. In the last decade (2013-2022), the
worldwide PV capacity increased 7.7 times up to a total of 1,046 GW in 2022, with interannual
growths of up to 22.4% in the latter year [15, 16].

PV self-consumption (PVSC) facilities constitute a non-negligible fraction of the recent PV
installed capacity. This segment represents approximately 48.6% of the previous interannual
growth and 43.5% of the total installed capacity in 2021 (16.3% residential and 27.2% industrial)
[17]. Rooftop PVSC systems constitute an effective solution for urban energy management to
solve urban energy requirements and environmental issues [18].

During the late 2000s, Spain experienced a substantial PV deployment, installing world-
leading utility-scale solar plants at that time, such as the power plant in Olmedilla de Alarcén,
whose performance is an object of study in the present thesis. The total PV capacity in Spain
increased from 0.01 GW in 2000 to 4.57 GW in 2012 [19], the year from which growth stalled
due to the approval of a new regulation. As shown in Figure 1.1, the repeal of the previous
regulation in 2018 led to unprecedented growth in capacity, reaching 18.21 GW in Spain by
2022 [15]. Through the Royal Decrees RDL15/2018 an RD244/2019 the PV self-consumption
has been promoted increasing from 0.25 GW in 2018 to 2.74 GW in 2022 [20]. Notably, in
2022 the industrial sector accounted for approximately 61% of the installed capacity, with the
remaining 39% attributed to the residential sector [21].
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Figure 1.1: Evolution of the renewable capacity by technologies for worldwide and Spain (2000-2022)
[15].

The main driver of the massive deployment of PV systems is the reach of its technological
maturity. The cost reduction of PV facilities over 90% in the last decade was caused by the
improvements in modules efficiency, public and private R&D, learning by doing in the manu-
facturing process and economies of scale [22]. For the same period, reductions of 64%, 69% and
82% in the cost of residential, commercial roof and utility-scale PV systems were registered [22].
As a result, this technology has experienced the highest drop in the Levelized Cost of Electric-
ity (LCOFE) compared with other renewable alternatives, reaching values below 100 €/MWh
some EU countries [23]. This value is significantly lower than for other conventional technolo-
gies such as gas turbine, cycle gas turbines, coal, or nuclear [24].

Another technological drivers that facilitates the grid parity is the level of solar insolation
of the region, such as the case of Spain both in residential [25] sector and tertiary sector [26],
facilities with high economy of scale [27], and higher energy consumption levels due to the
deployment of electric heat, HVAC systems or electric vehicles increase the self-consumption
rates, and profitability performance of PV installations. Moreover, other external causes that
improve the profitability are the electricity market fluctuations, which may result in increased
electricity bills.

Together with the technological development of this technology, the political support and
regulatory context have matured along with its deployment. One of the EU’s objectives to
mitigate climate change is to increase the PV capacity from 136 GW in 2020 to 320 GW by
2025, and 600 GW by 2030 [28]. In addition to deploying PV utility-scales, the European Solar
Rooftops Initiative was proposed to deploy decentralized PV facilities in most public buildings
and all new residential buildings by 2029. With this initiative, the prosumers play an active
role in the energy transition. Moreover, the European Commission plans an EU Solar Industry
Alliance to reduce the costs of electricity and increase the competitiveness of the European

-0
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industrial sector [29].

Under this trend in Spain, a favorable legal framework was updated in 2019 to ease tech-
nically and legally the deployment of PVSC systems through the RDL 15/2018 [30] and RD
244/2019 [31]. This regulation allows a partial surplus remuneration and the possibility of con-
necting multiple users under the same facility, creating energy communities. Other favorable
actions set by the Spanish regional and local public administrations to promote PVSC are the
subsidies, whose presence is critical for a massive deployment [32], as well as tax reductions
mainly in the form of reductions in the Real State Tax (IBI) and Construction, Installations and
Works Tax (ICIO) [27].

1.1.3 PV systems in urban areas

The maturity of this technology, which still allows affordable costs for reduced economies
of scale, and the administration’s support allow the massive deployment of self-consumption
in the building sector to become a reality in the short term. PV systems deployed in urban
environments constitute a strategic area to mitigate the effects of climate change and provide
a positive economic and social impact [33].

The reduction of local emissions is possible thanks to the abundance of unemployed rooftop
areas, which range from 20% to 25% of the urban surface [34]. This provides an opportunity
to leverage the solar resource, which significantly increases in low-intermediate latitudes such
as Mediterranean regions. Local PV generation concurrently minimizes transportation and
transmission losses, enhancing overall grid efficiency [35], deferring future grid infrastructure
investments [36], and fostering the growth of decentralized smart grid systems.

The main economic benefit that the users of the facilities can perceive is the cost reduction
of their electricity bill with a lower PB than the facility’s lifetime, which is significantly re-
duced in low latitudes. Consequently, users become more independent from technical issues of
the grid as well as more resilient to price volatility. These reduced electricity costs translated
into increased competitiveness for consumers who conduct business activities. The massive
execution of PV facilities is also associated with job creation, whose rates per PV installed
power are higher than other energy sources [37].

As positive social impacts, higher penetration of PVSC systems in urban environments
raises a higher citizen’s awareness and responsibility for sustainability. The latter increases
the number of actors sharing electricity generation’s benefits. Moreover, it is possible to share
the benefits among different consumers through the figure of the PV energy community, which
is legally feasible in multiple countries, such as Spain [38]. This collective solution increases the
penetration of rooftop PV facilities in urban environments with a high density of consumers.
As aresult, a higher rate of PV production is consumed by the users [39].

1.1.4 General challenges in the field

However, despite the benefits, different challenges hinder the massive implementation of
the PVSC systems in urban areas.

4
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From the technical point of view, a scenario with low electricity demand and a high con-
centration of PVSC facilities potentially causes the presence of reverse power flows and voltage
fluctuations in a low-voltage power grid. Both lead to increased power losses, exceeding op-
eration ratings of electrical equipment, and issues in protection equipment compromising the
stability and security of the grid [36, 40].

From the economic perspective, depending on the billing regulation of each country, PVSC
might lead to an unintended cost redistribution among all the consumers of the system. If
grid costs are charged in the variable component of the electricity bill, consumers connected
to PVSC facilities are transferring this charge to the consumers without PVSC systems [41].
Regarding the investment costs, with the current economy of scales, a complete deployment
of PVSC systems with low capacity implies higher investment costs than utility-scales near
the urban areas. These large PV power plants constitute an alternative to PVSC systems to
increase the renewable share in the electricity mix [36].

From a social perspective, the main barriers to a massive deployment are the reduced in-
formation and social awareness [42, 43], the presence of concerns about the economic viability
of PVSC systems, as well as the high initial investments and uncertainties with the PB due
to the volatility of electricity prices [44]. In general, several surveys identify skepticism and a
lack of confidence in the performance reliability of new unfamiliar technologies as PVSC [45].
The lack of investors’ and homeowners’ awareness about rooftop PV potential and the detailed
information regarding rooftop spaces suitable for PV installation, especially the economic ben-
efits [46], are significant barriers impeding the diffusion of rooftop PV systems.

Finally, legal frameworks might remain restrictive depending on the country with high
organizational and planning requirements and limited institutional support [47].

In order to shorten the above-mentioned limitations and increase the penetration of rooftop
PVSC systems in urban environments requires a knowledge of the energy and economic sav-
ings potential of these facilities under multiple scenarios and its further dissemination to the
public. Thanks to household PV installations, awareness of the economic benefits for con-
sumers is fundamental in promoting acceptance [48, 49]. Mass media and public administra-
tion play a significant role in motivating and disseminating the benefits of PVSC in urban areas
[50]. Common solutions in this area are general studies of PV rooftop potential. Tools such
as solar cadasters have become a regular tool to promote and raise public awareness of PVSC
[51]. Some previous experiences in web mapping applications [52-54].

Besides shortening the social barriers, other agents can benefit from PV potential studies.
These studies help the public administration define a roadmap for the city’s energy transition,
optimizing annual budgets or promoting self-consumption in certain buildings or neighbor-
hoods of cities [55]. For utility companies, PV potential studies can be employed in the energy
supply and infrastructure planning since peaks in distributed generation lead to strain on the
electricity grid [51]. In addition, private corporations can leverage the PV potential studies to
acquire potential customers, preliminary identifying the most profitable facilities on rooftops
in a specific region [56]. In sum, these studies represent an incentive to mobilize private in-
vestment in this sector and move towards clean energy transition [57].
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1.2 Background and research context

1.2.1 Overview of PVSC facilities on building’s rooftops

One of the main PV systems configurations is grid-connected PV systems, which are PV
facilities connected to the utility grid [58]. Facilities under this category range from large-
scale PV power plants or PV utility-scales, which directly produce electricity to the public
grid, to self-consumption facilities, whose production is partly consumed by the users, and
the surpluses are injected into the grid. The latter category allows decentralized production
in urban areas employing multiple solutions such as integrating solar modules in the building
envelope, including roofs or facades, or using ground-mounted systems in case of unused land
near the users, with the possibility to include energy storage systems to increase the on-site
performance.

PV systems with batteries can present SC rates over 80% [59, 60]. However, their high cost
would compromise the profitability, as shown in several studies [61, 62]. A drop in the cost of
batteries of more than 50% during the thesis development period would be necessary for them
to be more profitable than the sale of surpluses in the Spanish context [63]. Subsidizing stor-
age systems is a common approach to enhance profitability [59]. Therefore, rooftop systems
without storage are the most affordable solution with no financial aid and fewer requirements
for already-built buildings.

A grid-connected PV facility is constituted by a solar PV array of modules, which generates
DC electricity from solar irradiation. For a high performance of the facility in this stage, it is
crucial to design the installation with a proper azimuth orientation and inclination to maximize
the beam irradiance, which is the most energetic irradiance component. The modules are con-
nected in series, forming strings and parallel to reach the adequate voltage and current levels,
respectively, for the correct operation of the inverters. The inverter is the device that converts
the direct current (DC) to alternate current (AC) electricity, adapting it for its consumption or
injection of the grid. Other essential elements of PV facilities are protection systems installed
in both DC and AC circuits and smart meters, employed to quantify the energy flows between
the installation and the grid [64].

Three main concepts are widely employed in literature to quantify the energy balance of
PVSC facilities: SC, surplus rate, and SS. On the one hand, the SC rate is the fraction of
the PV production the user directly consumes, while the surplus rate is the remaining fraction
of the PV production injected into the grid. The SC' describes the level of sizing of a facility
according to its demand. A usual range for this metric oscillates between 30% for residential
users and 70% for tertiary and industrial users [65]. Higher rates in a facility mean that the
production might be undersized. On the other hand, S5 stands for the fraction of the electricity
consumption by the user directly supplied by the production of the PV facility, which is self-
consumed energy. This rate quantifies the degree of alignment of the PV production with the
electricity consumption as well as the level of independence from the grid [66], and ranges
typically between 20% to 40% for systems without storage [41, 60, 67].

Despite the technical performance and efficiency of the elements of the facility, which can
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be estimated with acceptable accuracy through their life cycle, the quality of long-term eco-
nomic assessments of a facility is compromised due to internal and external fluctuating factors.

On the one hand, the main external economic factors are the evolution of inflation, interest
rates, retail electricity prices, manufacturing costs of the spare parts, modifications in regula-
tion that define the billing scheme, and political factors such as subsidies. On the other hand,
internal factors depend on the facility’s user. Some examples of this category are the financial
attitude of the investor or homeowner, the sizing criteria, and the final installed capacity, which
leads to a specific economy of scale and the habits and hours of use of consumer’s electrical
devices. The latter significantly influence economic performance because retail prices usu-
ally fluctuate within tariff periods, and savings might fluctuate with the alignment with sun
hours depending on the billing scheme. Therefore, many particularities hinder the economic
potential assessment in other contexts or regions of the world where consumption patterns,
regulations, billing schemes, and the general economic conjuncture might differ.

One of the crucial elements in the economic potential assessment is the billing scheme,
which depends on the current regulation of each region or country. Figure 1.2 describes the
main two billing mechanisms for grid-connected PVSC facilities: net metering (NM) and NB
[26, 68].

A net metering scheme enables consumers with PV production to consume their energy
produced during a given period (generally monthly as the billing period) instead of only when
it is produced, using the grid as storage. Therefore, the price of surpluses is equal to the retail
price of the grid’s energy. This mechanism has multiple variants, such as virtual NM, which
enables economic benefits among other properties whose meters are not directly connected to
the facility. This case is helpful for multi-tenant properties.

While NM is based on an energy exchange, NB consists of a monetary exchange for the
energy injected into the grid. Under this mechanism, the surplus price is different from the
retail price of the energy consumed from the grid, generally lower than the retail price.

While NM enhances facility profitability by offering higher prices for surplus energy com-
pared to NB, it may not necessarily encourage the synchronization of production and consump-
tion. Consequently, this fact favors the oversizing of facilities, leading to excessive intermittent
surpluses in the grid. The NB approach encourages an appropriate sizing of PV systems accord-
ing to their own consumption needs. As a result, surpluses are minimized, preserving the grid
stability and reliability, and reducing the potential need for increased operating reserves and
backup capacity [69]. Since infrastructure costs of the electricity grid are socialized through
the energy tariff, another potential issue derived from a NM scheme is that consumers with-
out PV facilities might pay higher energy bills subsidizing the grid maintenance costs derived
from users with PV facilities. In this case, NB systems prevent additional costs from charging
consumers without PV systems [70, 71].

In 2023 NB schemes or similar mechanisms in which surplus prices are lower than the re-
tail price are in force with their respective peculiarities in multiple countries’ regulations such
as Australia, Chile, Denmark, Germany, Italy, Poland, Portugal, Spain, Sweden and Switzer-
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land and 4 US states. The NM scheme is present in Belgium, Brazil, Finland, Israel, Mexico,
Netherlands, Ontario (Canada) and 42 US states [72].

Other billing schemes are feed-in-tariff and power purchase agreements. The first one
consists of a predefined price of the injected energy to the grid fixed constant during a specific
period, and it is usually applied for utility-scales. The second one is based on a financial agree-
ment between a customer and an investor who executes, operates, and maintains a PV facility
on the customer’s property and sells the PV electricity production to the customer at a fixed
price, usually below the retail price from the grid [73].
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To finish with the regulatory trends, it is worth noting the inclusion of PV energy com-
munities in multiple legal frameworks in different countries, such as Spain [33], implying the
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possibility of sharing the PV production of a PV facility among multiple consumers. This new
legal figure enables the deployment in urban areas with high population density. This justifies
the evaluation of photovoltaic potential as a legally feasible action in urban environments since
many users are sharing one roof, especially in multistorey buildings [74], or industrial build-
ings that share their PV production with other residential users [75]. Thanks to the demand
aggregation, these configurations tend to increase SC's, maximizing the distributed renewable
generation and improving the shared facility’s profitability [39, 65, 76].

A literature review published in February 2023 counted 3,931 already-constituted energy
communities with 900,000 members in the EU and the United Kingdom. The energy com-
munity concept comprises several energy technologies. The most frequent are solar (PV and
thermal), wind, biomass, hydro, and e-mobility. Germany leads this initiative with over 800
deployed solar energy communities, while the Netherlands and Denmark are more common
wind and biomass energy communities. According to projections, energy communities could
have a share of about 17% of the installed wind capacity and 21% of the solar capacity by 2030
[77]. In Spain, at the beginning of 2023 there were 73 constituted PV energy communities.
The Valencian Community is the frontrunner with 85 in the process of constitution, mainly
promoted by local administrations and represented by cooperatives [78].

Additional physical and geographical constraints should be considered when designing
rooftop PVSC facilities in urban environments compared with the common ground-mounted
power plants.

« In urban environments, the presence of shadows on the building rooftops projected by
the surrounding buildings and nearby obstacles becomes relevant, especially in lower
buildings [79], significantly reducing the PV production or the available space with a low
level of shadows. Therefore, modeling shadows accurately is critical to provide realistic
geographical potential estimations [80].

+ Considering the inclination and orientation of the rooftops is crucial for adequate inte-
gration of the facilities and maximizing the installed power density per area.

« Besides assessing the technical potential, consumer demand may also be relevant in the
sizing of the installations depending on the evaluated billing mechanism and the eco-
nomic criteria considered in the design process. For instance, under a NB scenario, in
which surpluses are remunerated at a different price than energy from the grid, the eco-
nomic performance depends on the user’s electricity consumption. Therefore, a good
design practice for proper sizing should consider the load curve.

A wide range of sizing criteria is found in the literature to determine the PV capacity.
Some of them optimize economic variables such as the net present value (NPV), the IRR,
the PB [81, 82] and the Net Present Cost [83]; others optimize energy aspects such as the S.S
and SC [66, 84], or adjust the capacity so that the annual consumption is equal to the annual
demand [85]; while others minimize the exchange of energy with the grid to guarantee the
energy stability [86]. In the most recent research, multi-objective optimization of economic
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and energy criteria has been the object of interest, providing more balanced performances [60,
87, 88]. In summary, there is a difference between the maximum PV capacity potential limited
by the rooftop characteristics and the required PV capacity according to the demand needs
of the users. Therefore, considering the demand for the PV rooftop potential adds an extra
complexity.

1.2.2 Main approaches to assess PVSC in urban areas

This section presents a state-of-the-art classification of the diverse approaches employed
in assessing urban PV potential in the literature. The main categories are summarised in Fig-
ure 1.3.

General approaches to assess the urban PVSC potential

Sub potentials Modelin, cpr ae
I 8 Other classifications
considered methodologies
s Extension or . = "
Physu:al.or Top-down = Spatle_ll Types of surfaces  Building typologies
Theorethical (Only statistical methods) ] resolution assessed assessed
Geographical Bottom-up Large Rooftop Residential
or Urban (GIS-based methods) (et g el
- Physical Medium :
Technical Do S Facades Industrial
modeling (city, district)
. i Small -
Economic SN = Tertiary
approaches (building, property)
Simple sample
Geostatistical = - Other
Market Multivariate sampling g
approaches typologies
Complete census
ML
apporaches

Figure 1.3: Summary of the general approaches to assess the urban PV potential.

In the literature, PV potential studies are often categorized into a series of hierarchical steps
(Figure 1.4), each representing distinct sub-potential types described below [87, 89, 90]:

« The physical or theoretical potential consists of the solar irradiation on a surface in
a given location, and it is defined by variables such as solar irradiation divided by its
components (direct, diffuse, and reflected irradiance if no obstacles were considered).
Only geographic position and climate are considered.

+ The geographical potential reduces the theoretical potential with the spatial limita-
tions of urban environments and architectural integration criteria. It consists of the
available solar irradiation on PV modules on a rooftop surface. It is determined by the ef-
fects of shadows cast by nearby buildings and obstacles, the rooftop geometry, available
roof area, orientation, and inclination of PV modules.

10
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+ The technical potential reduces the geographical potential considering the PV system
performance and efficiency, converting the solar irradiation into AC electricity for the
user. For this, it is crucial to evaluate the energy transformation efficiency of each PV
facility element and the spatial constraints of the equipment, including rooftop dimen-
sions, spacing, and the PV array configuration.

+ The economic potential includes the economic limitations of photovoltaic installations
to the technical potential such as installation costs, operation costs, potential savings in
the bill, the presence of subsidies, the evolution of electricity prices, the applied billings
scheme, etc. In this step, it is possible to obtain the economic feasibility of each facility
according to multiple variables, such as the levelized cost of electricity, the PB, the
NPV, or the [ RR, among others. Nevertheless, a clear consensus about the scope or
limits of this potential was not found in the literature.

« The market potential is the fraction of the previous potentials that finally is deployed
considering other competitive alternatives, socio-cultural perception, the investors’ re-
sponse, policies, regulations, etc.

Physical

Potential Geographical

Potential Technical

Potential Economic

Potential

Market
Potential

Irradiance components Architectural integration System efficiency Installation costs Policies
Shadows System performance O&M costs Regulations
Available area PV array configuration  Electricity and surpluses prices  Social perception
Orientation, inclination Tilt and Azimuth Billing Scheme Competitive alternatives
Superstructures Subsidies Investor’s response
Global horizontal irradiance ~ Global tilted irradiance AC PV production PB, IRR, NPV, LCOE

Figure 1.4: Hierarchical classification of the PV sub potentials and their main influential factors.

For each hierarchical step, the amount of required information and the number of assump-
tions generally increase, while the extrapolation of the results to other regions or contexts
hinders. This is one of the reasons why extensive literature applied in PV urban assessment
focused on the first levels of the hierarchy, namely geographical and PV potential. In contrast,
the interest in economic potential remains moderated [91]. In recent years, the number of
large-scale studies considering the economic constraints has increased partly thanks to the PV
technological maturity [92]; however, it remains reduced compared with the technical poten-
tial [89]. For an actual deployment of PV systems, providing positive business cases is one of
the crucial drivers to increase social acceptance [90].

11
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The methodologies followed to estimate any of the previous sub potentials are usually

conditioned by the availability of data sources in the region under study. The two most frequent
methodological approaches found in literature are the following:

12

+ The top-down approaches, which are based on statistical methods. Generally, these
methods rely on aggregated statistical data (building census, population, density, etc.)
usually applied in large geographic areas. The results provided are aggregated. Therefore
it is not possible to extrapolate accurate results for smaller geographic extensions [93].

« The bottom-up approaches, which are based on GIS-based approaches [94], are gener-
ally applied in minor geographic extension and spatial resolution than statistical methods
due to their high computational cost. There are multiple subcategories under this general
approach: physical modeling, sampling, geostatistical, and ML approaches [95].

— Physical modeling approaches are based on developing complex physical mod-

els involving a hierarchical methodology that concatenates multiple physical mod-
els to obtain each type of PV subpotentials. Physical models first calculate the phys-
ical potential through irradiance models, followed by geographic potential with 3D
GIS models, technical potential with PV production models and technical speci-
fications of each element of the installation, economic potential through multiple
economic variables including, in some cases, load profiles, and market potential.
Usually, this is the most accurate but most time-consuming approach. Therefore,
its scalability is limited.

Sampling approaches are considered hybrid approaches combining bottom-up
and top-down approaches. It is based on the extrapolation to a greater geographic
extension of the simulation results of a sample of individuals [96]. These methods
are employed when available data or calculated results are limited and allow a com-
putational cost reduction instead of aggregated statistical estimators. The sampling
approaches are classified into three categories [97, 98]:

+ The simple sampling approach is based on an estimation provided by a repre-
sentative sample (i.e. buildings in this context), which is extrapolated to the
entire studied area.

+ The multivariate sampling-based approach provides an extrapolated result based
on the relationship between two different variables drawn from a representa-
tive sample.

+ The complete census approach consists of estimating the PV potential of each
element (i.e. building) of the area studied. It is typically performed through
geospatial and GIS-based methodologies.

Geostatistical approaches stand for spatial statistical analysis to obtain through
interpolation results of specific locations that have not been sampled. The esti-
mations are composed of a deterministic and a probabilistic part and are obtained
through linear models. These methods are highly used to obtain physical potential
or environmental data.
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- ML approaches, which consist of algorithms that learn patterns from data to make
predictions of a specific outcome. The most frequent algorithms applied in this
field are multiple linear regression (MLR), Artificial Neural Networks (ANNs), Sup-
port Vector Machines (SVM), Regression Trees such as Random Forests (RFs), etc.
Similar steps are followed when applying these algorithms: data collection, data
preprocessing, identification of predictors, model training, model testing, and esti-
mation of the PV potential with the validated model. The choice of an appropriate
ML model depends on the structure of the problem and the available data [97, 99].
In the last decade (2010-2020), there has been a growing number of publications on
the application of ML models to the detriment of traditional sampling models and
physical models [89].

Another classification approach is the minimum spatial resolution of the potential pro-
vided, with a wide range of categories based on the studies found in the literature: large aggre-
gation level (continental, regional, national), medium aggregation level (city, district) or small
aggregation level (building, consumer). The previous categories are also applied when a clas-
sification approach based on the geographic extension covered by a study is addressed [94].
Additional classifications of PV potential assessments based on the type of surfaces ana-
lyzed (such as rooftops, facades, or both [51]) or the building typologies studied (residential,
industrial, tertiary, etc.)

GIS-based approaches constitute one of the most used modeling approaches in this research
area, allowing the development of 3D city models. The most common data sources for these
models require multiple spatial data.

Some studies employ vectorial GIS-based data to obtain geographic extension boundaries,
cadastral geometries, and the geometry footprint of the buildings. Usually, this information is
available in public cadastral vectorial maps open data sources such as OpenStreetMaps [100]
or CityGML [101].

Together with the vectorial data, raster data sources are crucial to obtain accurate 3D mod-
els and calculate the shading effects [102, 103]. Digital Terrain Model, also known as Digital
Elevation Models, provides the elevation data of the bare-earth surface. At the same time, Dig-
ital Surface Model includes the elevation data of the urban environment, vegetation, and other
built elements. Finally, Light Detection and Ranging (LiDAR) data is used to obtain the height
of buildings, trees, and other obstacles.

As an alternative to the previous data sources, with orthophotos and satellite or areal im-
ages, it is possible to create 3D models through photogrammetry techniques [104]. Orthopho-
tos are also used for rooftop segmentation and identification of obstacles undefined in vectorial
data [105].

In addition to the spatial data, time series data allows the modeling of the temporal dynam-
ics of the facilities” production and the users’ consumption. For large scale, potential hourly
time resolution time series are usually employed due to their high availability as well as they
provide acceptable precision and a reduced computational cost compared to other lower time

13
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steps, both for the PV production [106] and the electricity demand [85]. In order to estimate the
PV production, climate data time series broken down by the irradiance components usually are
employed as one of the major requirements for most of the transposition models [64, 107, 108].
One of the most employed irradiance data sources in literature is PVGIS. However, typical me-
teorological year data or on-site measurements from weather stations (WSs) and pyranometers
are also recurrent, especially for validation purposes [109]. The estimation of electricity curves
is mainly present in economic potential. Common demand estimation approaches are the use
of synthetic load profiles generated by software [110], or open data sources (e.g. in Spain the
Distribution System Operator (DSO) provides typical demand profiles for different uses [111]).
At the same time, other studies employ real consumption load curves [112]. However, this ap-
proach limits the geographic extension of the study. Other essential factors to consider are the
electricity prices and surpluses remuneration fluctuations depending on the period of the day
[27, 113]. Generally, this information is provided by the DSO or the electric marketer. Other
structured datasets that facilitate the characterization of buildings to improve the demands es-
timations are the cadastral datasets, which provide the characteristics of building typologies,
uses, year of construction, built area, etc [96].

Regarding the technical characterization of the elements of a PV facility, the parameters
employed in the modeling process are usually obtained from literature, technical datasheets,
or experimental measurements.

Finally, the economic hypothesis or assumptions for prices or costs are usually obtained
from other research studies, the DSO, the electric marketer, or official institutions.

1.2.3 Detailed analysis of the modeling techniques of PVSC in urban areas
studied in the present thesis

This thesis explores alternatives to computationally expensive physical modeling methods
through the development of agile regression-based models within the ML category, as cate-
gorized in section 1.2.2. This section provides an extensive literature review covering both
approaches and their associated challenges.

Among the physical modeling approaches, several limitations exist in estimating each
sub potentials.

Estimating available rooftop areas for the geographic potential involves employing GIS-
based 3D models for shadow estimation, representing a computationally intensive step in the
simulation flow. 3D models of level of detail 1 (LOD1) and LOD2, according to the CityGML
standard [101], are the most frequent. Although they provide a similar accuracy compared to
more detailed models, they present limitations when datasets are not updated or when identi-
fying other rooftop obstacles or superstructures requiring higher data precision [114]. Other
specific rooftop obstacles are difficult to identify with LiDAR, or aerial images are normally
modeled with reduction coefficients [115, 116].

There is a wide range of methodologies in the literature to convert the geographic poten-
tial to technical potential based on ratios from statistical data or constant values. This fact
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oversimplifies the diverse possibilities in the array configurations and potentially leads to high
deviations when analyzing individually specific buildings. For instance, this approach is found
in the conversion through a constant value of the available rooftop area and the total PV ca-
pacity installed [67, 117], or in the estimation of the previous rate through stratified sampling
techniques [118]. Another area for improvement that hinders the interpretation and compari-
son of several research studies concerning the technical potential is the high range of criteria
and constraints to arrange PV modules on rooftops. Some of the most relevant are the follow-
ing:

« The definition of minimum rooftop area per installation [119].

« The optimization of tilt and azimuth angles to maximize energy or economic perfor-
mance [120].

o The definition useful areas based on thresholds of total annual irradiation [55].

+ The elimination of north-oriented rooftops which are not useful for PV (in the north
hemisphere) [121].

« The empirical models employed for converting irradiance to electric production [108,
122].

+ The modeling of the energy conversion losses of the PV systems [123].

In sum, technical potential modeling requires a high level of know-how to achieve quality
and replicable results [94].

Regarding evaluating economic potential, the most significant challenges and opportunities
for improvement identified are related to estimating the electricity demand. The latter are
summarized in Figure 1.5.

Most economic potential assessments are based on net-metering models, which do not
require a detailed demand modeling to distinguish between savings from self-consumption
and savings from surpluses. Among these cases stands out the PV assessment of a 2km? area
of Karlsruhe (Germany) [51], the city of Lethbridge (Canada) [124] and 11,140 rural areas in
Brazil [116].

Only three bottom-up large-scale techno-economic assessments using load profiles were
found in the literature, which are crucial when addressing NB scenarios, such as the case of
Spain. A recent study employed 5,567 real load profiles in London (United Kingdom) [125]. An-
other study limited to a reduced study area of 71 buildings in the town of Grafing bei Miinchen
(Germany), employed load profiles for residential, commercial, industrial, and public uses were
obtained from the German DSO and scaled up employing a ratio and built area [90]. Another
techno-economic study applied to old residential buildings in five districts in Nanjing (China),
estimated the demand curves through aggregated statistical data, and results were provided
aggregated by districts [126]. The main barriers identified for a more significant proliferation
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of large-scale economic studies are the computation cost of operating with thousands of load
curves and the lack of data sources to estimate them accurately. Alternatively, other studies
estimate the demand based on cadastral information when data is scarce. For example, in a
study in Wroclaw (Poland), the aggregated demand data was divided by city sectors accord-
ing to each sector’s aggregated rooftop area. A correlation between demand and rooftop area
was assumed [67]. Another example is found in the techno-economic assessment of the city
of Valencia (Spain). By employing the sampling approach, load curves are estimated through
ratios such as the relationship between the number of dwellings per floor scenarios [117]. No
difference in profiles among the properties is considered, and the demand is only employed to
estimate savings since retail prices vary with periods.

The optimal sizing of the capacity of facilities is a common practice in specific case studies
found in the literature. However, only the study in London addressed the optimization issue
maximizing the profit and the autarky [125]. In the rest of the above-mentioned large-scale
studies, no sizing of PV systems according to demand was considered.

In addition, no model in this field leverages the energy community concept in which differ-
ent consumers who share the same rooftop benefit from a common facility. In this matter, when
analyzing the PV potential of a complete building, there is a trend to not consider different load
profiles depending on the use of the properties within a building.

When addressing large-scale energy balances between production and demand, top-down
approaches that quantify the S5 of a large area of study are more frequent. Nevertheless,
conclusions derived from demand are limited due to the approach and minimum resolution
selected. For instance, disaggregated results at building level were not obtained in a study case
applied in Valencia, which employed statistical data to estimate an aggregated demand for the
entire municipality [127].

Economic potential studies are limited in comparison to technical potential assessments.
Predominance of NM models in the literature.

Few models using real load curves and with a limited covered extension.

Few large-scale studies in which users' consumption within the same building
is differentiated (application of the energy community concept on a large scale).

Few large-scale studies optimize PV capacity according to demand.

Opportunities for improvement
and challenges in physical models
to assess the economic potential

Tendency to estimate demand indirectly, which may lead to significant deviations.

Figure 1.5: Summary of challenges and opportunities for improvement in physical models to assess the
economic potential.

ML approaches have aroused high interest in recent years in the field of the integration of
renewable energies in urban environments. A recent state of the art collected the most relevant
works employing these approaches and identified potential gaps and future lines of research,
which are the following [128]:
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+ 48 out of 54 papers reviewed were focused on providing theoretical, geographical, or
technical potential. The most frequent are the first two potentials. Their most usual in-
puts are environmental or climatic data, remote sensing variables, and other parameters
that characterize the physical urban landscape.

+ Only one research was found addressing the economic potential to estimate the LCOE
using a Gaussian process regression model as inputs technical variables of equipment
and real demand of a population [129].

« Systematic quantitative comparisons among methods found in literature are difficult to
perform since the wide diversity of variables involved as well as data availability are
conditioned by the area studied.

o There is a general trend in recent years to include data related to urban morphology and
sociocultural aspects as predictors. According to recent papers, variables that provide a
morphological characterization of the buildings are significantly helpful in assessing PV
economic and market potential.

« Most modeling approaches are based on complex ML models with reduced interpretation,
such as ANNs, Convolutional Neural Networks, RF, Gradient Boosting, Support Vector
Machines (SVMs), and K-Means, while regression-based approaches are less usual.

With all the above, regression-based approaches applied for the economic potential re-
mains unexplored. Regression-based models ease the interpretability, the replicability and re-
quire less computational time than the other ML models.

These approaches are suitable for predicting continuous variables and are more common
in the PV urban potential context when estimating intermediate results. For instance, the hor-
izontal irradiation and the albedo coefficient, shading, and rooftop obstacles from satellite data
[130], the in-plane irradiance data from using the Sky View Factor as predictor [131], and the
energy consumption predicted through urban morphological parameters [132].

Nevertheless, a few relevant experiences apply regression-based approaches to directly as-
sess large-scale PV potential as a final output, as described below. The geographical potential
estimation on each rooftop in six cities of Switzerland was calculated through MLR employing
six input features: annual global horizontal irradiance, roof tilt, roof aspect, and three mean
horizon heights for each roof [133]. Regression models were also applied to obtain the spa-
tial projection of PV facilities testing of multiple linear and two spatial regression models with
techno-economic and socio-demographic variables as predictors [134]. Moreover, intermediate
alternatives that combine modeling and ML approaches are also present in the literature. For
example, a support vectors regression model was developed to estimate technical potential at
the commune level in Switzerland, the model trained with 3D-GIS model as an intermediate
step [135].

As a summary of this section, the main advantages and disadvantages of the main ap-
proaches addressed in this thesis (physical and regression-based modeling) have been summa-
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rized in Table 1.1, and the most relevant modeling experiences found in the literature to assess
the PV techno-economic potential have been compiled in Table 1.2.

Table 1.1: Advantages and disadvantages of the modeling approaches developed in the present thesis.

Modeling approach  Advantages

Disadvantages

High accuracy.
Specific details.
High customization.

Possibility of automated applica-
tion in several areas.

Computation intensive (heavy cal-
culation).

Long simulation time.
Difficult to scale-up.
Technical experience needed.

Many data sources are required.

GIS-based  physical
models
Agile regression-

based models

Highly scalable.
High time performance.

Ability to consider many input fea-
tures.

Adaptability and flexibility.

Large amount of data sample is re-
quired for an accurate extrapola-
tion.

Technical experience needed.
Loss of intermediate results.

Depending on the model and com-
plexity interpretability is compro-
mised.
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1.3 Identified gaps and research questions

With the previous literature review and research context presented, the following gaps
were identified in this section.

First, an efficient methodology for obtaining the roof PVSC economic potential by deter-
mining suitable roofs for optimal installation of solar photovoltaics remains a challenge with
physical modeling approaches [141]. For this method, there is still a scarce bibliography related
to the economic constraints derived from considering the electrical demand and its influence
on the feasibility of large-scale studies of PVSC potential in urban environments. For exam-
ple, in NB scenarios, large-scale studies do not contemplate the optimal sizing of PV facilities
conditioned by the electric demand, which leads to significant overestimations in the PV gen-
eration [103]. In addition, in this context, scarce literature was found about the inclusion of the
matching with load profiles to complement the economic assessments and provide a realistic
aggregated S5 in urban areas in a high-resolution level (i.e. buildings scale).

Secondly, these approaches are characterized by a high computational cost, level of com-
plexity, and detail, which depend on a large amount of information [57]. However, they are
troublesome for large-scale studies, such as country-wide studies, because of the large amount
of calculation required (heavy calculations) to obtain satisfying outcomes [94], and data sources
may be inexistent or reduced. In contrast, ML and regression-based approaches are promising
alternatives to the modeling approaches, which require less computation time to calculate all
input variables leading to the rooftop solar PV potential [94]. Generally, MLRs have been used
as an intermediate calculation step in physical modeling approaches, and very few regressions
have been applied directly to geographic and technical potential studies. Meanwhile, no direct
use of MLR models was found in the literature to assess the PV economic potential directly. The
possibility of developing agile models in the economic area would reduce the cost of obtaining
potential evaluations. Consequently, this improvement would facilitate the disseminating of
relevant information to citizens, technicians, and poly-makers to increase the penetration of
PVSC in cities.

Finally, most of the massive techno-economic potential assessments identified in the liter-
ature correspond to high-moderate latitudes and oceanic or continental climates. In this area,
large-scale assessments in Mediterranean regions, which present a high solar resource, remain
irrelevant in the literature.

In order to address the previous gaps, this thesis is guided along the following two main
research questions, providing novel knowledge in this research area:

« How can simplified (regression-based) models improve and ease the urban PV
techno-economic potential estimation and facilitate their replicability?

— In what degree is it possible to estimate PV economic potential in urban areas em-
ploying the morphology of buildings?

— How can regression-based models facilitate physical modeling to estimate multiple
PV performance variables such as energy or economic indicators?
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« As an application of the previous models, which is the current economic PV
potential in a representative Mediterranean municipality nowadays?

— Which energy balance with the grid because of a massive PV deployment is reached
for that municipality considering economic constraints?

— In what degree can hourly fluctuations of the electric demand affect the profitability
of PV facilities and the SS of the municipality?

— How can the adopted billing scheme affect in the municipality’s PV potential?

— In order to optimize public and private resources, which buildings typologies to
deploy PVSC systems are the most interesting from an economic point of view and
with greater impact on the energy transition of the municipality?



1.4. OBJECTIVES

1.4 Objectives

In order to answer the above-mentioned research questions, the global objective of this
research is centered on providing data-driven methodologies to develop simplified
models capable of assessing the economic PVSC potential rooftops in urban environ-
ments. Additionally, as an application of the previous methodologies, the research aims
to offer pertinent insights and enhance comprehension regarding the possibilities and
limitations of deploying PVSC systems in urban areas while considering the current
technical and economic constraints.

For its fulfillment, the following specific objectives were established:

« To develop physical GIS-based techno-economic and regression-based models for accu-
rately estimating KPIs of PVSC systems in urban environments employing experimental
data for PV production modeling, real electricity demand measurements, and other open
data sources.

« To assess the performance of both modeling approaches, quantifying deviations and lim-
itations in regression-based models to provide accurate estimations for each building.

+ To quantify the economic potential of deploying PVSC systems in a Mediterranean mu-
nicipality with the previous models under different economic and electric demand sce-
narios.

« To establish a quantitative comparison of the performance of PVSC among the multiple
building typologies and determine the most strategic sectors from the urban planning
perspective.

« To understand the general energy and economic impact and limitations of deploying
PVSC systems on a municipality scale and provide strategic insights for fulfilling its
energy transition and optimizing resources.
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1.5 Scope and boundaries of the thesis

Because of obvious time constraints imposed by the framework of a thesis, a significant

part of its object of study is circumscribed to a scenario with a greater probability of material-
izing in Spain in the current circumstances regarding legal frameworks, policies, and costs. In
consequence, the following hypothesis defines the boundaries of the present research:
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This research is mainly focused on technical and economic potential, which is a gap with
high interest and multiple research opportunities, as reviewed in section 1.2.2.

The main modeling methods developed and analyzed are GIS-based physical modeling
approaches and ML approaches. Most of the latter contributions are focused on MLR re-
gressions due to their simple implementation, low computational cost, and replicability.

The economic analysis is conducted according to the present legal framework from Spain
(RD244/2019), which involves the validity of the NB mechanism. However, the NM mech-
anism is also studied in a theoretical scenario.

The installation of each building supplies energy exclusively to the dwellings and premises
of that building, which constitute an energy community. The remaining not self-consumed
energy is injected into the grid.

The building owners are assumed to be the investors of the PV facility, and no subsidies
are considered.

Only rooftop areas are considered suitable for PV, excluding facades.
No energy storage systems are considered.

Building rooftop constraints in deploying PVSC facilities due to patrimonial aspects are
not considered.

The deployment of the PVSC system on the rooftops of the building typologies residen-
tial, industrial, and tertiary, as well as their different subcategories, are the focus of this
research.



1.6. STRUCTURE

1.6 Structure

The research performed to achieve the objectives of this thesis is presented in this com-
pilation thesis following the structure described in this section. The structure contents are
summarized in Figure 1.6.

(D INTRODUCTION
1.Motivation 3. Indentified gaps an research questions 5. Structure
2.Background and research context 4. Objectives 6. Scope and boundaries of the thesis
(@ PV PRODUCTION MODELING (3) PV PHYSICAL MODEL INURBAN  (4) PV TECHNO-ECONOMIC
AREAS AND REGRESSION POTENTIAL ASSESSMENT OF A
MODELING METHODOLOGY MEDITERRANEAN MUNICIPALITY
« Physical production model validation with « Physical techno-economic model in urban *Demand modeling improvement with real
experimental measurements areas: 3D-GIS model, shadows, production load curves in the physical techno-economic
and basic demand modeling model
*PR modeling through regression-based i i X X .
approaches *Methodology to train regression-based . Regres&_on modeling of the main energy and
models to estimate economic payback and cconomic performance parameters of PVSC
« Performance analysis of a 50 MW utility- energy production systems

sellain S ale 2y ef epaain + Economic potential of the complete building

stock of a Mediterrenan municipality under
different scenarios

(5 DISCUSSION OF THE MAIN RESULTS

* PV production model
* Models for the assessment of the PVSC performance in urban areas
* Regression-based modeling approaches to estimate PVSC KPIs

v
(6) CONCLUSIONS

1. General conclusions 2. Future work and research opportunities 3. Publications of the thesis

Figure 1.6: Graphical summary of the structure of the thesis.

The present chapter contains an introductory presentation of the motivation, the re-
search context, and the scope definition of the thesis.

Chapters 2 to 4 directly correspond to each of the three peer-reviewed publications
conducted during the development of the thesis. It is important to note that the structure
of each of these chapters is identical to the structure of the papers included. A more detailed
description and contextualization of the contents is described as follows:

« Chapter 2: Performance analysis and modeling of a 50 MW grid-connected pho-
tovoltaic plant in Spain after 12 years of operation. The main objective of this pa-
per and contribution to this thesis consists of developing a PV production model and
its validation through experimental irradiance and AC production measurements. Addi-
tionally, in this article, the capabilities of regression models in the PV production field
are explored. For this, two contributions that improve the PV production estimations in
shadowed urban environments were developed. In the first place, a methodology to esti-
mate through regression-based models the low irradiance losses (LIL) of PV modules. In
second place, multiple regression-based approaches were assessed to predict the PR us-
ing two climate predictors (temperature and irradiance). Furthermore, the performance
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results of the PV power plant in its half-lifetime were discussed, focusing on the effects of
degradation and the quantification of the energy losses at each stage of the installation.

+ Chapter 3: Innovative regression-based methodology to assess the techno-economic
performance of photovoltaic installations in urban areas. This article aims to esti-
mate the techno-economic potential of a representative sample of multi-storey residen-
tial buildings of a Mediterranean city through a physical model and a regression-based
model. A general review of the state of the art of modeling PV facilities in urban areas is
provided, and the research gap in developing simplified methodologies is identified. The
production model of the previous chapter was adapted to urban environments through
an isotropic irradiance model and a validated 3D GIS-based model to consider shadows
on rooftops and additional technical rooftop constraints. A basic demand model based
on estimated hourly load profiles was included. As a result, a physical GIS-based techno-
economic model was developed to assess the technic and economic PV potential of any
building that appears in the Spanish cadastre. With the results provided by the physical
model for a sample of multi-story residential buildings, a regression-based methodology
(based on sampling) was suggested to assess the profitability (PB) of the selected in-
stallations. Potential predictors based on constructive characteristics were defined and
identified for this purpose. Additionally, a MLR model was introduced to estimate the
annual PV production on rooftops in other locations with different climates to ensure
the replicability of the methodology.

« Chapter 4: Techno-economic potential of urban photovoltaics: comparison of
NB and net metering in a Mediterranean municipality. Following a better un-
derstanding of techno-economic feasibility in urban environments, this chapter focuses
mainly on analyzing how load curve variations affect SC, profitability and S'S. The de-
velopment of the physical model from the previous article was improved by including
a more detailed demand model. The latter estimates different curves for each property
type from real hourly electricity consumption curves aggregated added by district. Ad-
ditional improvements on the available 3D model and the sizing of facilities according
to the demand were also included. As an object of study, the economic potential of a
complete census of buildings of a Mediterranean municipality was assessed consider-
ing multiple constraints in the local regulation. The regression modeling of the previous
chapter was expanded to estimate multiple target variables for a broader sample of build-
ings and multiple economic and demand scenarios. The new estimated outputs through
regressions were energy (5.5, SC) and economic (PB, I RR) variables. The method-
ology approach presented in this publication improved its versatility against multiple
demand and economic scenarios through multiple predictors for higher replicability in
other contexts.

Chapter 5 provides a discussion of the results presented in each of the previous chapters,
contextualizing them under the global vision of the thesis.
Finally, Chapter 6 summarizes this research’s main conclusions and contributions, out-

lining some of the further research lines and identified challenges.
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Abstract:

This study aims to estimate the performance and losses of a 50 MW photovoltaic (PV) utility-
scale after 12 years of operation. The PV plant has monocrystalline and polycrystalline silicon
modules and is located in the central region of Spain with an annual insolation of 1,976 kWh /m? .
Monitoring data over the entire year 2020 has been analyzed and filtered to assess the perfor-
mance results following the IEC 61724 standard guidelines. The annual average reference yield,
final yield, performance ratio and capacity utilization factor are of 5.44 h/d, 4.28 h/d, 79.24%,
and 19.77%, respectively. Besides the experimental analysis, this work improves the estimation
of the daily performance ratio, especially in days with low insolation. Two different modelling
approaches have been assessed and compared. In first place, a physical model has been adopted,
based on the most common losses, and including an exponential expression to account for low
irradiance losses. In second place, statistical models have been used, with either multiple lin-
ear regressions or random forest algorithms. In contrast with other published models which
require many inputs, the best accuracy has been reached with the random forest model using
only the ambient temperature and solar irradiance as predictors, obtaining a RM S E of 1% for
the PR and for the energy production.

Keywords: Photovoltaic; PV utility-Scale monitoring; Performance ratio; Low irradiance losses;
Multiple linear regression; Random forest.
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Nomenclature

a, b, c: Exponential fit coefficients.

A: Area of PV modules.

CU F: Capacity Utilization Factor.

Epc: AC PV energy production.

Ipoa: Global irradiance in the plane of array.

I RR: Internal rate of return.

Isc: Short-circuit current.

G st Reference solar irradiance at standard conditions.

IQ)R: Interquartile range.

LCOE: Levelized cost of electricity.

M AE: Mean absolute error.

mtry: Number of predictors selected at each split of the regression tree.
Nioq: Number of PV modules from a PV array.

NOCT: Normal operating cell temperature.

N PV: Net present value.

nRM S E: Normalized root mean squared error.

ntree: Number of trees of the random forest algorithm.

Ppy rateq: Rated installed PV power of the system at standard test conditions.
Py ratea: Rated installed power of the inverter.

P R: Performance ratio.

PR': Performance ratio without considering low irradiance losses.
PR, cqsureq: Performance ration obtained from measurements.
Py Peak power.

R?: Coefficient of determination.

RM SE: Root mean squared error.

T,: Ambient temperature.



CHAPTER 2. PERFORMANCE ANALYSIS AND MODELLING OF A 50 MW GRID-CONNECTED
PHOTOVOLTAIC PLANT IN SPAIN AFTER 12 YEARS OF OPERATION

T'epp: Cell temperature.

THD: Total harmonic distorsion.

VI F: Variance inflation factor.

Voc: Open circuit voltage.

iJ: Mean measured value.

1;: Predicted value.

1;: Measured value.

Yr: Final yield.

YR: Reference yield.

Yr1: Reference yield from weather station 1.
Yro: Reference yield from weather station 2.
51, B2, B3: MLR coefficients.

~: Maximum power temperature coefficient.
Nwiring,pC: DC wiring losses.

Ndeg: Degradation losses.

Ninv: Inverter efficiency.

nrrr: Low irradiance losses efficiency.
Nmismatch: Mismatch losses.

npv,ste: PV efficiency under STC.

Nsoil: Soiling losses.

Ntemp: Temperature losses.

AC: Alternating current.

ANN: Artificial neural network.

ANOVA: Analysis of variance.

a-Si: Amorphous silicon.

DC: Direct current.

IEC: International Electrotechnical Commission.
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LIL: Low Irradiance Losses.

mc-Si: Mono-crystalline silicon solar cell.

ML: Machine learning.

MLR: Multiple linear regression.
MPPT: Maximum power point tracker.
pc-Si: Poly-crystalline silicon solar cell.
O&M: Operations and maintenance.
PV: Photovoltaic.

RD: Royal decree.

RF: Random forest.

STC: Standard test conditions.

SCADA: Supervisory control and data acquisition.

SVM: Support vector machine.
WS: Weather station.

A: Ampere.

c€: Euro cent.

d: Day.

GW: Nominal Gigawatt.
GW h: Gigawatt hour.
h: Hour.

Hz: Hertz.

kV: kilovolt.

kV A: Kilovolt-ampere.
kW: Nominal kilowatt.
kW h: kilowatt hour.
kW ,: kilowatt peak.

m: Linear meter.
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m?: Square meter.

nm: Nanometer.

MW: Nominal Megawatt.
MW h: Megawatt hour.
MW,,: Megawatt peak.
M<€: Millions of Euros.
°C: Degree Celsius.

V: Volt.

W: Nominal Watt.

Wp,: Watt peak.

uV: Microvolt.

2: Ohm.
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2.1. INTRODUCTION

2.1 Introduction

Photovoltaic (PV) energy systems are a key technology to increase the share of renewables
in the energy mix, especially in countries with a high solar resource. In the last decade, the
rapid cost reduction of up to 82% [1], together with the favorable decarbonization policies [2],
has increased exponentially the global PV installed capacity from a total of 72 GW in 2011 to
707.5 GW in 2020 [3].

Literature on the operation of large photovoltaic plants is rather recent. Most of these
plants are located in hot, desert, arid or semi-arid climates, such as 5 MW, in Sivagangai (India)
[4], 9.36 MW, in Gujarat (India) [5], 10.13 MW, in Soroti City (Uganda) [6], 11.15 MW/,
in Shagaya PV plant (Kuwait) [7], 15 MW, in Nouakchott (Mauritania) [8], 20.05 MW, in
southwestern Algeria [9], and 23.92 MW, in El Bayad (Algeria) [10]. In most of the cases, these
analysis were performed after only 1 to 5 years of operation, which provide limited insights on
the long-term performance. To cover this gap, this paper investigates the PV production after
12 years of operation, for the largest PV power plant (50 MW) for which the performance is
reported in literature.

The PV energy production potential estimation is essential to provide more accuracy in the
design and monitoring stages of new PV utility-scales and to guarantee their integration to the
power grid [9], and a proper performance and reliability throughout their life-cycle [11]. For
this purpose, commercial modelling softwares are generally employed, with a reliability which
depends on the accuracy of the irradiance and electrical submodels [12]. The latter includes
parameters such as the power losses at different stages of the facility, namely, the performance

ratio (P R).

In addition to the study of the performance of a power plant, this paper also investigates
the modelling of the PR as one of the main points to estimate the AC energy yield (Fac) in
PV systems using irradiance time-series. These models are widely spread in technical specifi-
cation manuals [13], open-source libraries pvlib [14], research literature [15], and commercial
software [16]. Generally, the main inputs are the in-plane global irradiance (/poa), the nominal
capacity, along with the PR. The latter is introduced as a product of the different installation
losses, which are strongly dependent on the technology, the system design, and the climatic
conditions [17]. There is abundant literature regarding losses in which affect on the PR [18],
especially when facilities operate far from the standard test conditions (STC) [19]. However,
there are only a few publications which quantify the impact of low irradiance losses (LIL) [20]
on the PR by adding a correction factor. Irradiances below 200 W/m? to 400 W/m? cause a
non-negligible drop in efficiency of the modules [21], leading to an overprediction in the (Exc)
results when operating in such range of irradiances [22].

Generally, the modelling of LIL is addressed with logarithmic expressions to estimate ei-
ther directly the PV production or the module efficiency [23] together with several empirical
models with scarce peer-reviewed comparisons with other previous model proposals [24]. An-
other common approach to face the non-linearity of these low irradiances is by defining two
or more empirical expressions by irradiance ranges [25]. The simplest model which provides
a LIL correction is found in the in-house program PR-FACT [26]. Nevertheless, the employed
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continuous efficiency curve is not publicly reported and cannot be implemented by other re-
searchers. More complex low irradiance models have been developed [27], but they require
detailed electrical characteristics of the solar cell, which hinder the replicability when com-
pared to simpler models. To cover this gap, this paper develops a replicable method to estimate
the LIL, and hereby increase the accuracy of the global PR, using the irradiance exclusively as
input.

Besides physically based models, statistical and Machine Learning (ML) models have been
proposed in recent years to estimate the PV production [28]. However, literature in this field
is scarce. An artificial neural network (ANN) was applied to predict the PR of the PV modules
with a root mean squared error (RM SE) below 0.02 [29]. The PR was calculated by means
of a physical expression dependent on the temperature and irradiance. S. Bandong et al. [30]
developed a Support Vector Regression (SVR) and Multiple Linear Regression (MLR) using 26
climatic variables as predictors, obtaining a RM SE of 1.5% compared with measured data.
Behzad Hashemi et al. [31] reduced the number of inputs to 5, obtaining a RM S'F of 0.06 with
Long Short-Term Memory networks and 8 years of recorded data from a 1.44kW,, facility.
The complete replicability of these models is nevertheless limited due to the large number of
climatic variables that must be measured over a long period of time.

The present work explores the capability of simpler ML models to predict the global PR
with only two climatic variables: Ipos and the ambient temperature (7}). Two regression mod-
els have been employed: a MLR, which is the simplest algorithm, and Random Forest (RF),
which is computationally simpler than ANN and well-suited for predicting stochastic PV gen-
eration reducing bias and variance [32]. The authors have not found any published research
on its application to estimate the global PR, which is a useful alternative for prediction when
there is not enough information available on the facility to develop a physical model.

To sum up, given the previous literature review, this article presents the following novelties:

« Provide relevant experimental data regarding the PV performance of a large PV system
(50 MW) after 12 years of operation under Mediterranean climatic conditions.

+ The development and assessment of a method to estimate the daily LIL, based on an
empirical exponential expression and using the Ipp 4 as input.

+ The development and assessment of a MLR and a RF model to estimate the global PR of
the utility-scale using only as inputs Ty, and Ipp 4.
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2.2 Materials

The grid-connected PV utility-scale of the present work is located in the east of Olmedilla
de Alarcon, Spain (39.6155°N, 2.0905°W). The plant was commissioned in October 2008 with
a nominal power of 50 MW, a peak power of 60.103 MW, and a total land occupation of
175.3 hectares. According to the Koppen climate classification, the climate of the power plant
is classified as Csa (hot-summer Mediterranean), with daily average temperatures that vary
between 0°C to 31 °C, and a horizontal irradiation of up to around 1,050 Wh/m? , according
to the measured data of this study.

The solar PV power plant (Figure 2.1 and Figure 2.2) consists of 500 independent sectors,
each with an inverter of 100 kW and an array of different PV modules whose total peak power
varies per sector from 116.5 MW, to 127.5 MW,,. The peak power distribution is shown in
Figure 2.3 for the different manufacturers. The PV modules have a fixed 30° tilt angle and are
oriented towards the south. There are three different module manufacturers with me-Si and
pc-Si. The characteristics of the PV modules are summarized in Table 2.1, where each sector
contains several models with different rated power of the same manufacturer.

7
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Figure 2.1: Aerial view of the PV plant (500 sectors: S1-S500).
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Figure 2.3: Installed peak power grouped by manufacturer.
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All sectors use the same inverter model INGETEAM INGECON SUN100 with a nominal
power of 100 kW and an efficiency of 96%. The rest of the electrical parameters of the inverter
are shown in Table 2.2. The energy output of the inverters is expanded to a medium voltage
level of 20 kV by means of 500 transformers of 100 kV A. The voltage is finally increased in a
substation up to 132 kW before its injection into the grid.

Table 2.2: Summary of the characteristics of the inverters.

Parameter Value Units
Maximum input voltage 900 A%
Maximum input current 286 A
MPPT voltage range 405 - 750 \Y
Number of inputs 4 -
Number of maximum power trackers 1 -
Nominal output power 100 kW
Nominal operating voltage 3x220-3x400 \Y%
Nominal frequency range 50/60 Hz
Maximum output current 340 A
European efficiency 96 %
Power factor 1 -
THD <3 %

For the present study, the hourly E4c has been measured by the monitoring system of
the inverters. The inverter measurements are transferred to the supervisory control and data
acquisition (SCADA) system, which is installed in a high-performance workstation, through
an industrial RS232/RS485 to Ethernet converter and an IP-based network. The PV plant also
has two weather stations (WS) located at its northern (39.6348°N, 2.0867°W) and southern
(39.6151°N, 2.0938°W) ends (Table 2.1). The WS are equipped with a 7, sensor and a pyra-
nometer which measures the /pp4. Both systems provide measurements every 5 minutes,
and their main specifications are summarised in Table 2.3. The instrumentation of each WS
is connected to an independent programmable logic controller system Omron CJ1IM-CPU11
to condition the signals and send them to the SCADA system. The recorded data is stored
and used for real-time monitoring, alarm management, signal processing, report generation,
as well as the integration of the SCADA to the web. The measurement equipment is calibrated
annually by the Spanish Centre for Energy, Environmental and Technological Research.
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Table 2.3: Summary of the pyranometer specifications.
Pyranometer Temperature
sensor
Feature Value Units Value Units
Manufacturer Delta Ohm - E+E Elektronik -
Model LP PYRA 02 - EE21 -
Sensitivity 10 pV W= m? 10 mvV°C™!
Measuring range 0+ 2,000 W/m? —40 = 60 °C
Operating temperature range —40 = 80 °C —40 + 60 °C
Impedance 33 +45 Q - -
Spectral range 283 + 2,800 nm - -
Pt100
Type of sensor . ) (tolerance class )
A, DIN EN
60751)
Accuracy - °C 0.2 +0.7 °C
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2.3 Methods

This section describes the methodology to analyze the measured data and to estimate the
PR and Fz¢.

The methodology is summarized in Figure 2.4. The aim is to perform an analysis of the
50 MW PV power plant and to propose a novel method based on climatic data that improves
the PR estimations and helps reach a more accurate estimation of the E 4¢.

The first step in the methodology (section 2.3.1) is to carry out an exploratory data analysis
of the collected data. The E 4 data of each sector and the climatic data have been initially
filtered to remove potential outliers. Afterwards, the main performance parameters of the
utility-scale have been calculated, and an exploratory data analysis of these results has been
performed. Additionally, the results are compared with other power plants in similar climatic
regions.

As a second step, two approaches have helped to model the PR with climatic data: the
first method is a physical model, considering the product of several factors that describe the
energy losses in different stages of the facility. The LIL have been modelled to improve the
estimated PR accuracy for low irradiances. Several regression and ML models have been as-
sessed. This requires examining the correlations between the predictors (climatic data) and
the predicted variable (P R) and obtaining one different model per manufacturer, justified by a
one-way ANOVA test. Two different models have been studied: a MLR model and a RF model
with their respective k-fold cross-validations with measurements.

The last step consists of predicting the total E4c of the power plant through a physi-
cal model that considers the PR previously calculated from the different models, the module
characteristics, and the array configuration of each sector. Finally, the production results have
been compared with the measurements for the different PR models.
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(1) DATA ANALYSIS
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Figure 2.4: Workflow of the methodology.

2.3.1 Data pre-processing

The performance data has been analyzed on an hourly basis for year 2020. The core of the
experimental data is the E4¢ from the inverter, the 7}, and the Ipp 4 for the tilt and azimuth
angle of the PV arrays (30° S). To provide stable measurements and a consistent analysis without
measurement errors, the data was initially filtered according to the guidelines the standard
IEC 61724, as in similar PV utility-scale analysis [22]. The hourly measurements were filtered
according to the ranges indicated in Table 2.4.

Table 2.4: Filtering criteria applied for the hourly measured data.

Min Parameter Max
20 W /m? Ipoa 1,500 W /m?
—-30°C T, 50°C
0 Eac 1.02 - va,rated

In Table 2.4, P, rqted (upper filter threshold for the & 4¢) can be understood as the nominal
power of the inverter (in this case, P;yy rateq = 1,500 kW).

With respect to the data filtering, some authors employ a higher threshold for the minimum
Ipoa (200 W/m?) [33]. Nevertheless, to keep as much available data as possible in this work,
a less restrictive threshold of 20 W/m? has been considered according to the recommendation
of part one of the standard IEC 61724 [34]. Keeping the irradiance values in the range 20 W /m?
to 200 W/m? has enabled the development of a specific characterization of the system for low
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irradiance values.

The typical reporting periods to assess the performance of PV utility-scales are equal or
longer than one day (e.g. annually, monthly, or daily) [35]. The hourly measurements were
aggregated daily to avoid potential underestimations of module performances as reported in

bibliography [36].

2.3.2 PV performance parameters

The performance of the present PV utility-scale has been evaluated following the IEC 61724
standard guidelines. Their definitions and expressions of the main performance parameters are
described in Table 2.5.

Table 2.5: Description of the PV performance parameters.

Parameter Description Expression Units
Reference The maximum theoretical solar energy available in a Yx = % h/d
Yield specific location is defined as the ratio between the
(Yr) total daily in-plane insolation (Ipo4,q) and the refer-

ence solar irradiance at standard conditions (Ggrc=

1kW/m?).
Final Yield The ratio between the F 4¢ of the system during a cer-  Y; = % h/d
(Yr) tain period, in this case daily (£ 4¢,q), and the PV rated

installed power of the system at standard test condi-

tions (PPV,Tated)
Performance  The ratio between the Y5 and the Yg. It can be under- PR = 100 - % %
Ratio stood as an efficiency parameter that measures the en-
(PR) ergy losses between actual output of the plant with its

irradiation input. PR allows comparing performance

results between different PV systems regardless the ge-

ographical location and the installed peak power.
Capacity Relationship between the Yz of the plant and the max- CUF = %
Utilization imum possible energy production, defined by its in- 100 - %
Factor stalled capacity in a given period.
(CUF)

2.3.3 Energy production model

The hourly E4c (Eac,n) of the entire utility-scale has been calculated using Eq. 2.1. The
daily production (F4c 4) can be obtained aggregating the hourly production as shown in

Eq. 2.2.
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24

Eaca=Y_ Each (2.2)
h=1

Where:

« A;; is the area of a PV panel of sector i in the array j, provided by the manufacturer in
Table 2.1.

* npy; ; is the PV efficiency under STC of sector i in the array j, as provided by the manu-
facturer in Table 2.1.

* Nimod, ; 1s the total number of modules of the sector i in the array j.
« Gpo4 is the hourly measured in-plane global irradiance.

« PR, is the performance ratio of the sector i and has been obtained either with a phys-
ical quantification of the plant losses (Section 2.3.4) or with a statistical analysis (Sec-
tion 2.3.5).

2.3.4 PR physical model

The physical definition of the PR is based on the determination of the losses which occur
in every energy transmission or conversion stage from /pp 4 to the E/ ¢ of the inverters. The
losses of the transformation stage have not been included since the measured data is before the
grid injection. There are no shadow losses in the PV plant.

According to several authors [37], the PR of each sector i can be defined as the product
of the losses indicated in Eq. 2.3. The term PR, (base PR model) refers to the PR before
introducing the LIL.

/
PR'L = Nsoil * Ndeg,i " Mtemp,i * Minv * Nlmismatch * Thwiring, DC (2.3)

Where 7 is the efficiency of each stage, as indicated in Table 2.6. Whenever the efficiency
data is not available, the values have been obtained from similar facilities in literature.

The temperature losses efficiency (1)semp) is obtained with Eq. 2.5 through the temperature
coeflicient of the PV modules (7), defined in Eq. 2.1, and the PV cell temperature (7,.;;). The
latter can be estimated with Eq. 2.4 using the hourly measured T;, and Ipp4 , as well as the
nominal operating cell temperature (NOC'T in Table 2.1), which is defined as the cell temper-
ature obtained with T},,,,;, = 20 °C and a solar irradiance of 1 kW /m? . This approach is widely
employed in literature and provide conservative loss values compared to other cell temperature
models [38].

NOCT; — 20

300 (2.4)

Teenn; = Tw - Gpoa -
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Ntemp; = I —- (Tcelli - 25) (2-5)

Table 2.6: Description of the losses included in the PR physical model.

Parameter Description Value Reference
Nsoil Soiling losses Optical losses due to dust and particles accumulated on 0.98 [39-41]
the PV modules’ surface over time. The latter fluctuate
mainly with the frequency of the rainfalls, the mainte-
nance schedule, and dust type. For this facility with a
30° tilt, 2% of soiling losses has been assumed.

Manufacturer:
Ndeg Degradation losses Power decay over time in the output of the PV modules 0.916 Siliken
due to different causes of deterioration: cell cracks, cor- 0.890 Scheuten
rosion, discoloration, glass breakage, etc [42]. Values ex- 0.920 Yingli
tracted from the manufacturer data sheet.
[15, 37] and
Ntemp Temperature losses Drop in the PV module efficiency due to the increase of — 7temp, (Teeyy) manufac-
the cell operating temperature. The calculation of the turer
hourly values is further described in this section.
NLIL Low irradiance losses This parameter gathers the nonlinear efficiency drop of norL(Yr) Manufacturer
the PV modules for low irradiance values. The calcula-
tion methodology is further explained in this section and
the value depends on the Ipp 4 or Yrg.
Ninw Inverter efficiency A constant value for inverter efficiency is provided by 0.96 Manufacturer
the manufacturer mentioned in section 2.2.
Nmismateh Mismatch losses Losses due to the interconnection of solar modules of 0.98 [39, 43]

cells with different electrical properties. Following pub-
lished literature, a typical loss of 2% has been assumed.
Nwiring, DC DC wiring losses Direct current losses caused by the ohmnic resistance of 0.98 [40, 44]
the wiring that interconnects the PV strings with the in-
verter. Due to the great spatial extension of the power
plant a 2% of losses has been assumed [39].

Since only a single complete year with measurements is available, the absence of a cyclical
component in the time series limits the use of year-on-year and statistical methods [45], which
present robust results with time series of several years. As an alternative, instead of directly
using the degradation losses supplied by the manufacturers (Table 2.6), the degradation losses
were calculated with the daily PV production balance of Eq. 2.1, and breaking down the PR
between 7)4.4; and another factor with the rest of the losses contemplated in Table 2.6. The
Ndeg,; daily values were then averaged for the entire year, resulting in values of 0.9022 for
Siliken, 0.8711 for Scheuten, and 0.8934 for Yingli. These coefficients represent the total loss
due to degradation after 12 years of operation.

The efficiencies of Table 2.6 are typically employed to quantify the PR [18]. In the present
work a new coeflicient has been added, the LIL (11,77), to account for the drastic drop of the
module PV production at low irradiances (below 200 W /m? ) [20]. Additionally, this coefficient
includes the drop of the inverter efficiency when the power input is low, at low irradiance
values. This helps to compensate the fact that a constant inverter efficiency had been assumed
in the factor 7.

nrrr has been calculated in Eq. 2.6 as the ratio between the PR obtained from the mea-
surements (P R, cqsured) and PR’, which does not consider the impact of the LIL.
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PRmeasured

o (2.6)

NLIL =
Different correlations have been developed to relate the LIL with Y5. The best fitting has
been achieved with the expressions indicated in (Eq. 2.7) and (Eq. 2.8).

nLrp =1 — exp(b . YR) (2.7)

neir =1—a-Yg-exp(b-Yg) (2.8)

Finally, the PR employed in the production model includes 77,71, as shown in Eq. 2.9.

PR:PR/'HL[L (2.9)

In order to evaluate the accuracy of the developed correlations, the daily PR obtained from
the measurements has been compared with the calculated P R using the error metrics described
in Section 2.3.6.

2.3.5 PR Statistical and Machine Learning models

A different approach to estimate the PR is by means of statistical models (e.g. MLR) and ML
models (e.g. RF). Each of the developed models employs exclusively climatic data (Ippa and
T,) as predictors. The data corresponds to year 2020 which is representative for the behavior
at half-life of the facility.

Given the variety of equipment, a different fit is proposed for each manufacturer to provide
accurate predictions of the daily PR of the PV utility-scale. A one-way ANOVA test has been
employed to determine which level of aggregation is more appropriate to define the statistical
models. In other words, the one-way ANOVA tests helps to determine if a single global model
is better for all sectors, in comparison to a different model for each of the module manufac-
turers. The null hypothesis is that the manufacturer groups are equal, whereas the alternative
hypothesis is that at least one of the distributions is significantly different from the others [46].

The confidence of the results rely on the degree the one-way ANOVA assumptions are met
[47]. A significance value (type-I error) of 5% has been assumed for all the hypothesis tests.
The choice is based on S. Vergura [48], who indicated that medium-large PV plants present a
larger uncertainty due to their high complexity.

Once the PR modelling by manufacturers was justified with the one-way ANOVA test,
both MLR and RF models were trained and then tested.

As shown in Eq. 2.10, the MLR model assumes a linear relationship between the predicted
variable (P R) and the predictors (Y from WS1, Yrs from WS2, and Tj). The stats R package
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has been applied. The regression parameters for each manufacturer i (80, 51,i, £2,i, 33,:) are
estimated by ordinary least squares [49].

Y,
PR; = o+ Pri- Yri + BZ’;,RIRQ + B3, Ta (2.10)

The confidence of the regression parameters depends on the degree of compliance of the
MLR assumptions [50], which are evaluated through their respective hypothesis test in section
4.2. The multicollinearity is quantified employing the variance inflation factor (V' I F') indicated
in Eq. 2.11.

1

VIF = —
"1 R

(2.11)

Where R; ; is the correlation coefficient of the i predictor on the remaining explanatory
variables. V' I F' values greater than 4 arise multicollinearity problems [51]. Parallel to the MLR
model, a RF model has been developed. The RF algorithm is a non-linear ML model [52] that
potentially explains the PR with a better accuracy for the range of low irradiances. Since the
PR is a continuous variable, the suggested RF model is constituted by regression trees.

The RF model was trained using the caret R package [53]. In the RF algorithm, several
hyperparameters need to be defined by the user. The two most relevant optimization param-
eters are the number of predictors at each split (mtry) and the number of trees to grow for
aggregation (ntree) [54].

The mtry value is calculated by default by the algorithm as the rounded down result of
the square root of the total number of predictor variables. In this case, since there are three
predictors, the mtry value is 2. The ntree value was fixed once the increase of ntree improved
the RM SFE in less than 1%. The previous criteria is commonly used by researchers [55] and
employed in RF models applied to PV applications [56].

To assess the accuracy and robustness of the MLR and RF models, the validation was per-
formed as depicted in Figure 2.5. The pre-processed dataset obtained in Section 2.3.1 was ran-
domly split using an 80:20 ratio to create a train dataset and test dataset. This partition is
done to perform an external validation of the models with unseen data from the train set [57].
Then, a k-fold cross validation was conducted with the train set formed by the 80% of the orig-
inal dataset to obtain the optimized regressors coefficients of the MLR model and build the RF
model. For this work a k value of 10 was considered, which is commonly used in literature
[58]. Finally, external model validations with the remaining 20% of the original dataset were
employed.
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Training data Dataset (PR, Yg and T,..)

Test data
Training set (80%) Test set (20%)

Split 1 Fold 1 Fold 2 Fold 10
Finding

i cee i
Split 2 Fol.d 1 FoI.d 2 Fold 10 | parameters Model

Split 10 Fold 1 Fold 2 Fold 10 Final evaluation

Figure 2.5: Validation methodology of the MLR and RF models.

2.3.6 Model deviation

The accuracy of the three models for the daily PR and the derived PV production has been
compared. For the MLR and RF models, the trained model performance is evaluated on the test
set using as error metrics the root mean squared error (RM SFE), the normalized root mean
squared error (n RM S E), the mean absolute error (M AFE) and the coefficient of determination
(R?) as defined in equations 2.12, 2.13, 2.14, and 2.15 [59]:

S (i — Gi)?

RMSE = L (2.12)
1 o (¥ —8)?
nRMSE = | = S Wi —Yi)” (2.13)
JN ; ()?
LN
MAE = N > lyi — il (2.14)
i=1
N (g — )2
R*=1- 2;1(9—1‘7{1)2 (2.15)
i=1(¥i — )

Where y;, §;, and y are the measured, predicted and the mean measured values, respectively,
and N the number of samples of the dataset.

59



CHAPTER 2. PERFORMANCE ANALYSIS AND MODELLING OF A 50 MW GRID-CONNECTED
PHOTOVOLTAIC PLANT IN SPAIN AFTER 12 YEARS OF OPERATION

2.4 Results

Following the methodology described in Figure 2.4, this section presents the performance
analysis of the PV utility-scale, the results and validation of the PR models, and finally in the
impact on the PV production.

2.4.1 Performance results of the PV facility

The raw measured data consists of 8,727 hourly measurements of three variables: Ipp 4, Ty
and F 4o (in 500 sectors), during 364 days of 2020. After applying the data filtering explained in
section 2.3.1, the resulting dataset was reduced by 59.33% of the original hours. The minimum
irradiation threshold was the main effective filter since 49.74% of the original data was removed
due to nighttime hours, and 8.30% during the sunrise and sunset hours. Additionally, there
were 10 days (1.29% of the raw data) when the PV production stopped (non-productive hours
in Figure 2.6. Stops on individual days are mainly due to inverter failures caused by high
temperatures, blown fuses and powered surge protection devices, which need staff intervention
before starting-up again. Figure 2.6 shows the hourly values of the total measured F 4¢ of the
utility-scale, Ipo 4, and Ty, after the data filtering.

The annual Ipps was 1,975.52kWh/ m? and the Exc of the complete utility-scale in 2020
was 91.32 GW h, with a monthly average of 7.61 GW h.
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Figure 2.6: Heatmaps of hourly measured Ipoa, T, and E4¢ in 2020.

At the top of Figure 2.7 the average 717, for each month is shown. The average daily 75,
during the year is 16.61 °C, fluctuating from a minimum average of 7.43 °C in January, and a
maximum average of 28.28 °C in July.

The monthly variation of the PV performance parameters is also presented in Figure 2.7
and Table 2.7. According to section 2.3.2, the Yy reached its maximum in August and its
minimum in December with a value of 7.35 h and of 3.63 h of irradiance equivalent tol kW /m?
respectively.

Regarding the Y, the yearly average was 5.44 h/d. The minimum was 2.98 h/d in December
and the maximum 5.49 h/d in August. However, the maximum daily values, up to 6.33 h/d (in
March), were registered during the Spring season, where the lower 7, compared to summer
provided a higher efficiency. There are also noticeable differences in the yearly average Yr for
the different module manufacturers. The best performance is obtained by Siliken with 4.32 h/d,
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followed by Yingli with 4.26 h/d and, lastly, Scheuten with 4.19 h/d. The latter also provides
the lowest performances within some sectors, reaching lower values than 4 h/d, as shown in
Figure 2.8.

Ambient temperature Capacity Utilization Factor EO__-: Performance Ratio B Reference Yield [l Final Yield
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Figure 2.7: Monthly average of the T, and PV performance parameters (Yz, Yr, PR and CU F)) in 2020.
The interquartile ranges are represented by error bars and dashed lines.

Aug Sep

Table 2.7: Statistical results of the global daily performance parameters in 2020.

Parameter  Units  Minimum  1stQuartile  Median Mean 3rd Quartile  Maximum  Standard deviation  Skewness®
Yr h/d 0.59 4.10 5.90 5.44 7.30 8.03 2.09 -0.68
Yr h/d 0.43 3.31 4.74 4.28 5.63 6.33 1.59 -0.85
PR % 69.11%  75.93%  79.15% 79.24%  82.20%  93.44% 4.08% 0.23

CUF % 1.81% 13.81%  19.77% 17.88%  23.52%  26.43% 6.64% -0.85

2 Dimensionless Value.
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Figure 2.8: Boxplots of the average Y (a), PR (b) and CU F’ (c) of each sector and manufacturer.

The PR ranges between in 74.97% in August and 83.46% in February, with an annual aver-
age of 79.24%. The lowest P Rs are obtained in summer due to the higher temperatures. There
is a clear correlation with the temperature. The global PR was above 75% for 84.2% of the
days with measurements, proving that the system has been working correctly in global terms.
There are significant fluctuations in the PR when comparing the different manufacturers: the
Siliken and Yingli (pc-Si) sectors provide an annual average of 79.61% and 79.01%, respectively,
while the Scheuten (mc-Si) sectors yield 77.09%.

The PR of the mc-Si sectors is on average around 2% lower than the pc-Si sectors. Con-
sidering the similarities among manufacturer characteristics in the STC efficiencies, the per-
formance difference is mainly caused by a greater drop in efficiency when the temperature
increases. This issue can be observed in Table 2.1, since the temperature coefficient in the mc-
Si modules is higher than for the pc-Si modules. The same phenomenon was also found in
similar climate conditions, both in northern Algeria [60] and in Morocco [61].

The monthly average CUF' ranges between 12.44% in December and 22.93% in August,
with an annual average of 17.88%. The C'U F' dispersion decreases during the months with
more sunny hours and stable weather. The annual average CU F’ among module manufacturers

differs slightly: 17.99% for Siliken, 17.44% for Scheuten and 17.74% for Yingli, following a similar
distribution scheme as the PR.

According to the assumptions described in section 2.3.4, the estimated degradation losses
are generally 1-2% higher than the rates provided by the manufacturer datasheets. After 12
years of operation, the average degradation loss for Siliken modules is 9.79%, 12.89% for Scheuten,
and 10.66% for Yingli, and their respective averaged yearly degradation rates are 0.816%/year,
1.074%/year, and 0.888%/year. Consequently, the averaged modules efficiency at STC drops
to 12.13% for Siliken, 10.85% for Scheuten, and 11.02% for Yingli. The highest degradation is
suffered by the mc-Si technology:.
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As indicated in Table 2.8, the performance of the present utility-scale is comparable with
other PV power plants reported in scientific literature under Csa Mediterranean climate. How-
ever, due to the long operating period and consequent degradation losses, the average Y, PR,
and CUF are slightly lower than in the other plants, where the performance was measured a
few years after their commissioning. Among the registered PV utility-scales the CU F' is gen-
erally greater for bigger installed powers, and mc-Si technologies on average provide better
PR results.
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Besides the energy performance assessment, an economic analysis has also been conducted.
The remuneration of the facility has depended on two different Spanish legislative frameworks
during its operation. The first period, from its commissioning in 2008 until July 2014, followed
RD 661/2007 [71], with a fixed price. The second period, which is still in force, follows RD
413/2014 [72]. The remuneration calculations for this period are described in detail for other
plants in literature [73].

The net present value (N PV), internal rate of return (/ RR), payback period and the lev-
elized cost of electricity (LCOFE), were estimated according to N. Bansal et al. [74], considering
the initial investment cost, the O&M costs, the cashflows generated by the energy selling, the
annual degradation rate of the modules, the inflation rate and the discount rate summarized in
Table 2.9.

Table 2.9: Parameters of the economic analysis.

Variable Value Units Reference
Total investment cost 384 M€ Present study
Averaged yearly Fac measured for the life cycle 91,967 MW h Present study
Fixed electricity price (2008-2014) 22.976 c€/kWh [71]
Averaged electricity market price (2014-Present) 6.186 c€/kWh [75]
Specific remuneration for the operation (2014-Present) 31.754 c€/kWh [76]
Specific remuneration for return on the investment 244,85 €/MWyear [76]

(2014-Present)
Siliken: 0.816

Average degradation rate Scheuten: 1.074 %/year Present study
Yingli: 0.888

O&M cost 11.6 €/kWyear [77]

Annual Spanish inflation rate (averaged between 2008- 1.062 % [78]

2020)

Annual discount rate 7.090 % [79]

Life cycle of the facility 25 years Present study

The NPV, I RR and payback period are 93.02 M€, 9.19%, and 17.61 years, and the LCOE
is 0.359€/kWh.

2.4.2 PR modelling results

Figure 2.9 shows the deviations between the modelled daily PR considering the physi-
cal losses and the measured daily PR, as calculated with Eq. 2.6 While for regular days with
daily Y higher than 3 h/d the deviations fluctuate around 1, which means that no significant
corrections are required, there is a clear drop for daily Y5 values below 2 h/d.
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Figure 2.9: Relationship between LIL (1 71) and the Yx.

These deviations were modelled with two nonlinear exponential fits, whose coefficients and
error metrics are given in Table 2.10. The employment of an exponential fit allows reducing
selectively these differences only for low Yg values. A linear regression fit would tend to
overestimate the LIL. The exponential 1 fit, despite its simplicity, tends to excessively reduce
the P Rs with low Yx values s. The exponential fit 2 presents a more moderate fit and reduces
the error compared with the exponential 1 for Y5 values around 2 h/d. The exponential 2 was

consequently selected for the comparison with the PR models.

Table 2.10: LIL exponential model coefficients and error metrics.

Model Expression a b c RMSE MAE  R®
Exponential 1 NLirL = 1-— eXp(b . YR) - -1.688 - 0.047 0.033 0.514
Exponential 2 7jpr; = 1 —a- Y5 -exp(b-Yg) 0539 -1.067 0273 0.043  0.032 0.585

Adding the correction of the exponential fit 2 in Eq. 2.9 clearly improves the results, as
may be inferred by comparing Figure 2.10a and Figure 2.10a. There are significant overpredic-
tions with the base PR model (up to 15% of relative error) which are mitigated when 7, is

introduced. With the exponential fit 2, the n RM S E decreases by 48.22%.
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Figure 2.10: PR results validated with the base (a) and exponential (b) models

The compliance with the one-way ANOVA assumptions has been verified prior to its appli-
cation. To meet the normality of the annual average PR, the inferior outliers below the limit
defined by Tukey (Q1-1.5-1(QR=0.757) were filtered applying the same method as in other
PR analyses [46]. As a result, 22 facilities were omitted and the remaining PR followed a
normal distribution with a mean of 0.795 and a standard deviation 0.014, as verified with the
Kolmogorov-Smirnov test with a p-value of 0.239.

The normality of each PR distribution was tested with the Kolmogorov-Smirnov test for
the Siliken, Scheuten and Yingli modules, providing p-values of 0.724, 0.516 and 0.0806, re-
spectively. All the p-values are consequently higher than the type-I error threshold (0.05). A
p-value of 0.239 was obtained. However, the homoscedasticity among the three PR samples
was not met applying the Barlett’s test. To reduce the heterogeneity of variances, the Welch’s
correction factor [80] was included in the one-way ANOVA test [81], which provided a p-value
of 2.7e-14. Thus, the null hypothesis was rejected, which led to develop three independent PR
statistical models.

For the MLR and RF model, the predictors were selected considering the global Pearson
correlation coeflicients between the climatic data and the global PR of the plant (Figure 2.11)
and the multicollinearity among predictors measured with the VI F'. There is a low negative
correlation with the measured irradiance from the two WS and a moderate correlation with 7,.
This reveals that the higher PR is generally reached in cold days. The V' I F' values between T,
and the irradiances are below 1.6, presenting reduced multicollinearity. However, there is high
multicollinearity between Y5 and Yro with a VIF value of 50.25. The selected predictors
are Ty, Yr1, and the ratio Yo/ YR to consider weather fluctuations and have both irradiance
predictors uncorrelated. This ratio presents a correlation coefficient with PR and T, of 0.51
and -0.11, respectively.
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Figure 2.11: Correlation matrix of the PR and the climatic variables as predictors.

The MLR expression results from the linear combination of the variables shown in Eq. 2.10,
and the fitted coefficients gathered in Table 2.11. The intercept (/3p) value is the most influen-
tial coefficient for every manufacturer, followed by the fluctuations of the measured irradiances
between both WSs. The negative coefficients of 83 explain the reduction of the PR for increas-
ing Ty, values. The regression fit provides p-values below 0.05 for all the manufacturers (see
Table 2.11). This supports the null hypothesis that the independent variables do not affect
significantly the dependent variable.

Another conclusion is that including nonlinear combinations of the predictors have any
power in explaining the PR, as verified with the Ramsey’s RESET test (p-value of 0.5671).
The residuals of each regression fit follow a normal distribution according to the Kolmorov-
Smirnov test with an averaged p-value of 0.0998. The residuals are uncorrelated, given the
averaged Durbin-Watson D statistic of 1.839 (p-value of 0.198) [82].

Figure 2.12a compares the measured and the predicted PR of the three MLR models. There
is a higher overprediction for lower PR values, as happened with the base P R model and this
is not explained with linear relationships. The nRM SE represents for the three regressions
around 3%. Figure 2.12a, shows the global PR obtained by weighting the estimations of each
regression with the number of sectors associated for each manufacturer, providing an accuracy
of 87.85%. The accuracy represents the number of estimations with a relative error lower than
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5%. The global nRM SE is 0.0324, which is close to the value obtained for the Siliken sectors
which are the most frequent sectors. The global nRM SFE improves by 41.54% and 15.29%
compared with the base model and the exponential model, respectively. However, there is a
trend to overestimate the lower PR values due to the linearity of the model similar to the base
model.

Table 2.11: Coefficients and p-values of the MLR models to estimate the PR of the three manufacturers.

MLR coefficients p-values
Manubatwrer B0 1 B2 Bs Bo B1 Bz Bs
Siliken 0.403 0.003 0.435 -0.004 <2e-16 1.00e-04 <2e-16 <2e-16
Scheuten 0.687 0.008 0.111  -0.005 <2e-16 2e-14 <2e-16 1.00e-04
Yingli 0.933 0.004 -0.114 -0.004 <2e-16 3.00e-07 <2e-16 8.00e-06

Manufacturer Scheuten ® Siliken ® Yingli ® Global Manufacturer Scheuten ® Siliken ® Yingli ® Global
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Figure 2.12: Validation of the PR results obtained with the MLR (a) and RF (b) models compared with
the measured PR.

For the RF regression models, the hyperparameters were first tuned to provide the lower
RMSE. The Siliken sectors do not require more than 50 trees, and the other manufacturers
require up to 100 trees to provide stability in RM SE. The nRMSE was below 3%. This is
a major improvement compared to the MLR, as shown in Figure 2.12b, where the number of
outliers has been reduced, especially for low PR values. The greater deviations are found in
the extreme PR values. Nevertheless, the global accuracy rises up to 99.44%. Weighting all
the sectors the global PR yields a nRMSE of 0.013, shown in Table 2.13. This represents a
reduction of 77.04% with respect to the base model and is similar or lower than the SVR model
found in literature [30].
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The manufacturer’s error metrics of both MLR and RF models are shown in Table 2.12.

Table 2.12: Error metrics of the PR for the MLR and RF models.

MLR model RF model
Manufacturer RMSE nRMSE  MAE R? RMSE nRMSE  MAE R?
Siliken 0.026 0.033 0.019  0.689 0.024 0.030 0.017 0.741
Scheuten 0.028 0.037 0.020  0.547 0.023 0.029 0.016 0.701
Yingli 0.025 0.031 0.018 0.497 0.019 0.024 0.014 0.683

2.4.3 PV production modelling results

The global E'4¢ of the PV power plant has been obtained for the base case, with the theo-
retical PR values, and compared with the production obtained with the three PR models (the
exponential fit, the MLR and the RF model).

All the energy losses estimated in the energy balance are quantified in Figure 2.13 by
means of a Sankey diagram. The annual in-plane global irradiance does not consider the non-
productive days since they have been filtered. LIL represent 0.78% of the annual array nominal
energy at STC and the degradation losses have the biggest weight due to the long operating
time of the utility-scale. The estimated annual F 4¢ with the physical model differs by -0.71%
compared with the measurements. The annual production would rise 2.61% (up to 93.03 GW h)
if the 10 non-productive days were considered.
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1925.94 kW h/m? In-plane global irradiance
) (Not considering the non-productive days)
969.80 GWh Effective irradiance on PV panels
PV efficiency at STC = 12% PV conversion
115.54 GWh Global array nominal energy (at STC)

0.8% PV low irradiance losses
5% PV temperature losses

2% Soiling losses
13% PV degradation losses after 12 years of operation

1% Module array mismatch losses

2% DC ohmnic wiring losses

4% Inverter losses
90.67 GWh Global AC PV production at inverter output

Figure 2.13: Sankey diagram of the annual losses in the PV utility-scale according to the PR physical
model.

The validation results for each model are shown in Figure 2.14. The base model system-
atically overpredicts the production when the daily irradiance is low; however, the three PR
models significantly reduce the number of outliers for low daily irradiances. Compared with
the base case, the total RV S'E is reduced up to 68.24% with the RF, while the exponential and
the MLR models provide moderate improvements in RM SE of 4.16% and 23.79%, respectively.
The relative error of the estimated annual production was reduced up to 0.09% with the RF
model. Filtering only the days of the year in which the Yj is below 3 h/d, an improvement in
the annual production error of close to 7% is observed for the three previous models, and the
RF provides the best results. Table 2.13 provides the general error metrics in the estimation of
the production.
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Figure 2.14: Validation of the global PV production obtained considering the PR for the base (a), expo-
nential (b), MLR (c) and RF (d) models.
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Figure 2.15 represents the performance of each model, by means of the nRM SE of the
daily E4c. The nRM SE is clearly bigger in low irradiance days. Daily irradiation measure-
ments lower than 2 kWh present a nRM SE of 13.14%, which is significantly higher than the
nRMSE of 3.21% which is obtained for the full irradiance range. By incorporating the PR
the LIL factor, the nRSME is reduced in the full range up to 5.87%. This value drops to 2.44%
with the MLR model and 1.01% with the RF model. These three models reduce the n RM SE for
low irradiances by more than half compared with the base model. Nevertheless, the RF model
provides the lowest fluctuations and confident production predictions for the complete range
of daily irradiances.
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Figure 2.15: nRM SE of the estimated daily production of the PV plant for days with irradiances equal
or lower than the irradiance shown on the x-axis.
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2.5 Conclusions

The present work involves the analysis of a 50 MW PV utility-scale plant in Olmedilla
de Alarcon (Spain) after 12 years of operation under Mediterranean climatic conditions. The
experimental campaign consists of a monitoring period of one year with measurements of
climatic data and E 4¢ from the inverters. Using this data, the main PV performance parameters
have been obtained.

The annual average and the minimum and maximum monthly average registered for the
Yr, Yr, PR and CUF respectively are: 5.44 h/d, 4.28 h/d, 79.24%, and 19.77%. These re-
sults provided a clear seasonality, with lower system efficiencies during the summer due to
the high temperatures. The performance is slightly lower than other PV power plants in the
Mediterranean, although with more years of operation. Nevertheless, the PR is over 80% for
almost 42% of the measured days, proving a correct performance. Furthermore, the pc-Si sec-
tors provided PR values around 2% greater than the mc-Si sectors, mainly due to the higher
PV temperature and degradation losses of the mc-Si sectors. The estimated degradation losses
of the modules are approximately 2-3% higher than according to the manufacturer data. The
degradation losses yield the greatest weight in the energy balance, representing a global energy
loss of 13% of the global energy at STC.

After the performance analysis, a more in-depth study has been performed to reduce the
outliers in the predictions in low irradiance days. A physical model was developed, as the
product of the different losses of the PV system, including the LIL through irradiance measure-
ments and an exponential fit. The results improved the nRM SFE by 1.9% compared with the
conventional model, increasing the R? from 0.144 to 0.553 for low irradiances.

A second approach has been applied using two statistical methods using only Ta and YR
as predictors. The RF model has provided the best performance with a nRM SFE of 1.27%.
These results indicate a better performance than SVR models found in literature, which require
significantly more predictors. In contrast, the MLR model has reduced the nRM SE by 2.30%
with an accuracy of 87.85%.

The inclusion of the improvements in the P2 and in the PV daily production model has pro-
vided improvements in nRM SE of 0.11%, 0.76%, and 2.19% for the exponential, MLR, and the
RF models, respectively. These improvements are significantly greater for the low irradiance
days, providing reductions in the nRM SE up to 7.27%, 7.75% and 11.07% for the exponential,
MLR and RF models, respectively. In any case, both statistical models provided a better PR
accuracy than the physical model, and are recommended to forecast the PR whenever mea-
sured data is available. Moreover, they constitute an alternative to model and predict the PR
when there is scarce technical data of the plant.

As future work, the degradation of the PV modules will be studied in more detail by ana-
lyzing the performance after more years of operation.
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CHAPTER 3. INNOVATIVE REGRESSION-BASED METHODOLOGY TO ASSESS THE TECHNO-ECONOMIC
PERFORMANCE OF PHOTOVOLTAIC INSTALLATIONS IN URBAN AREAS

Abstract:

Households present a significant contribution in the national energy consumption, and photo-
voltaics (PV) has become an economically feasible technology that can play an important role
to lower this consumption and the associated emissions. Nevertheless, there is still a gap be-
tween too in-depth technical models for detailed studies and what urban energy planners need,
which are simpler, yet reliable techno-economical tools to select which roofs of city buildings
are the best candidates for PV production. In order to face this gap, a multiple linear regres-
sion (MLR) model has been developed to determine the economic payback using dimensionless
parameters. The methodology has been adopted in the city of Valencia (Spain) for a large sam-
ple of multi-storey buildings, which are the most common typology. The approach has a high
replicability since it can be applied for different countries. The MLR model provides a payback
root mean squared error (RMSE) of 0.48 years in comparison with a complex techno-economic
model which was previously developed and validated with the software System Advisor Model
(SAM). The variables which have a bigger weight in the payback are the shadow losses and the
power unit cost due to the economy of scale. With the current Spanish regulation, PV instal-
lations on multi-storey buildings can reach paybacks of around 7-15 years and the best option
is to have large economies of scales together with a low energy surplus.

Keywords: Photovoltaics; Self-consumption; Techno-economical assessment; Economic po-
tential; Simplified regression model; Multi-storey residential buildings.
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Nomenclature

GIS: Geographic Information System.

LiDAR: Light Detection and Ranging Laser Imaging.
MLR: Multiple linear regression.

PV: Photovoltaic.

REE: Red Eléctrica de Espaiia.

SAM: System Advisor Model.

Epy: Yearly PV production.

Epv.iocation: Yearly PV production per power installed in a specific location.

Epvbuilding,location: Yearly PV production per power installed in a specific location.

Epv building,Valencia: Yearly PV production in a specific building of Valencia.
G0 location: Yearly global horizontal irradiation.

M AFE: Mean Absolute Error.

NOCT': Normal Operating Cell Temperature.

Ppy: PV Installed Peak Power.

P R: Performance Ratio.

R?: R squared or coefficient of determination.

RM SE: Root mean squared error.

Spy: Yearly PV surpluses.

SF': Shading Factor.

S L: Shadow Losses.

S R: Surpluses Ratio.

SR*: Surpluses Ratio obtained with the Building Power Ratio.
SV F: Sky View Factor.

10 1ocation: Yearly mean ambient temperature.

COs: Carbon dioxide.

GW h: kilowatt-hour.
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kg: kilogram.

km: kilometer.

MW: kilowatt.

MW h: kilowatt-hour.
MW,,: kilowatt peak.
m?: Square meter.

°C: Degrees Celsius.
t: Ton.

TW h: Terawatt-hour.
V: Volt.

W,,: Watt of peak power.
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3.1. INTRODUCTION

3.1 Introduction

European (EU-28) households accounted in 2018 for 24% (3,299 TW h) of the total final
energy consumption, and the electricity share was of 25% (811 TW h) [1, 2]. This share can be
even bigger in some countries, such as in Spain, where 44% was reached (75 GW h) in 2018 [3],
and the expectations are that the energy consumption will increase even further [4].

The PV sector is nowadays in a very favorable situation both technically and legally [5],
particularly in Spain. The wide solar resource and the high PV penetration has led to a reduc-
tion of costs up to 90% during the last decade [6]. Self-consumption has also been promoted
throughout the current Spanish regulation with the Royal Decree-Law 15/2018 cite [7] and the
Royal Decree 244/2019 8], hereby opening the possibility to install PV installations on rooftops
of urban environments from which several consumers, such as community of neighbours, can
benefit.

However, the scarce awareness of home-owners and investors on the cost-effectiveness of
PV facilities has become an important barrier which hinders the implementation of PV facilities
in cities [9]. Therefore, for a further penetration of PV in urban areas, a favorable framework
is necessary, as well as the development of holistic energy plans. All the energy actors need
information both on technical and on economic aspects [10].

In this context, there is a need for tools to analyze the PV economic potential [11] both
accurately and with a low computational cost. These models could help energy planners, local
administrations, companies, or investors to identify the urban rooftops where PV facilities
would present reduced payback periods, and which are consequently more attractive for end
users [12].

Literature on accurate PV models on a urban scale is abundant and includes the physi-
cal, geographic, as well as the technical PV potential. The most common approach of solar
resource assessment in urban environments is based on top-down methods which require to
filter the information from radiation timeseries, Laser Imaging Detection and Ranging (LiDAR)
and raster or vectorial maps to obtain mainly the solar energy potential on tilted surfaces of
rooftops [13] and facades [14]. Some well-known computational radiation models for this pur-
pose are r.sun, ArcGIS Solar Analyst, SolarFlux and SORAM [15]. Additionally, many models
has been proposed to estimate the technical PV potential [16], based on manufacturer data
such as the module efficiency and the performance ratio (PR). A further level of detail has
also been reached by including more complex electrical calculations which have achieved a
very good agreement with measurement data [17]. As a result, several recent studies have
helped to locate the most productive rooftops in cities such as Irun [18] or Vitoria [19]. Such
studies are based on LiDAR and cadastral data and using Geographic Information System (GIS)
software tools, which are widely used for this purpose. However they do not adddress cover
the economic impact.

Literature regarding the economic feasibility of PV installations in urban areas is very
scarce and most frequent models that calculate the energy and economic savings are com-
plex. For instance, Michael ]J. Mangiante et al. [20] proposed a method that couples geospatial
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(with LiDAR data) and economic models to determine the size and location of PV facilities
on residential rooftops. Ali Mohammad Shirazi et al. [21] carried out a 3D-based techno-
economic analysis of the PV potential, and optimized the payback period with the tilt angle
of panels for facades and roofs. Commercial software, such as PVsyst [22], TRNSYS [17] or
SAM [23], has also been employed to simulate specific PV facilities. Nevertheless, the compu-
tational cost would be unassumable if the latter simulation tools were employed on a urban
level. Furthermore, such tools do not consider systematically the available surface on rooftops
nor the potential shadows cast by the urban environment. The shadowing elements have to be
introduced one by one by the user.

For energy planning applications, such as the search of optimal rooftops for PV facilities
with a minimum economic payback, detailed results of the PV production are not required and
they imply a high computational cost. In an effort to simplify the above-mentioned methods
and their high computational demand, several studies carried out bottom-up approaches based
on the statistical analysis of the different input variables. Machine learning techniques have
also been commonly employed for this purpose [24]. Nevertheless, most frequent machine
learning models such as random forest and neural networks add a further complexity in their
interpretation and hinder their replicability [25]. In this context of urban planning, one of the
simplest, yet fastest, and easy-to-replicate statistical model is a linear regression. Calcabrini
et al. [26] proposed a simplified MLR model to estimate the yearly energy yield of PV facili-
ties in urban environments based on a correlation between the radiation components and the
skyline profile. The results were accurately validated with measurement data from several fa-
cilities. This work is in turn based on a study carried out by Chatzipoulka et al. [27] where
the PV production was highly correlated for certain latitudes with the sky view factor (SV F)
as a predictor. In contrast with the previous models that require a calculation of the sky view
factor, K. H. Poon et al. [28] suggested a MLR model to predict the irradiation on rooftop and
facades based on predictors such as the height of the building, the slenderness and the plot
ratio. Trigo-Gonzalez et al. [29] proposed a MLR model to predict the hourly PV production
using minimum weather conditions and the performance ratio as predictors. With this ap-
proach, root mean squared errors (RM S E) lower than 16% were obtained in comparison with
measured production data of different PV power plants. Other MLR models employ as pre-
dictors technoeconomic, socio-demographic and building variables. For example, the model
proposed by Jonas Miiller et al. [30] forecasts spatial projections of PV installations, showing
the versatility and effectiveness of a multidisciplinary approach.

Nevertheless, the above-mentioned regression models focus on providing a quick estima-
tion of the PV energy production and no additional simplified models have been found to obtain
the profitability results, for instance the economic payback of any PV facility on a rooftop of a
building. The latter depends on global building features that are easily known in advance, such
as the amount of shadow losses or the maximum installable capacity. Consequently, there is a
potential to develop simplified models based on the global building characteristics.

In order to cover this gap, the present work provides a regression model to estimate the
economic payback. The proposed model is an alternative to the complex top-down models,
providing clear information to the local energy planners and the rest of energy actors on the
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payback which can be obtained with PV installations on a large number of urban rooftops.

Given the previous literature review, the current study presents the following novelties:

+ A new MLR methodology has been conceived for the simulation of PV panels in ur-
ban areas, considering both the technical and the economic performance, predicting the
economic payback of PV facilities on rooftops as a function of the shadow losses, the
installed capacity and unit costs.

« A MLR approach has been developed to ensure a high replicability of the methodology
in different countries, with their corresponding prices and electricity tariffs.
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3.2 Methods

3.2.1 Description of the methodology

The present section summarizes the methodology which has been applied to obtain the
correlations. As mentioned above, the primary objective of this article is the development of
a MLR economic model capable of providing the same global results as more complex and
detailed models. Figure 3.1 shows the workflow which has been adopted.

In the first place, a complex techno-economic model has been built to calculate the eco-
nomic payback automatically for any rooftop PV facility defined only by its coordinates. This
helps to easily carry out an analysis on a urban scale without going into any further technical
details. This model has been in turn validated by comparing the results with the software SAM
[31]. In the second place, the predictive variables of the regression model have been identified
by analyzing the results of the complex model. In the third place, the sample size has been
defined through an iterative process, which starts from a reduced random sample of build-
ings. The minimum size to obtain a representative regression has been verified by means of
an F-test. Finally, in step 4, the paybacks predicted by the MLR model have been compared
against the paybacks obtained with the techno-economic model. Furthermore, alternative re-
gressions have been developed to estimate the PV production in other regions of the world
based on simple predictors such as shadow losses, installed power, annual horizontal radia-
tion, and mean temperature. These models have been validated with the production obtained
from the techno-economic model.
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As stated by Campos Inés et al., multi-storey residential buildings present a high poten-
tial for electricity savings [32], and they are also the most common buildings in cities by far.
Consequently, this typology (urban houses with more than two floors) has been chosen for the
present study. Tillmann Lang et al. [33] also stated that large-residential multi-floor buildings
provide promising combinations of key drivers of economic performance, in a study which
compared the PV self-consumption of four buildings types (residential and commercial, each
small and large).

3.2.2 Techno-economic model

The techno-economic model has been developed in the R programming code to estimate
the PV electricity generation and to calculate the energy, economic and environmental impact.
The calculations are carried out with an hourly time step. The approach only requires as main
input the rooftop coordinates of the building under study.

As shown in Figure 3.2, the model is composed of several submodules. In (i) the urban
spatial model helps to obtain the skyline of surrounding obstacles around the point of study
using LiDAR and cadastral data. In (ii) the irradiation model enables the calculation of the
irradiation on a tilted surface considering nearby shadows. In (iii) the production model is
employed to calculate the electrical PV yield of the entire facility. In (iv) the electrical demand
of the building is calculated and compared with the production. In (v) the economic model
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estimates the costs, cash flows and energy savings. Finally, in (vi) the emissions model is used
to quantify the environmental impact of the facility.

The calculations are particularized to each specific building by using the LiDAR and cadas-
tral information according to the following three variables: the skyline of the surrounding
buildings, the rooftop area and the electrical demand of the building. The techno-economic
model is explained in more detail in recent literature [34]. The present section describes the
main assumptions and inputs which have been considered.
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—) < ]
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Figure 3.2: Block diagram of the PV techno-economic model.

Spatial urban model

The shadow modelling can be based on shadow profiles or based on the skyline/viewshed.
The first method is computationally heavy since it requires to scan the environment for each
time step. In contrast, the second method only requires a single scan to obtain the skyline of
nearby buildings. The calculation of the shadow losses is performed using sun maps or know-
ing the sun path. As a consequence, the global irradiation is based on a single representative
point selected manually for each rooftop. The latter is chosen as the area with less shadows
from nearby buildings, chimneys, parapets, elevator shafts, etc.

The skyline of the surrounding buildings is calculated given the coordinates of a represen-
tative point of the rooftop. This skyline is the first step to quantify the shadow loss factors for
beam and diffuse irradiation. Both factors have been obtained by means of a GIS-based model,
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developed by Viana-Fons et al. [35], which employs the cadaster data as inputs. The cadaster
data provides the geometry of the rooftops of the buildings, and the height of the buildings
is obtained from LiDAR data [36]. As a result, each polygon is assigned a determined height,
hereby creating a prismatic model. The assumed error for this prismatic approach is enough to
accurately estimate the shadow losses in the rooftops of Valencia [37]. Additionally, according
to Filip Biljecki et al. the potential improvement on the level of detail is very small [38].

The median of the Z coordinate of the LiDAR points contained in the building footprints has
been used for the calculation of the height of the buildings in the vector-based 3D city model.
The median is a high robust statistic estimator for this application according to Viana-Fons et
al [35]. Through geometric calculations proposed by Gal and Unger [39], the model generates
a skyline profile. For each azimuthal angle step, set to 5°, the skyline is obtained within a
radius of 200 m from the calculation point on the rooftop. According to the preliminary results
reported by Chen et al. [40], considering obstacles located further than 300 m do not yield
more accuracy to the SV F' calculation.

Irradiation model

The isotropic radiation model from Liu and Jordan [41] has been employed in the model. For
a given building rooftop, the program calculates the hourly global irradiation on the PV mod-
ule. The azimuth angle considers the shadows cast by the surrounding buildings and nearby
obstacles. The components of the horizontal irradiation have been previously obtained from
the Typical Meteorological Year data of Valencia provided by EnergyPlus [42] and the equations
of J.J. Michalsky [43] for the sun path, and the ground reflectance.

The shadow losses affect the beam and the diffuse components, respectively. They have
been included in the calculation of the Shading Factor (SF’) and the Sky View Factor (SV F).

Moreover, the skyline must contemplate those regions of the visible sky that are blocked
by a given surface of the surroundings. For this purpose, the analytical expression proposed
by Arbi Gharakhani et al. [44] is used to generate a profile which associates an elevation angle
for each azimuth to the sky which is blocked by the panel. This obstacle profile is combined
with the skyline of the surrounding buildings, resulting in a new combined obstacle skyline on
which the shadow loss factors (SF' and SV F)) are calculated.

Additionally, soiling losses of 5% have been applied to the global irradiation, the result is
denoted as effective global irradiance.

Production model

The hourly PV energy production is calculated according to the Spanish guidelines from
IDAE [45]. The latter assume typical values of PR and an efficiency of the PV module, which
depends on the temperature considering a standard power’s temperature coefficient and a nor-
mal operating cell temperature (NOCT'). The production is scaled considering the effective
area of panels on the rooftop area. The total area is reduced by 30% to consider other space
requirements such as for Heating Ventilation Air Conditioning), chimneys, or shadows from
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the surrounding walls. An annual degradation of the power of the modules of 5% has also been
considered.

Demand model

The PV production is compared with the electricity demand curve of the entire building.
The latter is generated assuming a dimensionless hourly demand profile [29] multiplied by the
annual electricity demand of the building, considering all its dwellings and premises from the
cadastral information. The model assumes a same profile of the load curve for all dwellings
and other premises of the building.

Economic model

The economic calculations have been developed according to the self-consumption modal-
ity with surpluses under compensation of RD 244/2019 [8]. The latter allows the energy sur-
pluses to be sold to the grid to perceive a reduction which is as maximum the monthly electricity
bill with no PV. The electricity and compensation prices are obtained from time series of 2018
provided by the corporation which operates the Spanish electric grid (Red Eléctrica de Espana,
REE). The assumed investment costs depend on the installed power as indicated in Table 3.1.
Additionally, a yearly operation and maintenance cost has been considered, as well as a yearly
inflation rate and discount rate, as indicated further on in Table 3.2.

Table 3.1: Unit power costs as a function of the installed power.
Power range, P (kW) Power unit cost (€/kWp)

P <10 1600
10< P <20 1,800 -20- P
20< P <50 1,566 — 8.33 - P
50 < P <500 1,178 — 0.556 - P
P > 500 900

Emissions model

The model also estimates the avoided emissions due to savings from the electricity grid
considering an emission factor, as well as the environmental impact in the manufacturing of
PV modules and its transportation.

The emission factors, together with all the other inputs, are listed in Table 3.2. The model
is calculated in hourly terms and the simulations are run throughout the entire life cycle of the
facility (25 years).
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Table 3.2: Summary table of all the inputs of the simulations.

Parameter Value Units Source
Default module tilt angle 30 °

Default azimuth tilt angle 0 °

Latitude 39.4697 °

Soiling losses 5 % M. R. Maghami et al. [46]
Albedo coefficient 0.2 - P. Gilman et al. [47]
Efficiency of the module 15 % 0. Perpiiian [48]
Power temperature coefficient of the module -0.4 %/°C M. C. Brito et al. [49]
NOCT 45 °C IDAE [45]
Performance ratio 0.8 - W.G.J.HM. van Sark et al [50]
Useful area ratio 0.7 -

Area/power ratio 10 m?/ W, Grupotech [51]
Module degradation rate 2 % /year D.C Jordan et al. [52]
Electrical demand per dwelling 3,500 kWh /year IDAE [53]
Electrical demand in commerces 300 kWh/ mZyear ANPIER [54]
Electrical demand in offices 137.75 kWh/ m2year Camara de Madrid [55]
Electric tariff (mean) 0.12335 €/Wh REE [56]
Surplus remuneration 0.046584 €/Wh REE [57]
O&M costs 9.35 €/W, J.Chase (58]
Inflation rate 1.3 % inflation.eu [59]
Discount rate 7 % CNMC [60]
COq grid emission factor 0.267262 kg CO,/kWh REE [61]
COg, transport emission factor 0.151 kg CO,/tkm PVsyst [62]
CO4 manufacturing emission factor 932 kg CO,/ kW, PVsyst [63]
Module weight/power ratio 0.07047 t/kW, Atersa [64]
Life cycle of the facility 25 years M. $. Chowdhury et al. [63]
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3.3 Results and discussion

The correlations use as a starting point the performance of PV installations located in po-
tential rooftops of Valencia. The performance is obtained with the techno-economic model
described in section 3.2.2. In section 3.3.1., the techno-economic model is validated. In sec-
tion 3.3.2, the performance results obtained with the model are employed for the development
of the correlations.

3.3.1 Validation of the techno-economic model

The energy production results provided by the techno-economic model have been com-
pared with the results provided by the software SAM. Both models have been executed for
a same PV self-consumption facility, which is summarized in Table 3.3 and is located on a
rooftop of a public building in Valencia (39.469072°, -0.340381°). Both models are fed with the
same inputs and climate data. The Simple Module Efficiency Model was chosen in SAM and
the shadow losses were introduced with the feature “solar azimuth-by-altitude beam irradi-
ance shading losses”, considering the skyline obtained with the Viana Fons et al. model [35].
Figure 3.3 compares the PV production obtained with both models. The RM SE and mean
absolute error (M AF) are 0.525kW h and 0.233 kW h, respectively, and the deviation is of
+10% except for low production levels at afternoon hours. This is probably due to the fact that
the azimuth resolution allowed in SAM (20° each step) to introduce the skyline of surrounding
obstacles is less accurate than the one obtained with the techno-economic model (5° each step).
As aresult, there are small deviations in radiation results in late hours when the sun is covered
by a building in the west. Moreover, the PV production in the late afternoon may be below or
above the inverter electrical thresholds defined in SAM. This aspect has not been considered
in the techno-economic model to simplify the calculations.

Table 3.3: Characteristics of the PV facility located in Valencia for the model validation.

Characteristic Value Units
Installed power 25.94 kW,
Total area of panels 133.03 m?
Temperature coefficient -0.36 %/°C
Maximum power voltage 33.54 Vdc
Open circuit voltage 37.38 Voc
Module efficiency 19.5 %
Inverter nominal power 25 kW
Inverter efficiency 98.3 %
Tilt angle 10 ©
Azimuth angle 0 °
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Modules per string in subarray gﬁgiﬁg 2:18 -
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Figure 3.3: Validation of the hourly PV production from the techno-economic model compared with the
energy results obtained from SAM for a same facility in Valencia.

3.3.2 Payback regression model

The payback regression model is obtained from the analysis of the simulation results pro-
vided by the techno-economic model. The first step is to define the minimum sample of build-
ings and to define the predictors.

Assumptions and required sample size

The payback regression model has been applied to a random sample of multi-storey build-
ings with flat rooftops in the urban nucleus of Valencia.

As exposed in section 3.2.2 and in Figure 3.2, PV facilities are influenced by buildings due to
three different features: (i) the skyline of the surrounding buildings, which is associated with
the shadow losses; (ii) the available rooftop area related with the potential economy of scale and
with the energy production; and (iii) the demand profile, which defines the amount of surpluses
and the self-consumption levels. Given the previous variables, four different dimensionless
predictor variables were initially tested to predict the economic payback:

+ The percentage of shadow losses (SL) defined as the ratio between the yearly global
irradiation on the tilted surface including shadows and the yearly global irradiation on

the tilted surface without shadows.
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+ The cost ratio (C'R) defined as the relationship between the power unit cost of the facility
and the maximum power unit cost (assumed as 1.6 € /W, for small facilities, as shown in
Table 1). This predictor indirectly considers the available rooftop area since it is related
with the power unit costs and to the economy of scale.

« The building power ratio (B PR) defined as the relationship between the peak power of
the demand curve and the peak PV installed power.

« The Surpluses Ratio (S R) understood as ratio between yearly energy surpluses (Spy)
and the production (Epy). This ratio is important since surpluses in Spain are treated
differently than self-consumption at an economical level.

The minimum required sample size is determined by means of an F-test performed with
the software G*Power [65]. The latter carries out statistical power analyses, with the statistical
F-test feature for MLR “Fixed model, R? deviation from zero” [66]. The F-test evaluates for
a given sample size whether a continuous variable, the payback in this case, is significantly
estimated by a set of predictors, in this case the SL, CR, BPR and S R. The program assumes
as null hypothesis that the R? equals zero, and as alternative hypothesis that the R? is greater
than zero, which means that there is a correlation between the predictors and the payback with
a statistical significance.

In order to perform this test it is necessary to assign values to the type-I error, the power and
the effect size index (f?). The standard type-I and type-II errors have been fixed respectively as
5% and 20% (associated with a power of 80%, the probability of rejecting the null hypothesis).
The latter values have been fixed taking as reference the five-eighty convention suggested by J.
Cohen [67]. These values are also within the range proposed by other authors [68]. The effect
size is set at £2=0.29, which depends on the correlation coefficients between the four predictors
and the payback. These correlation coefficients are obtained from the results of a sample of 200
buildings simulated prior to this test and yield similar values to the ones shown in Figure 3.4.

As a result of the F-test, the minimum sample of buildings is 47 with a power of 80.91%. In
other words, there is a probability of 80.91% that the R? will significantly be greater than zero
if the sample is of 47 buildings or more. Nevertheless, in order to cover all the districts of the
urban nucleus, at least 50 buildings per district have been selected, hereby yielding a total of
1,035 buildings for the entire city shown in Figure 3.4. This amount has been finally reduced
to 893 buildings after filtering the paybacks which are higher than the facility useful life [63].
As discussed in section 3.3.3, the sample size decision is backed by analyzing the RM SE for
several test and train ratios (the proportion of the dataset intended to fit the model and its
complementary intended to validate the model).
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Due to the fact that the MLR assumes that the residuals of the model are distributed nor-
mally [69] the normality of the filtered payback dataset of 893 buildings has been assessed with
a Shapiro-Wilk test. The null-hypothesis is that the economic payback is distributed normally,
consequently if the p-value is less than a type-I error of 5% [67], the null hypothesis is rejected.
The test provides a p-value of 2.2 x 1076, thus the data does not meet a pure normality as-
suming a confidence level of 95%. Furthermore, the distribution is moderately right-skewed
(skew=1.23), which indicates an asymmetric density distribution with a long tail on the right
side. in order to reduce its right skewness, the payback variable has been transformed with the
inverse root square (Payback %), as suggested Tabachnick et al. [70]. A normal distribution
has then been obtained with a p-value of 0.18 for the Shapiro-Wilk test and a with a distribution
which is practically symmetric (skew=-0.03). Finally, the payback dataset has been randomly
split using a 20:80 ratio, to create the training dataset and test dataset, respectively. The first
one is used to train the MLR model and the second one to assess and validate the model.

Once the minimum sample size has been obtained and the payback has been fitted prop-
erly, the correlation matrix of Figure 3.5 helps to obtain a preliminary assessment of the four
predictors given their impact on the predicted variable, which is the economic payback.

As a first step it is necessary to reduce the multicollinearity among predictors. Figure 3.5
shows a strong positive correlation of 0.89 between the predictors BPR and SR, while the
correlation values among the other predictors are negligible.

For this reason, a polynomial regression of degree six has been introduced to reflect the
relationship between the SRR and the BPR (as denoted by SR* in Eq. 3.1). As a result, the
MLR model presented in Eq. 3.2 predicts the economic payback with only three features (SL,
CR and SR), as also shown in Figure 3.6. From the first row of this correlation matrix, the
degree of influence of each predictor is determined. SL has the biggest impact, followed by
the CR, and finally SR* in a lower level.
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Figure 3.5: Correlation matrix with the preliminary predictors.
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Figure 3.6: Correlation matrix with the final predictors.
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The coeflicient results for both regressions are gathered in Table 3.4. The correlations are
very good given the high R? values. The negative sign of the coefficients shows that an increase
of any of the predictors implies an increase of the payback. Considering their absolute value
and the correlation matrix, the most important predictor is C'R, followed by SL and finally, to
a lower extent, SR*.

Table 3.4: Errors provided by the polynomial regression to estimate SR and the MLR to estimate the
payback.

Regression ko k1 ko ks k4 ks kg R?
SR* = Spy/Epy 0036 2107 082 -0612 -0.026 0251 -0.110 0.9975
1/VPB 0.586 -0.209 -0.279 -0.234 -0.223 - - 0.9951

3.3.3 Validation of the regression model

The previous models have been fed with the test dataset, and the predicted values have
been compared with the ones from the complex model. According to Figure 3.7, 97.97% of the
predicted values present a relative error lower than 5%, and there are only three outliers in
total. The MLR tends to over-predict slightly the payback in general, whereas the predictions
with the greater residuals are underpredicted.

The errors shown in Table 3.5 indicate that the model provides accurate payback values,
as illustrated by the RM S E which is of only 0.48 years. This value is completely assumable
since the purpose of this regression is to provide an order of magnitude for energy planning.
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Figure 3.7: Results and validation of the MLR model to predict the payback.

Table 3.5: Errors provided by the polynomial regression to estimate SR and the MLR to estimate the
PB.

Regression RMSE MAE Units
SR* = Spv/Epv 0.00398  0.00306 -
1/vPB 0.48242  0.19189  years

Analysis of the errors depending on the test/training data ratio

An analysis of the error dispersion depending on the training set size has been carried out
to demonstrate that the chosen sample size is robust and to guarantee an accurate evaluation
error score independent of the training and test data partition. For this purpose, the training
dataset size is increased from 100 to 700 by steps of 100. For each step, the original dataset
is split into a random training sample and its complementary for testing is taken. Finally, the
RMSE and M AFE are calculated by repeating the process 1,000 times, resulting in a different
error value in each repetition due to the randomness of the sampling. The error distributions
for each training dataset size are reflected in Figure 3.8 and Figure 3.9. The mean values of the
RMSFE and M AFE register a very slight reduction, hereby confirming that a sample size of
200 buildings for train data is large enough to present an accurate regression. In both figures,
there is a slight increase of the error between the 400 and 500 samples due to an overfitting of
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the model. The model reproduces too closely a particular dataset for samples larger than 400
buildings, consequently leading to poor generalization when predicting new testing data.
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Figure 3.8: RMSE boxplots for different train/test splits.
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Figure 3.9: MAE for different train/test splits.
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Additionally, an independent 10-fold cross-validation of the MLR model has been carried
out. This is important to contrast the previous errors with a standardized methodology which
is generally employed to validate regression models. The payback dataset is randomly split
with a 20:80 ratio into 10 distinct subsets called folds. Afterwards, the MLR model has been
fitted 10 times, choosing every evaluation step a different fold to train it and selecting the
complementary folds to test it with the payback results from the complex techno-economic
model. The results are similar to the previous plots in Figure 3.8 and Figure 3.9 with an average
RMSE of 0.59 years and a M AE of 0.28, as well as a standard deviation of 0.043 and 0.008
years, respectively.

Regression results for other locations

In order to ensure the replicability of the methodology for other locations, two regressions
have been proposed, which combined estimate the yearly PV energy production, a value that
can be easily converted into economic savings.

The first regression consists of a MLR model to estimate the yearly PV production in Va-
lencia, depending on the installed peak power (Ppy) and SL.

Epv.building Vaiencia(Ppv,sL) = ko + k1 - Ppy + ko - SL + k3 - Ppy - SL (3.3)
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Figure 3.10: Results and validation of the MLR model to predict the energy production.
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The second correlation is the simple linear regression shown in Eq. 3.4, which has been
introduced to adapt the PV production (with SL=0%) from the previous MLR model to the
climatic conditions of any given location. This conversion only depends on location data
such as the yearly global horizontal irradiation (G jocation) and the mean ambient temperature

(ﬂocation)-

EPV,location(GO,locationa T’location) = kO + kl : GO,location + k2 ) Tlocation (3‘4)

The combination of both regressions enables the calculation of the yearly PV production
from any given location, as indicated in Eq. 3.5. Figure 3.11 presents the validation results
for several locations for facilities with null shadow losses. The deviation is below 5% for 12
of the 15 locations assessed and the regression model tends to slightly overpredict the yearly
production, except for the high latitudes.

EPV,building,location =
EPV,location(GO,locationa Tlocation)

= EPpvpuilding,Valencia(PPV,5L) - (3.5)

EPV,location (GO,Valencia ’ TValencz'a)

Additionally, shadow losses in the range from 0 to 40% have been simulated in different
locations to check that there is still a linear relationship between Epv ocations Go,location, and
Tlocation- Figure 3.12 shows these results, revealing that most of the points are within a devi-
ation of £10%. In general, there is an underprediction when the shadow losses increase for a
same location. Again, as described in Figure 3.11, there is an underprediction in Brussels (the
location in Figure 3.11 with a highest latitude), however for regular shadows and latitudes the
regression model provides accurate results providing a RM SE of 3.20 kWh/kW,,.
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Figure 3.11: Results and validation of the polynomial regression model to predict the SR.
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Figure 3.12: Results and validation of the MLR model to predict the payback.

Finally, the coefficients and errors of Egs. 3.3, 3.4 and 3.5 are gathered in Table 3.6.
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The previous regressions can be employed as a starting point to make the balance with
the electrical demand, to apply other costs or electricity prices and to calculate the surplus
remuneration according to appropriate climate and regulation (net-metering, feed-in-tariff, and
other schemes gathered by Campos Inés et al. [32]).

3.3.4 Overall analysis of the assessed multi-storey buildings

The main results obtained with the techno-economic model for the sample of 893 build-
ings (those whose payback is under 25 years) are showcased in the boxplots of Figure 3.13,
Figure 3.14 and Table 3.7.
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Figure 3.13: Economic and environmental payback results for the sample of buildings of Valencia.
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According to Figure 3.13, the average economic payback for the sample is 11.59 years.
40.42% of the total results yield paybacks between 8 and 11 years and only 0.33% provide values
under 6 years. As mentioned in section 3.3.2, the economic payback distribution is right skewed
since there is a wide dispersion of cases for which the profitability is hindered by shadows
and/or a low match between production and demand or high costs. In fact, this tail of the
distribution would be larger if the discarded facilities with paybacks beyond the lifecycle had
been represented (13.72% of the original dataset).

The environmental payback, understood as the time to recover the emissions generated
during the manufacturing and transport of the panels, presents an average of 2.31 years, which
shows a high positive impact on the environment even on a short term. The low standard
deviation is due to the assumption of a similar emission factor for all the cases. The dispersion
could increase if different manufacturers had been considered. However, this analysis provides
an order of magnitude of the notorious difference between the economic and environmental
paybacks.

As Figure 3.14 shows, the low levels of exports, with an average of 3.62% of the yearly
production, are explained by the high level of electricity demand in comparison with the PV
production, which is limited by the effective rooftop area. These small exportation values
together with the low prices of surplus remuneration are the main reasons why electricity
export does not play an important role to improve the economic payback for these buildings.
The same conclusions were obtained with the MLR model. Given the reduced exportation,
practically for half of the simulated buildings the energy generated is self-consumed on site.

Regarding the renewable fraction shown in Figure 3.14, 17.73% of the total grid electricity
consumption could be supplied entirely with on-site PV production. The highest renewable
fraction and exportation ratesare achieved in buildings with a yearly PV production higher
than 65% of the yearly demand. In general, these installations are oversized.

The shadow losses usually have low values for this type of building due to their elevated
height. An average shadow loss of 17.73% is obtained and the latter drops significantly down to
10.39% if the median is considered. These losses are generally due to shadows cast by the rail-
ings, elevator shafts and chimneys. In most modern districts, thanks to urban planning, most
of the buildings have a similar height and consequently they hardly produce shadows between
them. This phenomenon can be noticed with the spatial distribution of paybacks shown in Fig-
ure 3.4, where downtown buildings present higher paybacks due to abrupt skylines, whereas
the modern districts on the outskirts yield lower paybacks.

At a more detailed level in the building characterization, the buildings which present the
best profitability results share the following characteristics:
« Large rooftop areas, which imply lower unit costs due to the economy of scale.

« High levels of electricity consumption, since the PV generation is intended to reduce
the costs of the energy term of the electricity bill, whose cost is higher than the current
surplus remuneration.

113



CHAPTER 3. INNOVATIVE REGRESSION-BASED METHODOLOGY TO ASSESS THE TECHNO-ECONOMIC
PERFORMANCE OF PHOTOVOLTAIC INSTALLATIONS IN URBAN AREAS

« Low percentage of shadow losses to maximize the PV production.

« Coincidence of consumption hours with radiation hours to maximize the energy and bill
savings and reduce surpluses, which provide a lower income.

The above-mentioned characteristics generally fit with the characteristics of industrial
buildings and residential multi-storey buildings. Both typologies are consequently the most
suitable for PV production. Taking the above-mentioned characteristics into account, an alter-
native to subsidies that could help to improve the payback consists of creating energy commu-
nities with a same PV facility, but aggregating the electrical demand from several buildings. As
a result, all of the produced energy could be self-consumed and the savings in the electric bill
would be higher.

According to the techno-economic model, PV facilities in single-family houses do not present
as favorable economic results as multi-storey buildings, although they present a greater re-
newable fraction (with an average of 30% of the PV production) and exportation rates (with
an average of 40% of the production), as confirmed by simulating 100 houses. The average of
their shadow losses registered is 35%, which contrasts with the average of 10% for multi-storey
buildings.

Likewise, with the results of the sample of buildings, Figure 3.15 shows a gradient plot rep-
resenting the influence of the two main predictors (SL, and power unit costs) on the economic
payback. A greater weight of the unit power cost is appreciated. For costs above 1.5€/W,,
the shadow losses must remain lower than 40% to guarantee a payback lower than the facility
life cycle. The gradient plot has been constructed by means of a linear interpolation of the
discrete points of the sample in a 200x200 grid. The presence of outliers and their consequent
discontinuities in the plot for costs over 1.4€/W, are because the selected predictors do not
explain entirely the payback for these specific points.
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3.4 Conclusions

The present work has been developed to shorten the gap between energy planners and
detailed simulation models of PV facilities. A MLR model has been developed, in a similar
approach as recent studies from literature, although including the main novelty of addressing
the economic impact and ensuring a high replicability since it can be applied for other loca-
tions. As an application, the mentioned methodology has been applied for the most common
buildings in the city of Valencia, which are multi-storey residential buildings.

The MLR model is based on the results given by a complex techno-economic model, which
has previously been compared and validated with SAM providing a RMSFE of 0.53kW h in
the hourly PV production. The proposed MLR model has been validated by means of a cross-
validation methodology which has provided a RM SE of 0.48 years which is perfectly assum-
able for energy planning purposes. As a complement for other countries, a combination of
regressions has been proposed to estimate the PV production on any rooftop given the capac-
ity, shadow losses and climatic data. The relative errors for this methodology are close to 10%
for the studied locations with a R? value of 0.97.

The following conclusions have been obtained when applying the methodology to the res-
idential multi-storey buildings of Valencia:

+ The key drivers on the payback are the shadow losses and the economy of scale. The
best economic paybacks are obtained in large available rooftop areas.

+ On the demand side, buildings with high levels of electricity demand tend to profit in
a high percentage from on-site energy generated from self-consumption. The surpluses
are very low and all the PV production is translated into energy and bill savings. In the
case of low consumption levels such as buildings with very few dwellings, the savings
are very limited, therefore their cashflows are low in comparison with the investment
costs.

« For high electricity demands, the sale of surpluses does not represent a relevant factor
to generate large savings and reduce the payback. The sale price in Spain is lower than
the price of the bill. One solution to reduce the high paybacks in single-family houses
and buildings with low energy demand can be the promotion of energy communities,
since the results show that adding consumption and reducing exports leads to a better
profitability. As future work, the authors will analyze in more detail the opportunities
of PV production in energy communities.
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CHAPTER 4. TECHNO-ECONOMIC POTENTIAL OF URBAN PHOTOVOLTAICS: COMPARISON OF NET
BILLING AND NET METERING IN A MEDITERRANEAN MUNICIPALITY

Abstract:

Solar photovoltaic self-consumption is an attractive approach to increase autarky and reduce
emissions in the building sector. However, a successful deployment in urban rooftops requires
both accurate and low-computational-cost methods to estimate the self-consumption potential
and economic feasibility, which is especially scarce in the literature on net billing schemes. In
the first part of this study, a bottom-up GIS-based techno-economic model has helped compare
the self-consumption potential with net metering and net billing in a Mediterranean munic-
ipality of Spain, with 3734 buildings in total. The capacity was optimized according to load
profiles obtained from aggregated real measurements. Multiple load profile scenarios were as-
sessed, revealing that the potential self-sufficiency of the municipality ranges between 21.9%
and 42.5%. In the second part of the study, simplified regression-based models were developed
to estimate the self-sufficiency, self-consumption, economic payback and internal rate of re-
turn at a building scale, providing nRM SE values of 3.9%, 3.1%, 10.0% and 1.5%, respectively.
One of the predictors with a high correlation in the regressions is a novel coefficient that mea-
sures the alignment between the load and the hours with higher irradiance. The developed
correlations can be employed for any other economic or demand scenario.

Keywords: photovoltaics; urban rooftop photovoltaic economic potential; self-consumption;
self-sufficiency; net billing; regression modelling.
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Nomenclature
€: Euro.

3D: Three-dimensional.

A: Area.

AB: Apartment block.

COg3: Carbon dioxide.

CF: Cash flow.

CR: Cost ratio.

d: Interest rate.

Dy,: Hourly demand.

DL: Demand level.

DSF': Demand scale factor.

Epy: Annual photovoltaic production.
Eq: Equation.

GIS: Geographic Information System.
GW h: Gigawatt hour.

I: Inflation rate.

Ipo4: Global irradiance in the plane of array:.
I RR: Internal rate of return.

1C'" Installation costs.

I L: Investment level.

G poa: Global irradiance in the plane of array.
kg: kilogram.

MW h: kilowatt-hour.

kW : Nominal kilowatt.

MW,,: kilowatt peak.

LiDAR: Light Detection and Ranging.
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LOD: Level of detail.

LP: Load profile.

m: Linear meter.

M<€: Millions of Euros.

m?: Square meter.

MAE: Mean absolute error.

MFH: Multi-family house.

MW,,: Megawatt peak.

Neontracts: Number of contracts.
NB: Net billing.

NM: Net metering.

NPV Net present value.

nRM S E: Normalized root mean squared error.
°C: Degrees Celsius.

OLS: Ordinary Least Squares.

OR: Occupation rate.

Ppy: PV peak capacity.

P B: Economic payback.

PC: Postal code.

PL: Price level.

PV: Photovoltaic.

QR: Quantile regression.

R?: Coefficient of determination.
RD: Royal decree.

RM SE: Root mean squared error.
SC': Percentage of Self-consumption.

SCannual: Annual self-consumed energy.
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SFH: Single-family house.
SR: Sizing ratio.

SS: Self-sufficiency.

t: Tonne.

TH: Terrace house.

V I F': Variance inflation factor.
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4.1 Introduction

In recent years, photovoltaic (PV) energy has experienced a massive deployment. The Eu-
ropean Union’s (EU) total PV capacity increased from 167.5 GW in 2021 to 208.9 GW in 2022
and is expected to reach 600 GW by 2030 [1]. This rapid growth has been fostered by the con-
solidation of competitive manufacturing costs [2] as well as the favorable legal frameworks,
policies and funds that promote the implementation of renewable systems [3]. The latter have
been promoted to reduce emissions by at least 55% by 2050 in the EU [4].

Buildings in the EU are responsible for around 40% of the energy consumption and 36%
of the CO2 emissions in the zone [5]. PV self-consumption (PVSC) is a strategic approach to
reach the emissions reduction target using unexploited rooftops [6]. Moreover, PVSC reduces
sensitivity towards the volatility of electricity prices [7], increases independence from the grid
[8] and involves citizens and other productive agents involved in the energy transition [9]. In
this context, public and private agents and researchers need tools to quantify and prioritize
which potential facilities on rooftops would have more impact.

For this purpose, a wide range of PV models and methodologies have been developed to
assess the PV potential in urban areas [10]. Depending on the scope of the study, PV models can
be classified according to their physical, geographical, technical and economic potential [11].
Most of the literature related to the urban PV potential is circumscribed within the energy
production constraints (technical potential), from the irradiance and shadow assessment to the
available rooftop space or module array configurations [12, 13]. In these studies, the economic
dimension of the problem is out of scope due to the complexity or uncertainty of the cost
scenarios [14].

As a consequence, there is scarce literature on the economic potential [14-16]. Further-
more, the applied billing scheme has a crucial influence on the feasibility results. As a relevant
study in this area, Karoline Faith et al. developed a detailed GIS-based model to assess 2 km? of
urban area in Karlsruhe (Germany) considering the economic feasibility of facilities on rooftops
and facades under a net metering (NM) scheme [17]. Wider economic potential assessments
with NM were applied to 55,887 buildings in Lethbridge (Canada) [18] and to the old residen-
tial buildings of five districts of Nanjing (China) [19]. Nevertheless, economic potential studies
contemplating a net billing (NB) scheme are even scarcer and very few analyze nonresidential
uses. To the authors’ knowledge, only Jordi Olivella et al. provided a large-scale NB assessment.
The latter studied 5567 real residential load profiles with a sensitivity analysis depending on
the surplus reward price in London (United Kingdom) [20]. NB in contrast with NM requires
the use of electricity demand curves to estimate accurately the economic savings and they vary
depending on the assumptions taken on the demand profiles, as studied in the literature for spe-
cific study cases but not on a large urban scale [21, 22]. In this field, the present work provides
a large-scale economic PV potential sensitivity analysis by fluctuating the load profiles under
an NB scheme with a bottom-up technoeconomic model at a building scale. This study covers
residential, industrial, and tertiary buildings, analyzing for the PV impact in a representative
Mediterranean town of Spain.

In parallel, there are few proposals for agile models to reduce the computational cost in
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urban planning assessment. The latter would be of special interest in NB models. Simplified
models based on regressions are generally employed to estimate PV production [23, 24]. Some
cases require complex machine-learning models [25, 26]. In addition to an economic pay-
back (P B) regression model proposed by the authors [27], a study case was found in which
the payback and N PV model are estimated, based on installation design parameters such as
power, tilt and azimuth angles, inclinations, electricity prices, among others [28]. However,
both models are not very flexible to other scenarios of electricity consumption and costs. Tak-
ing advantage of the results of the PV economic potential, in the second part of this work, a
methodology is proposed to develop regression-based and versatile models for different con-
sumption and economic scenarios. For this purpose, a novel dimensionless predictor is defined
to improve the correlation results. The regressions are capable of estimating energy metrics,
such as self-sufficiency (S.S) and self-consumption rate (SC), and economic metrics, such as
P B and internal rate of return (I RR), denominated as target variables.

As aresult of the previous research in the literature, the main novelties of the present work
can be summarized as follows:

« NB has been compared for the first time with NM in a complete municipality. This helps
to extend the impact of the results given that the regulation is different depending on
the country.

+ The impact of the demand profile has been studied for the first time at a municipality
level under NB and NM scenarios to assess the global S\S potential.

« Regressions have been developed for the first time to estimate S.S, SC, PB, and I RR,
including all the necessary parameters to implement them in a wide range of demand,
costs, or price scenarios.

+ A new dimensionless predictor has been introduced to address the alignment between
the load and the hours with higher irradiance.

+ A new optimization sizing criteria for NB has been included to guarantee high SS rates
and low PB.

The article is structured as follows. Section 4.2 describes the techno-economic model and
the scenarios, as well as the methodology to build the simplified regressions. In Section 4.3,
the global potential results of the municipality are given, together with the impact of different
load profiles on the global potential. Then, the simplified regression results are discussed, and
their error metrics are calculated. Finally, in Section 4.4, the main conclusions are drawn.
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4.2 Materials and Methods

Figure 4.1 describes the methodology that has been adopted to assess the economic poten-
tial of the municipality under an NB scheme, as well as the regressions developed to provide
an agile estimation method for PV assessment in urban areas.

MATERIALS AND METHODS RESULTS AND DISCUSSION
(@ ANALYSIS AREA (D PV SELF-CONSUMPTION (3 ASSESSED  (4) MUNICIPALITY POTENTIAL
; S TECHNO-ECONOMIC MODEL SCENARIOS o . o '
* A Mediterranean municipality « Individual analysis by building typologies
(Catarroja, Spain) = 1. GIS-based 3D model « Aggregated municpality potential for:
. SD::;I’IP‘IOH of the building 2. Irradiance model gat)?::;:g:j r;:)ft:gtcafsfﬁllz
- Samples studied: 3. PV production model NB and NM 5 O;imized cagacix for NB
¢~ Complete municipality ====$ 4 Demand model _— . « Priorization strat
I 3.840 buildi ) 5 load profile scenarios bl s lizis ey
13, uildings | 27,655 properties | > 5. Economic model
| 64.1% residential, 19.1% industrial, | . Section 2.2 Section 3.1
\_fEitrypBichss
=N S W N
[ Representative sample | | (2) REGRESSION-BASED MODEL (5) REGRESSION RESULTS
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Figure 4.1: Methodology workflow.

First, the urban area as well as its building stock are described. Next, the techno-economic
model is presented. In this section, the main assumptions, and inputs for the base case of
each submodule are described with an emphasis on the demand model, which is based on real
measurements. The third step presents the methodology to train and test the regressions as well
as the novel predictors. Different scenarios are presented, regarding the demand, investment
costs and electricity prices, as well as the different combinations of scenarios employed to train
the regression-based model.

4.2.1 Analysis Area

The present study has been applied to the complete municipality of Catarroja, Spain (39.4028°N,
0.4044°W), which has a total extension of 13.16 km?, and a population of 28,509 inhabitants
[29]. According to the Képen climate classification, the climate of this region is classified as Csa
(hot-summer Mediterranean), with an annual global horizontal irradiation of 1,782 kWh /year
and an average temperature of 17.9 °Cin 2021 [30]. The weather conditions are similar to other
European cities such as Rome (Italy), Nice (France), Athens (Greece), or Split (Croatia) [31]. The
total building stock comprises 3,840 independent buildings [32] that are spatially distributed
according to Figure 4.2. The western part is an industrial park, while the eastern part is mainly
the residential town center. For a more detailed PV potential analysis among buildings, the
residential sector has been classified into four typologies according to the Tabula project [33],
namely, single-family houses (SFHs), terrace houses (THs), multi-family houses (MFHs) and
apartment blocks (ABs).
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Figure 4.2: Geographical location and building typologies of Catarroja (Spain).

The most abundant typologies are THs. However, the largest cumulative rooftop areas are
found in industrial, tertiary and ABs, as summarized in Table 4.1. The buildings described as
others do not meet the Tabula classification criteria and are out of the scope of the present
study given their wide range of patterns and uses.

Table 4.1: Building stock of the municipality of Catarroja (Spain).

Typology Absolute Relative Numberhof Built Area Rooftop Area
Frequency Frequency Properties
_ _ % _ mz mz
Residential SFH 132 3.44 578 23,904 14,091
Residential TH 1,842 48.00 6,331 451,411 206,908
Residential MFH 270 7.03 3,588 345,254 76,444
Residential AB 216 5.62 13,517 1,125,487 214,148
Industrial 734 19.10 1,283 504,124 462,607
Tertiary 160 4.17 794 348,652 17,923
Others 486 12.7 1,564 171,407 119,613
Total 3,840 100.00 27,655 2,970,239 1,273,042

For the regression modeling, a representative sample of 600 buildings Figure 4.2 was se-
lected due to the high computational cost of simulating the complete municipality under the
wide range of scenarios explained in Section 4.2.4. Six simple random samples of one hundred
buildings were selected for each typology. Finally, the nonparametric Mann-Whitney U-Test
[34] concluded that the difference in medians of rooftops and built areas between the samples
and the total building stock is not statistically significant for each typology, providing p-values
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above 0.25 and 0.15, respectively.

4.2.2 Techno-Economic Model

The bottom-up techno-economic model is composed of several submodels that allow the
energy and economic performance of each rooftop facility on any building of the municipality
to be obtained with the specifications provided in the present section.

The 3D GIS-based, irradiance and production model foundations are detailed in previous
research by the authors. The main model hypotheses are summarized below. As a first step,
a 3D GIS-based model obtains a 3D model using as main inputs the vectorial geometry of the
buildings from cadaster [32] and the height of the rooftops from LiDAR data with a density
of 0.5 points/m? [35]. The combination of GIS-based methods and LiDAR is a common and
robust approach found in the literature when estimating the PV technical potential since the
shadows cast by surrounding buildings reduce significantly the direct and diffuse irradiance
received by the modules [10]. The model, by means of clustering techniques, helps obtain the
tilt and azimuth of each surface on any rooftop, with a level of detail 2 (LOD2) in 3D models
according to the CityGML standard [36]. A filter is also applied to consider a minimum rooftop
area and width and to remove the small rooftop spaces [37]. For the centroid of each of the re-
maining surfaces, the global irradiance is applied for all combinations of azimuth and tilt using
the Liu and Jordan isotropic irradiance model [38], which is widely employed in urban areas
due to its accuracy and simplicity [39, 40]. The shadows cast by nearby obstacles and build-
ings are considered to calculate the skyline of surrounding obstacles, as detailed in a previous
work [27, 41, 42]. The irradiance hourly time-series components and ambient temperatures
are obtained from PVGIS for the year 2021 [30]. The PV production is obtained through time
series and the module efficiency varies with the temperature through the equation defined in
reference [43]. For each surface, optimization is conducted for the tilt and azimuth angles in
order to maximize the annual PV production. Specific tilt and azimuth limit angles are also
considered to avoid low global efficiencies, as well as a minimum distance between panel rows.
The dimensions of a commercial module are also considered in this optimization of possible
configurations to avoid shadows between rows. Next, specific performance ratios and other
factors are considered for the conversion from DC to AC, in agreement with experimental data
[43]. As a result, the maximum AC hourly time series production and installation capacity are
calculated for each facility.

Parallel to the production model, a demand model was developed to estimate the hourly
electricity load curves of each dwelling or property of the municipality. One of the limitations
in large-scale urban PVSC studies is the availability of real load curves to provide realistic re-
sults [44]. To reduce this gap, this model is based on measured consumption data provided
by the public API of Datadis [45], as also employed in other research areas [46]. Datadis sup-
plies the aggregated hourly electricity consumption by economic sectors (residential, industrial
and services) and postal code, considering all the distributor system operators in the munici-
pality, as well as other characteristics such as the number of contracts per sector in the postal
code. This study employs the aggregated load profiles of the complete postal code (PC46470) of

132



4.2. MATERIALS AND METHODS

Catarroja. Next, the aggregated load profile of the postal code is decomposed in the following
terms: (i) a dimensionless hourly time series for each economic sector normalized by its aggre-
gated annual consumption, denominated load profile (LP). (ii) A demand scale factor (DSF)) or
relationship between the annual consumption and built area, calculated through Eq. 4.1. The
subscript s, PC refers to the economic sector s and postal code PC for each variable.

D 1.s.PC 1 1
DSFs,PC _ annual,s, ] ) (4.1)
Necontracts,s,PC ORS,PC As,PC

The variables in Eq. 4.1 are:

o DSF': demand scale factor.
o Dgnnuar: annual demand.

o Neontracts: umber of contracts. Eq. 4.1 assumes that each dwelling or property has a
single electric contract.

+ OR: Occupancy rate, defined as the ratio between the inhabited properties and the total
number of properties. For industrial and tertiary sectors this rate was considered 1 (full
occupancy), while for the residential sector, a value of 0.81 was assumed according to
the 2011 building stock census [47].

« A: average built area of each building typology, as estimated from the cadaster.

Table 4.2 shows the DS F' obtained with Eq. 4.1 for each economic sector in the PC studied.

Table 4.2: DSF values obtained through Eq. 4.1 for each economic sector.

Economic Sector Annual Demand nNcontracts OR A DSF
- MWh/year - - m? kWh/m?year
Residential 65,839.6 24,009 0.8119 107.22 31.51
Industrial 52,247.8 760 1.0000 416.81 164.88
Tertiary 72,357.9 4,401 1.0000 246.64 66.65
Unspecified 57.1 25.1 1.0000 53.54 42.52

With both variables, and the area of each dwelling (Agweiiing), Which is also provided by
the cadaster together with its economic sector or use, the hourly load profile of each dwelling
(Dh,dwetting) of the municipality is calculated as follows in Eq. 4.2:

Dh,dwelling =LP- DSFS,PC ' Adwellmg (4-2)
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The matching of the hourly load and production curves is performed at a dwelling level. In
buildings with several independent properties that share the same PV installation, each user
has been assigned a production curve proportional to the relationship between their annual
demand and the aggregated annual demand of all the dwellings in the building. Even if the
regulation contemplates the possibility of hourly dynamic coefficients per user to improve the
energy and economic performance of facilities [48], they have been assumed to be constant
throughout the year for this planning context with estimated load profiles.

The economic balance was implemented following an NB scheme, as established in the
Spanish regulation (RD244/2019) [49]. The surpluses are remunerated with a lower price level
than the average price of the energy term of the electricity tariff. A peculiarity of this billing
scheme in Spain is that, in a given billing period (typically one month), the sum of the economic
surplus remuneration cannot be higher than the economic value of the energy consumed from
the grid. Thus, the user cannot perceive a negative energy term in the electricity bill at the end
of the billing period. A three-period tariff scheme (2.0TD) was adopted in residential properties
and a six-period scheme (3.0TD) for tertiary and industrial users, with hourly distributions
found in the Spanish regulation [50]. The electricity prices shown in Table 4.3 are based on
the average prices obtained from the operator of the Spanish electricity system [51] and an
electricity supplier [52] for the 2.0TD and 3.0TD tariff, respectively, for the period between
June 2021 (start of the legal application of the current tariffs schemes) and May 2022. The same
period was also adopted for the price of surpluses.

Table 4.3: Electricity prices for each tariff period.
Tariff Period1 Period2 Period3 Period4 Period5 Period6

2.0TD 0.2170 0.2570 0.3221 - - -
3.0TD 0.2900 0.2900 0.2275 0.2035 0.1867 0.1728

To estimate the investment costs of each facility, following the method of a previous study
in the same region [53], a polynomial regression (Eq. 4.3) was introduced to account for the
economy of scale of installation costs (/C') of 2022 according to IVACE [54], which does not
consider any subsidy.

IC(€) = 4.816 x 10° 4+ 1.084 x 10% - Ppy + 9.801 x 1072+ P, +2.071 x 107% - P+
+3.051 x 1075 - Py, — 1.692 x 1072 - Py, (4.3)

Where Ppy is the peak installed capacity of the facility in kW,.

Finally, the capacity of the facility is sized according to its respective load profiles, maxi-
mizing the ratio between the global S5 and the economic payback (PB) of the facility. The
optimization is performed by means of the optimize function in the R package stats [55, 56].
The model performs multiple matching iterations for different PV capacities until convergence.
The maximization of the ratio S.S/P B ensures high S5 values without oversizing the facilities
while keeping high profitability. The optimization of this ratio, which is novel to the best of
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the authors’ knowledge, performs similar results as the optimization of SC and 5SS [57]. In
addition, the proposed method represents a simplified alternative to the optimization method
of technical and economic potential found in the literature [11].

As a last step, the saved emissions are obtained using an average of the national grid emis-
sion factor between 2019 and 2021.

The simulations were conducted for a lifetime period of 25 years with an hourly resolution,
which is the regular standard when modeling PVSC systems in urban areas [58, 59] and is
sufficient to size these systems [60]. A yearly degradation in the PV modules and constant
inflation and interest rates were assumed. No storage systems were considered due to their
high costs [61]. The main parameters of the techno-economic model are gathered in Table 4.4.

Table 4.4: Summary of input in the base case scenario.

Parameter Value Units Reference
Minimum area 5 m? The present study
Minimum width of the area 2 m The present study
Minimum distance between modules 0.2 m The present study
Maximum azimuth angle +45 ° The present study
Maximum tilt angle 40 © The present study
Albedo coefficient 0.2 - [62]
Dirtiness losses 2 % [63]
Module rated maximum power 390 kW, [64]
Module efficiency 20.9 % [64]
Module width 1.052 m [64]
Module length 1.776 m [64]

NOCT 45 °C [64]
Temperature coefficient of Pmax -0.350 %/°C [64]
Module degradation 0.816 % /year [43]

PR 79.24 % [43]
Surplus remuneration 0.1776 €/Wh [51]

O&M costs 9.35 €/W, [65]
Inflation rate 2 % [66]
Interest rate 5 % [67]

VAT 21 % [68]
Electricity tax 5.113 % [68]
Emissions factor 0.1593 kg CO,/kWh [69]
Facility lifetime 25 years [70]

4.2.3 Regression Modeling

The target variables selected (5SS, SC, PB and I RR) are those that best describe the
per-formance of a facility in relative terms since they can be compared with other facili-
ties re-gardless of their PV capacity [59]. These variables are calculated as defined in Equa-
tions eqs. (4.4) to (4.7):
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100 -
SS(%) = 100 - SCannuat (4.4)

Dannual

100 - Scannual

SC(%) = ————— 4.5
( 0) EPV,annual ( )
PB(years) = ——— e — (4.6)
lifetime CF 1+4
2 n=1 n’ <1+d>

lifetime CF
IRR— NPV =0= —
” 2 (1+IRR)"

n=1

(4.7)

where SCypnuqr represents the annual self-consumed production, D ,;,,,,41 the annual de-
mand, Epy,gnnual the annual PV production, ¢ the inflation rate, d the interest rate, and C'F;,
the cash flows during the year n. The I RR is obtained by solving Eq. 4.7 when Net Present
Value (NPV) is 0.

As one of the aims of this article is to provide a low-cost method to estimate the economic
potential in buildings with scarce information available, three potential predictor variables
have been introduced, based on their correlation with the target variables:

« The load profile factor (LPF') is a dimensionless coefficient between 0 and 1 that mea-
sures the alignment between the load and the sun hours with more irradiance. This novel
parameter is defined in Eq. 4.8 as the cumulative sum of the product of two dimensionless
time series. LPF is specific for each PV facility.

LPF:E%G:O Dn Ipoan
1 2213760 Dh maX(IPOA,h)|eachday

(4.8)

where:

— Dy, represents the hourly demand curve result of the aggregation of all the individ-
ual load curves of all the properties that are connected to the PV facility.

- Ipoa,, represents the hourly demand curve result of the aggregation of all the
individual load curves of all the properties that are connected to the PV facility.

The first term in Eq. 4.8 is the D}, curve normalized with respect to the annual demand
and the second term is the hourly /pp 4 curve normalized with the maximum Ipp4 of
each day. With this approach, the hour of maximum production in sun hours weighs
the maximum (1), and the hours of consumption in which there is no radiation weigh
the minimum (0). The rest of the demands in daytime hours are weighted with a nor-
malized production between 0 and 1. The annual cumulative sum of this product is the
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annual fraction of total demand consumed in conditions of the hour of peak production.
This concept is similar to the capacity utilization factor of a PV installation (fraction of
hours per year in which energy is produced under nominal conditions) and represents
the fraction of hours per year in which electricity consumption took place under maxi-
mum production conditions. This variable could partially explain the S.S as well as the
PB and I RR under an NB scheme.

+ The sizing ratio (S R), defined as the relationship between the peak of the load curve of
the building and the peak of PV installed power, quantifies the oversizing or undersizing
degree of the facility compared with the demand. Low values imply a high SC and a low
SS and vice versa. Quantifying this rate is crucial in an NB scheme.

« The cost ratio (C'R), defined as the relationship between the installation costs and the
installation capacity, implicitly measures the size and economy of scale of the facility.

Additionally, to increase the flexibility and robustness towards price and costs fluctuations
and other demand scenarios, three extrinsic variables were also incorporated as predictors:

+ The demand level (D L), a rate that measures the variation in the annual demand per unit
area compared with the base case scenario.

« The investment level (L), a rate that quantifies the variation in the installation unit costs
compared with the base case scenario.

« The price level (PL), a rate that measures the variation in the electricity prices of each
tariff period and the surplus remuneration compared with the base case scenario.

The Ordinary Least Squares (OLS) regression constitutes a typical first approach in regres-
sion modeling [71]. However, a low degree of compliance with the OLS assumptions of linear-
ity, normality, homoscedasticity and independent residuals and an absence of multicollinearity
may lead to low confidence in the intervals inferred for the regression coefficients [72]. Due to
the non-parametric nature of the distributions of the target variables obtained in the prelim-
inary global PV potential results presented in Section 3, a quantile regression (QR) approach
is proposed in this paper as an alternative to train robust models and provide more simple ex-
pressions than other nonparametric approaches such as multiadaptive regression splines. QR
neither assumes normality nor homoscedasticity and is robust to outliers since the estimation
is based on conditional quantile functions as a linear combination of predictors instead of mean
models from OLS [73, 74]. The quantreg R package was used to train the models [75].

Prior to the model training, the Pearson correlation coefficients are obtained to validate
and select the above-defined predictors among other constructive characteristics with higher
correlation with the target variables. Next, the absence of multicollinearity is checked through
the variance inflation factor (VI F'). As a last step in the definition of the regression formulas,
multiple Box-Cox transformations [76] were applied to overcome the nonlinearity [77]. In
most of the cases, the suggested exponents provided by the boxcox function of the MASS R
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package [78] were cubic and square roots. Additionally, the squared root transformation for the
P B target variable was applied to reduce the skewness of the P distribution and its linearity
with the I RR. Finally, the building typology was included as a categorical predictor, according
to the statistical differences in distributions among building typologies for the target variables
detected in Section 4.3. As a result, six regression fits for each target variable are defined in
Equations egs. (4.9) to (4.12), where i represents a specific building typology.

SSi(%) = f(SR,CR, LPF,DL) =
=ko+koi+kii-VSR+ kg - CR+ks;- LPF +ky;-VLPF +ks;-DL (4.9)

SCi(%) = f(SR,CR, LPF,CR, DL, SS) =
= ko + koﬂ' + kl,i SR+ kgﬂ‘ VSR + k37z‘ -LPF + k4,i -VLPF+
+ k‘57i VDL + k@ji -S5S + k7,i -V SS  (4.10)

IRR;(%) = f(SR,CR, LPF,DL,IL, PL,SC) =
— ko +koi+ k1 SR+ ki VSR+ks;-CR+ky;-VCR+ks;- VCR+
+ ke - LPF +ky; - VLPF + kg; - VLPF + kg ;- DL+ kig; - IL+
+ k11 PL4kio;-SC + ki3 - VSC + kg - VSC - (4.11)

1
ﬁ(years(m) = f(IRR) = ky; - IRR+ ko; - IRR? + k3; - IRR? (4.12)
These novel regressions constitute an improvement in the PB regression defined by the

authors in a previous work [27], since the latter only covered facilities that occupied all the
rooftop area without considering their sizing according to the load profiles.

For the training process, the results dataset obtained with the techno-economic model for
each scenario defined in Table 4.5 was randomly split 80% into a training set and the remaining
20% into a testing set, commonly employed in the literature [71]. With the first split, a 10-fold
cross-validation [43] was conducted to model each QR for each target variable. The quantile
selected to predict each target variable minimizes the RM SE by performing a parametric
calculation using quantiles between 0.05 and 0.95 with steps of 0.05.

Finally, the testing dataset is employed to calculate the error metrics of mean absolute error
(M AE), root mean squared error (RM SFE), normalized root mean squared error (n RM SFE)
and the coefficient of determination (R2), through their respective Equations egs. (4.13) to (4.16).
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Table 4.5: Simulation scenarios for the development of correlations.

Variables Municipality Global Analysis Regression Modeling
Sample size Complete municipality 600 buildings
Load profile LPA, LPB, LP0*, LPC, LPD LPA, LPB, LP0*, LPC, LPD
Demand level 1.0* 0.6,0.8,1.0%,1.2,1.4,1.6,1.8
Investment level 1.0* 0.5, 0.6, 0.7, 0.8, 0.9, 1.0%, 1.1, 1.2
Price level 1.0* 0.4, 0.5, 0.6,0.7, 0.8, 0.9, 1.0%, 1.1, 1.2
Billing scheme NB*, NM NB*
N (g — 0.)2
RMSE = M (4.13)
N
1 ZN (yi — ;)2
\/ ~ 2im1 (Wi — i)
nRMSE = YN == (4.14)
Yi
1 N
MAE = =" |yi — G (4.15)
N -
i=1
N [ 32
RP=1- jjl(y—y_)Q (4.16)
i=1(yi — ¥)

Where y;, 95, and y are the measured, predicted and mean measured values, respectively,
and N is the number of samples.

4.2.4 Assessed Scenarios

The PV potential of the municipality has been performed under different values of DL,
CL, PL, load profiles and billing schemes. In addition to the base load profile obtained from
Datadis for each economic sector (named henceforth as LP0), four different hourly profiles
were considered for each sector (LPA, LPB, LPC and LPD), using measured profiles from several
consumers in the municipality, as shown in Figure 4.3. The choice is based on finding different
consumption patterns with the help of the values obtained for the load profile factor (LPF’)
for the global horizontal irradiance of the municipality. As a result, and according to the LPF
values, two scenarios (LPA and LPB) have demands more aligned with high irradiance hours
compared with LP0, while the other two (LPC, LPD) present more consumption during the
extreme hours of the day.
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In sum, five load profile scenarios have been studied for NB and NM schemes, respectively,
as summarized in Table 4.5.

For the regression modeling to predict the target variables, in addition to including the
above-mentioned load profiles scenarios, the variables of DL, IL and PL were modulated
with the multiplication factors shown in Table 4.5. When modulating a variable, the other
variables remain constant in the base scenario values.
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4.3 Results and Discussion

This section is structured in two parts. The first part, Section 4.3.1, presents the results of
the individual PVSC of the different building typologies, and also on an overall scale for the
entire municipality. The second part, Section 4.3.2, shows the regression modeling results of
SS, SC, PB and I RR for a representative sample of buildings in the municipality.

4.3.1 Municipality Self-Consumption Potential
Individual Results for the Different Building Typologies

For the NB base scenario, which meets the current regulatory framework in Spain, Fig-
ure 4.4 shows the spatial distribution of the optimized PV capacity and P B of each building of
the municipality. While the buildings in the town center, mostly THs, require low PV capaci-
ties with higher P B, the opposite trend is detected in the buildings on the outskirts, which are
generally industrial and MFHs. This is reflected in the bimodality of the histograms. A total of
358 buildings were not suitable for installing PV systems due to a lack of rooftop space without
shadows.
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Figure 4.5a and Table 4.6 show the impact of the billing scheme on the optimal sizing of
PV facilities. Since surplus remuneration in NB represents approximately one-third of the reg-
ular price in the electricity tariff, the sizing optimization tends to minimize the surpluses to
guarantee the profitability of each facility. In an NM scheme, the sizing tends to maximize
the PV production, reaching peak powers near the maximum available on the rooftops. De-
spite this increase, S\S and SC' remain similar to the values obtained with the NB scheme.
However, SS and SC of facilities with a smaller number of consumers, normally located in
residential SFH and TH, are more sensitive to an increase in PV capacity, experiencing incre-
ments of 5.0 % /kW,, for SS and 3.1 %/kW,, for SC' in contrast with the 0.9 % /kW, for SC
and 1.0 %/kW,, for SS of the residential AB according to their median values.
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For the base case scenario, S5 are similar among building typologies, presenting the SFHs
and THs average values over 43% since the optimization tends to oversize facilities to reduce
power unit costs and maximize S5, as seen in their low SC levels. This rate is similar in
tertiary buildings thanks to the high LPF’ of the load profile, and higher consumers present
SS values below 40%, mainly because of their high demand density.

The SC results for small residential consumers, such as TH, present an average value of
28.2%, which contrasts with the 60.1% from the residential AB. The aggregation of consumers
and the rooftop space limitation allow higher SC rates to be obtained.

The most significant differences between NB and NM schemes are identified in the PB
values. The highest drop in paybacks adopting an NM scenario is perceived by SFH and TH
consumers. Their PB is reduced from 9.1 years to 5.9 and from 10.8 years to 7.1 years, re-
spectively. The high payback values in the NB scheme are caused by higher power unit costs
and a greater surpluses rate, with lower remuneration than the electricity tariff. In contrast,
installations on ABs and industrial buildings, with greater economies of scale and SC, present
average P Bs of 3.8 and 4.2 years, respectively.

The effect of the load profile alignment with the sun hours is also gathered in Figure 4.5b—d
and Table 4.7. As defined in the methodology section, the lowest S'S rates match with the pro-
files with the lowest LPF, in this case, residential AB. In residential MFH and TH, with few
dwellings and electricity consumption in the central sun hours, S'S rates above 50% can be ob-
tained in some cases. In MFH and AB buildings with multiple uses, the load profile aggregation
tends to flatten the global demand resulting in an asymptotic growth of up to 44.2% for average
SS with higher LPF'. The highest SS rates are found in the tertiary and industrial sectors
with averages of 52.5% and 56.8%, respectively. Regarding the lower limits, the average S5 is
over 20% for all the load profiles assessed.
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For the NB scenario, the average profitability of PV facilities in all building typologies is not
sensitive to the studied load profiles, especially in scenarios with equal or higher L PF than
the base scenario. Nevertheless, residential buildings with few consumers are more sensitive
to load profiles with low LPF'. The load in these cases is mostly during the early morning,
evening hours and at midnight, increasing the PB 38.4% for SFH (from 11.2 to 15.5 years)
and 48.9% for TH (from 9.4 to 14.0 years). The other building typologies experience averaged
increases in PBs and I RR below 0.5 years and -3.0%, respectively, mainly due to the concen-
tration of consumption in the daytime hours. The fluctuations detected in the NM are mainly
caused by fluctuations in the optimal PV sizing capacity compared to the NB scenario and by
the different tariff periods defined in Section 4.2.2.

Aggregated Results by Building Typologies

The aggregated results for each building typology and the complete municipality and for
each billing scheme are gathered in Table 4.8.
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4.3. RESULTS AND DISCUSSION

In an ideal scenario considering all the rooftop areas of the municipality occupied by PV
facilities, the maximum PV peak power installed is 145.98 MW, providing an annual produc-
tion of 196.48 GW h, which represents 114.59% of the annual demand of the municipality. The
potential annual emissions savings are 31,292t CO2. However, only 35.38% of the production
is self-consumed and the global S'S reaches 40.54%.

The NM scenario provides slightly lower installed capacities than the maximum power
scenario. The maximum is 131.54 MW, and the main results are shown in Table 4.8. The
main difference is that the economic savings in this scenario yield an increase of 26.97% owing
to higher surplus remuneration.

The above-mentioned values contrast significantly when considering the technical and eco-
nomical limitations of an NB scenario, which is the most feasible with the current regulation.
For this billing scheme, the aggregated optimal peak capacity reaches 84.33 MW, and an an-
nual production that represents 67.54% of the total annual demand. Despite a reduction in
the maximum capacity of 57.08%, the S.S rate only decreases an 8.38% and the SC' rises to
54.98%, thereby increasing the economic profitability. With these higher rates of on-site pro-
duction use, the annual economic savings would only decrease by 16.92% compared with the
maximum power scenario.

Figure 4.6 shows the aggregated monthly municipality demand and PV production, in
which the limitation of non-remunerated surpluses established by Spanish regulation is ap-
preciated during the months with high insolation. The latter represent up to 34.3% of the total
surpluses in August for the base scenario and 72.2% for the maximum power scenario. The most
affected typologies by this limitation are SFHs and THs, in which up to 32.2% and 40.7% of the
annual surpluses are non-remunerated, respectively. In industrial and tertiary buildings, this
rate is below 10%, and for facilities shared by several consumers, the latter could be minimized
with more variable sharing coefficients.

Demand M Self-consumption [l Remunerated surpluses Non-remunerated surpluses
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Figure 4.6: Monthly electricity demand and PV production for the base scenario.
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Another regulatory limiting factor to increase the production potential is the maximum
allowed capacity for each facility, which is up to 100 MW, under the regime for domestic pro-
sumers. This is the most feasible scenario since the administrative and technical procedures
are simplified. Applying this limitation and assuming a scale factor of 1.2 [63], the total capac-
ity, SS and SC drop to 73.63 MW, 32.90% and 57.17%, respectively. Industrial and tertiary
buildings are most affected by this limitation, with cumulative capacities falling to 34.60 MW,
and 5.90 MW, respectively.

If the non-profitable facilities (/ RR < 0) for the later scenario were not installed, the final
potential would drop to 73.39 MW,,. The facilities with paybacks higher than their lifetime
are 24.1% of the SFHs and 21.3%.

Figure 4.7 reveals that high-capacity scenarios provide higher annual production than the
annual demand, thereby contributing to the reduction in the emission factor from the grid.
However, the global self-sufficiency barely increases compared with the NB scenarios, which
require approximately half the maximum capacity.

o Residential SFH [l Residential MFH ] Industrial Others = Production-Demand ratio
Building typology . ) ) ) . o
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160 1 r160
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Figure 4.7: Comparison of aggregated capacities, self-sufficiencies and production-demand ratio for the
complete municipality.

From the strategic point of view of reducing emissions, industrial building typologies pro-
vide the highest impact, followed by ABs. Both can reduce the potential emissions by 46.36%.
Figure 4.8 (top) shows the cumulative potential emission savings if PV facilities were installed
according to different prioritization criteria. The first actions should be focused on buildings
with greater demands and rooftop areas such as ABs, and industrial and tertiary buildings.
Similar to the Pareto rule, by acting on 1,067 buildings (90.74% AB, 87.83% industrial, 0.39%
tertiary, 28.6% of the building stock municipality), 80% of the potential emission savings are
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reached.

20,000

18,000 1

Cumulative emission savings ( tCO,)

2,000

N
So

Percentage of buildings
with PV facility by typology (%)

Residential SFH Residential TH @ Residential MFH @ Residential AB

Building typology

@ Industrial @ Tertiary Others

16,0001

14,0001

12,0001

10,0001

8,000 1

6,000 1

4,000 1

Priorization order by
greater emission savings

Priorization order by
greater IRR

Priorization order by
greater self-consumption rate

Q Q Q
\ Q Q
o B N

N O O N O O N
Q Q O Q Q QS )
\{1’ \@ nVQ rl:l’ q/?‘ qﬂo q?

Number of buildings with PV facitlity in the municipality

®
$
N

N
N

O
N
\Q" N

N
N
\?‘ >

Figure 4.8: Cumulative potential emission savings prioritizing installations on buildings by greater I RR,
SC and SS.

Regarding the global SS of the municipality, the scenarios evaluated with the different

demand

profiles show an asymptotic growth for the best scenario of up to 42.49%, as shown in

Figure 4.9. This limitation is mainly caused by the presence of nighttime consumptions in all
the assessed hourly profiles. Figure 4.9 provides a magnitude order of the error that may exist
when using a given consumption profile. For the LPD scenario, which presents more nighttime
consumption than the others, the S is 21.93%.
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Figure 4.9: Contribution to the SS of the municipality of the aggregated PV production by building
typology.

Building typology

()]
o

N
o

0.10 0.11
3.53 ‘ 343

Municipality self-sufficiency (%)
- - N N w w B
e 9 2 g 2 9 <

o

LPD

4.3.2 Regression Results

In addition to the variations assessed with the demand profiles, the global results are also
conditioned by the situation of electricity prices, installation costs, and the demand level. A
sensitivity analysis was performed to quantify these variations in relation to the NB base sce-

nario and to provide a broader view of the economic feasibility of the deployment of PV systems
in the municipality.

According to Figure 4.10 an increase in the buildings’ electrification would especially ben-
efit SFHs and THs, increasing their SC up to 45% and a P B reduction of 2.5 years with respect
to the base scenario. The profitability of installations of several users of high annual demands

remains practically insensitive towards these fluctuations since their SC rates remain high for
any scenario.
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Figure 4.10: Sensitivity of the main PVSC variables as a function of DL with respect to the NB base
scenario for the selected sample of buildings.

The variations in the results in the economic scenarios mainly affect the profitability of the
facilities, as shown in Figure 4.11. Investment cost variations are practically linear with P,
with increments for the payback for each percentual cost variation of 0.117 years for SFH and
TH reaching some cases up to 20 years, while industrial or tertiary present rates around 0.05
years. Unlike investment costs, electricity price fluctuations cause similar variations in PB.
A price scenario of 0.4 times lower than the base case scenario, which is representative of the
first half of 2021 in Spain, would increase the average P Bs up to 26.5 years for SFHs, 12.0 years
for ABs and 14.4 years for industrial buildings.
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Figure 4.11: Sensitivity of the main PVSC variables as a function of investment CL and PL with respect
to the NB base scenario for the selected sample of buildings.

With the results of the sample of buildings, the Pearson correlation matrix in Figure 4.12
helps identify the most explanatory variables to predict the S.S, SC, PB and I RR using QR
models. Among the preliminary predictors, the constructive characteristics of buildings such
as height, rooftop area and dwellings area were discarded due to their low correlation values
with the target variables. Furthermore, their information is partially included in the other
predictors. As mentioned in Section 4.2.3, the predictors selected for the final models are the
following: SR, CR, LPF, DL, IL and PL.
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Figure 4.12: Correlation matrix of the main PVSC variables, physical characteristics of the buildings and
assessed techno-economic scenarios.

The correlation matrix values provide an intuitive idea about the workflow proposed in
the training of the regressions. As a first step, S\S is predicted thanks to the high correlation
with the SR and the L PF’, which are less correlated with the other target variables. Next, the
predicted S5 is used as a reinforcement predictor of SC' Lastly, the economic target variables
(PB and I RR) present a low correlation with the two intrinsic predictors (SR and LPF),
which potentially leads to mispredictions due to scarce differentiation among individuals. To
reduce the errors in the economic regressions, the SC variable is also employed as a predictor
with a moderate correlation. The multicollinearity, measured with the VI F, is lower than 2

for all of them, except for a VIF of 7.1 between cost ratio and investment level to predict the
IRR.
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The relationship between the two main predictors for S\S is shown in Figure 4.13. Each
point represents a result for a specific building. The L PF’ provides a clear positive correlation
with 'S, however, this variable only considers the alignment of consumption with sun hours
and no other effects such as how a facility is undersized compared with its load. The latter
aspect is expressed with the sizing factor (relationship between the peak demand and peak PV
capacity).
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Figure 4.13: Scatter plot of 5SS and its main predictor variables (load profile factor and sizing factor).

The QR expressions are defined in Section 4.2.3 and the values of the fitted coefficients for
each variable and building typology are described in Appendix A.

Figure 4.14 compares the calculated target variables through the techno-economic model
and the prediction from each regression model. The greater relative errors are found in the
overpredictions in the economic variables with less profitable facilities. This is partially caused
by an overprediction of the SS regression model for big consumers, for which the optimal ca-
pacity is limited by the available rooftop space. This non-linearity, for instance, causes differ-
ences in accuracy between ABs (84.00%) or Tertiary (90.53%) and SFHs (98.44%) or THs (96.83%).
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Figure 4.14: Validation of the predicted values SS, SC, IRR and PB by the QR models.

Finally, the main error metrics of each model are gathered in Table 4.9. The nRM SE's of
SS and SC are below 4%, and of P B is below 2%, which are reasonable for planning purposes.
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Table 4.9: Error metrics of the predicted SS, SC, IRR and PB by the QR models.

Target Variable MAFE RMSE nRMSE R?
SC 0.805% 1.627% 3.866% 0.911
SS 0.831% 1.536% 3.097% 0.992
IRR 0.012% 0.018% 10.020% 0.974
PB 0.015 years 0.023 years 1.479% 0.997




4.4. CONCLUSIONS

4.4 Conclusions

Currently, there are few studies in the literature on the economic assessment of PVSC
facilities on an urban scale for NB schemes. In the present work, a bottom-up techno-economic
model was developed to estimate hourly load profiles at a property level. In the first part of this
paper, the techno-economic potential was evaluated for the complete building stock of 3,840
buildings in the Mediterranean municipality of Catarroja, Spain. Different hourly load profiles
were analyzed and compared within the NM scenario.

According to the electricity prices between 2021 and 2022, and based on the present legal
framework in Spain, the average payback is 9-10 years for SFHs and THs, while MFHs, Indus-
trial and Tertiary building typologies yield paybacks of 4-5 years. The most feasible facilities
are placed on ABs owing to their high number of consumers and scarce surpluses. Except for
SFHs and THs, the other building typologies yield nevertheless very similar paybacks with the
NM scheme.

Regarding the variation in load profiles, for the scenarios with the lowest LPF, the PB
of facilities on SFHs and THs experiences on average an increase of around 5 years, while
buildings with higher demands are not sensitive to these fluctuations. The highest S\S are
found in facilities on Tertiary buildings for the highest L PF, reaching on average up to 67.6%,
while residential typologies barely surpass the S'S values of 50%.

For the aggregated balance of the municipality, there is a wide difference between the total
capacity under NM and NB schemes, with 131.54 MW, and 84.83 MW, respectively. This
reduction shows the importance of considering the economic constraints when estimating the
urban PV potential of any city under the NB regulation. Under the NB scheme, the total S.S
of the municipality fluctuates between 42.5% for the highest L PF' scenario and 21.9% for the
lowest. However, the total PV energy produced would represent 67.5% of the total electric-
ity consumption of the municipality. This rate could rise to 103.7% with an NM scheme. For
the municipality energy strategy, prioritizing PV facilities on 28.6% of the most economically
feasible rooftops would deliver 80% of the potential emission savings due to electricity con-
sumption. The most relevant typologies in this process are those with high consumption and
high rooftops such as ABs and industrial buildings.

As a second part of this work, four QR models were developed to predict SS, SC, PB
and I/ RR through the intrinsic characteristics of the installations as well as other conjunctural
characteristics such as demand, prices, or cost variations. One of the predictors defined is the
LPF,anovel coefficient that addresses the alignment of the building consumption and the PV
production, which is one of the main explanatory variables to predict the S.S. The cost ratio,
which measures the economy of scale of the facility, is a significant predictor to estimate the
economic target variables. The models provide estimations for the above-mentioned variables
with nRM SE values of 3.9%, 3.1%, 10.0% and 1.5%, respectively, compared with the techno-
economic model.

The most relevant outcomes are:
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« The sizing of the facilities according to the load curves in the NB modality, optimizing
S'S and profitability, is crucial to obtain competitive economic returns while maintaining

similar levels of S'S with those obtained in NM.

« SFHs and THs are the most sensitive to the shape of the hourly load profile. More detailed
approaches are required in residential areas to estimate load profiles of SFHs and THs.

+ Considering the profitability constraints under the current NB scheme, the total neu-
trality of emissions of municipal electricity consumption would not be achieved by the

deployment of rooftop PVSC systems, in contrast to the NM scheme.

« The best economic and environmental results are achieved with ABs, industrial and ter-

tiary buildings.

+ The LPF is a crucial predictor to estimate §'S and SC through regression-based models
for the NB in which there is not a direct relationship between these variables and other

constructive aspects of the building.
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4.6 Appendix A

Table 4.10: QR coeflicients to estimate S'S for each building typology.

Building Coefficient Value 95% CI p-Value
Typology
- ko (Intercept) -13.46 -246.1; 219.2 >0.910
ko (Intercept) - - -
k1 (SR°-%) -17.69 -19.01; -16.37 0.000
Residential SFH ko (LPF) -114.11 -877.9; 649.7 0.770
ks (LPFO-%) 194.00 -648.2; 1036 0.652
k4 (DL°-5) -0.41 -0.809; -0.004 0.048
ko (Intercept) -280.88 -513.9; -47.84 0.018
k1 (SR°-%) -19.15 -19.18; -19.12 <0.001
Residential TH ko (LPF) -1,092.27 -1,139; -1,046 <0.001
ks (LPF°-%) 1,243.85 1,193; 1,294 <0.001
k4 (DL°-5) -0.06 -0.149; 0.021 0.139
ko (Intercept) -930.61 -1,271; -590.6 <0.001
k1 (SRO-%) -23.24 -23.57; -22.91 <0.001
Residential MFH ko (LPF) -3,391.60 -4,198; -2586 <0.001
ks (LPF°%) 3,696.59 2,802; 4591 <0.001
k4 (DL°-5) -0.22 -0.652; 0.203 0.304
ko (Intercept) 2,540.30 2,235; 2,846 <0.001
k1 (SR°%) -21.47 -21.79; -21.15 <0.001
Residential AB ko (LPF) 7,839.67 7,204; 8,476 <0.001
ks (LPF°%) -8,793.75 -9,504; -8,084 <0.001
kg4 (DL°®) -0.51 -0.822; -0.197 0.001
ko (Intercept) 198.66 -182.0; 579.3 0.306
k1 (SR°%) -28.85 -28.99; -28.72 <0.001
Industrial ks (LPF) 563.56 -416.1; 1543 0.260
ks (LPF°-%) -533.48 -1,620; 553.1 0.336
ky (DL°-®) -0.66 -0.732; -0.580 <0.001
ko (Intercept) -7.95 -525.0; 509.1 0.976
k1 (SR°%) -28.75 -29.30; -28.20 <0.001
Tertiary ko (LPF) -16.96 -1,389; 1,355 0.981
ks (LPF°-%) 162.53 -1,430; 1,755 0.841
ky (DL°-5) -0.37 -0.628;-0.119 0.004
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Table 4.11: QR coefficients to estimate SC' for each building typology.

Building Coefficient Value 95% CI p-Value
Typology

- ko (Intercept) -564.71 -1,599.58; 470.15 0.285

ko (Intercept) - - -

ko (SR) 39.68 14.08; 65.27 0.002
ks (SRO-%) -3.87 -35.46; 27.71 0.810
ks (LPF) 860.61 -3,992.07; 5,713.29 0.728
Residential SFH i

ky (LPFO-5) -842.09 -6,153.69; 4,469.51 0.756
ks (DL°-%) 0.02 -0.39; 0.43 0.925
ke (SS) -19.25 -37.08; -1.41 0.034
k7 (SS°-%) 245.64 2.63; 488.65 0.048
ko (Intercept) 2,490.66 1,441.75; 3,539.57 <0.001
ko (SR) 4.58 0.02;9.14 0.049
ko (SR°-5) 2239 14.59; 30.18 <0.001
ks (LPF) 6,521.00 6,046.98; 6,995.01 <0.001

Residential TH
ky (LPF-%) -6,832.29 -7,343.48; -6,321.11 <0.001
ks (DL°%) 0.12 0.03; 0.21 0.012
ke (S.9) -1.72 -4.36; 0.91 0.200
k7 (55°-9) -7.29 -41.59; 27 0.677
ko (Intercept) 3,593.36 2,551.86; 4634.86 <0.001
ko (SR) 10.71 9.5, 11.92 <0.001
ko (SR°-%) -7.80 -10.39; -5.21 <0.001
ks (LPF) 11,761.48 11,367.87; 12,155.1 <0.001

Residential MFH
k4 (LPFO9-5) -12,320.11 -12,749.3; -11,890.93 <0.001
ks (DL°®) -0.25 -0.35;-0.14 <0.001
ke (SS) -12.35 -12.57;-12.13 <0.001
k7 (SS°-%) 116.26 113.61; 118.9 <0.001
ko (Intercept) 6,224.83 4,405.08; 8,044.57 <0.001
ko (SR) 8.18 5.07; 11.28 <0.001
ko (SRO-%) -3.81 -9.61; 2 0.198
ks (LPF) 20,214.43 15,382.25; 25,046.61 <0.001

Residential AB
ky (LPF°-%) -21,747.05 -27,132.16; <0.001

-16,361.93
ks (DL°-5) -0.27 -0.35; -0.18 <0.001
ke (SS) -12.40 -13.15; -11.65 <0.001
k7 (55°-9) 115.80 106.5; 125.1 <0.001
ko (Intercept) 3,008.01 1,956.49; 4,059.53 <0.001
ko (SR) -8.29 -10.44; -6.14 <0.001
ko (SRY-%) 48.38 45.11; 51.65 <0.001
ks (LPF) 9,127.51 8,520.73; 9,734.29 <0.001
Industrial

ky (LPFO9-5) -9,758.73 -10,442.43; -9,075.04 <0.001
ks (DL°®) 0.15 0.1;0.2 <0.001
ke (SS) -8.76 -8.99; -8.52 <0.001
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Building Typology Coefficient Value 95% CI p-Value
k7 (55°-9) 84.59 81.63; 87.56 <0.001
ko (Intercept) -2,930.08 -4,111.86; -1,748.29 <0.001
k1 (SR) 5.75 -5.55; 17.05 0.319
ko (SR°-%) 45.51 34.17; 56.84 <0.001
Tertiary ks (LPF) -8,977.73 -10,751.11; -7,204.36 <0.001
k4 (LPF9-5) 10,741.19 8,664.91; 12,817.48 <0.001
ks (DL°) -0.06 -0.19; 0.08 0.396
ke (S.5) -10.24 -11.31;-9.17 <0.001
k7 (859%) 114.37 97.94; 130.8 <0.001
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Table 4.12: QR coefficients to estimate I RR for each building typology.

Building Coefficient Value 95% CI p-Value
Typology
- ko (Intercept) -2.94 -16.14; 10.27 0.663
ko (Intercept) 0.01 -0.16; 0.19 0.891
k1 (SR) 0.00 -0.38; 0.37 0.981
ko (SRO-%) 0.00 0; 0 <0.001
k3 (CR) 034 0.19; 0.49 <0.001
k4 (CR®®) -1.50 -2.12; -0.88 <0.001
ks (CRY/3) 11.62 -15.78; 39.03 0.406
ke (LPF) -57.63 -165.6; 50.34 0.295
Residential SFH k7 (LPF9-5) 54.73 -40.9; 150.37 0.262
ks (LPF'/3) 0.00 -0.01; 0 0.889
ko (DL) 0.02 0.01; 0.04 0.001
k10 (IL) 0.17 0.16; 0.17 <0.001
k11 (PL) -0.01 -0.02; 0 0.135
k12 (SC) 0.43 0.09; 0.77 0.012
k13 (SCY?) -0.87 -1.45;-0.28 0.004
k14 (SCY/3) 0.01 -0.16; 0.19 0.891
ko (Intercept) 15.71 0.49; 30.93 0.043
k1 (SR) -0.01 -0.02; -0.01 0.001
ko (SRO-%) 0.05 0.03; 0.07 <0.001
k3 (CR) 0.00 0;0 <0.001
k4 (CR®®) 0.24 0.19; 0.29 <0.001
ks (CRY/3) -1.08 -1.29; -0.87 <0.001
ke (LPF) -19.43 -35.27; -3.59 0.016
Residential TH k7 (LPF°%) 72.46 10.33; 134.58 0.022
ks (LPF'/3) -62.69 -117.65; -7.73 0.025
ko (DL) 0.00 0;0.01 0.008
k1o (IL) 0.04 0.03; 0.05 <0.001
ki1 (PL) 0.14 0.14; 0.14 <0.001
k12 (SC) -0.01 -0.01; -0.01 <0.001
k13 (SCY-®) 0.59 0.46; 0.73 <0.001
k14 (SC/3) -1.21 -1.49; -0.94 <0.001
ko (Intercept) 4.67 -8.7; 18.04 0.494
k1 (SR) 0.01 0.01;0.01 <0.001
ko (SRO-%) -0.03 -0.04; -0.02 <0.001
k3 (CR) 0.00 0;0 <0.001
k4 (CR®®) 0.45 0.39; 0.51 <0.001
ks (CRY/?) -1.91 -2.12;-1.7 <0.001
ke (LPF) 10.36 6.75; 13.97 <0.001
Residential MFH k7 (LPF°-5) -46.98 -62.27; -31.7 <0.001
ks (LPF'/3) 43.57 29.69; 57.45 <0.001
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Building Typology Coefficient Value 95% CI p-Value
ko (DL) 0.00 0;0 <0.001
k10 (IL) 0.01 0;0.01 0.028
k11 (PL) 0.23 0.23; 0.24 <0.001
k12 (SC) -0.03 -0.03; -0.02 <0.001

k13 (SC9%) 1.43 1.29;1.57 <0.001
k14 (SC/?) -2.99 -3.28; -2.71 <0.001
ko (Intercept) 10.68 -2.72; 24.08 0.118
k1 (SR) 0.01 0;0.02 0.035
ko (SRO-%) -0.03 -0.05; -0.01 0.011
k3 (CR) 0.00 0;0 <0.001
k4 (CR®®) 0.61 0.54; 0.68 <0.001
ks (CR'Y/3) -2.50 -2.75; -2.24 <0.001
ke (LPF) 4.81 0.56; 9.05 0.027
Residential AB k7 (LPF°-5) -23.85 -41.75; -5.96 0.009
ks (LPF'/3) 22.74 6.51; 38.96 0.006
ko (DL) 0.00 0;0 0.106
k1o (IL) 0.00 -0.01; 0 0.164
k11 (PL) 0.30 03;03 <0.001
k12 (SC) -0.04 -0.04; -0.03 <0.001
k13 (SC0-®) 2.24 1.88; 2.6 <0.001
k14 (SCY/3) -4.88 -5.67; -4.09 <0.001
ko (Intercept) 17.96 4.47;31.46 0.009
k1 (SR) 0.03 0.02; 0.05 <0.001
ko (SRO-5) -0.06 -0.09; -0.03 <0.001
k3 (CR) 0.00 0;0 <0.001
k4 (CR®®) 0.51 0.45; 0.58 <0.001
ks (CRY/3) -2.12 -2.38;-1.87 <0.001
ke (LPF) -15.37 -19.02; -11.73 <0.001
Industrial k7 (LPF°-%) 66.58 48.73; 84.44 <0.001
ks (LPF'/3) -60.91 -77.94; -43.87 <0.001
ko (DL) -0.01 -0.01;-0.01 <0.001
k1o (IL) -0.01 -0.02; 0 0.010
k11 (PL) 0.27 0.27; 0.27 <0.001
k12 (SC) 0.01 0.01; 0.01 <0.001
k13 (SC°-®) -0.31 -0.39;-0.24 <0.001
k14 (SC/3) 0.54 0.4; 0.67 <0.001
ko (Intercept) 337 -10.24; 16.97 0.628
k1 (SR) 0.00 0;0 0.737
ko (SRO-%) 0.00 -0.01; 0.01 0.935
k3 (CR) 0.00 0;0 <0.001
k4 (CR®®) 0.42 0.38; 0.46 <0.001
ks (CR'Y/3) -1.78 -1.94; -1.62 <0.001
Tertiary
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Building Typology Coefficient Value 95% CI p-Value
ke (LPF) 7.28 2.73; 11.82 0.002
k7 (LPFY-%) -37.45 -59.16; -15.75 0.001
ks (LPF'/3) 36.17 15.63; 56.71 0.001
ko (DL) 0.00 0;0 0.261
k1o (IL) -0.02 -0.03; -0.02 <0.001
k11 (PL) 0.25 0.25;0.25 <0.001
k12 (SC) -0.01 -0.01; -0.01 <0.001
k13 (SCY%) 0.45 0.34; 0.57 <0.001
k14 (SC/3) -0.96 -1.21;-0.71 <0.001
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Table 4.13: QR coefficients to estimate P B for each building typology.

Building Coefficient Value 95% CI p-Value
Typology
- ko (Intercept) 0.22 0.21;0.22 <0.001
k1 (IRR) 1.60 1.49; 1.7 <0.001
Residential SFH ko IRR?) -1.80 -2.74; -0.86 <0.001
ks (IRR?) 1.46 -0.63; 3.54 0.171
k1 (IRR) 1.56 1.54; 1.59 <0.001
Residential TH ko IRR?) -1.40 -1.57;-1.23 <0.001
ks (IRR®) 0.74 0.43; 1.06 <0.001
k1 (IRR) 1.55 1.53; 1.57 <0.001
Residential MFH ko IRR?) -1.47 -1.57; -1.37 <0.001
ks (IRR®) 0.90 0.74; 1.06 <0.001
k1 (IRR) 1.55 1.53; 1.57 <0.001
Residential AB ko IRR?) -1.49 -1.58;-1.39 <0.001
ks (IRR®) 0.88 0.75; 1 <0.001
k1 (IRR) 1.54 1.53; 1.56 <0.001
Industrial ko (IRR?) -1.40 -1.47;-1.34 <0.001
ks (IRR®) 0.76 0.67; 0.85 <0.001
k1 (IRR) 1.56 1.55; 1.58 <0.001
Tertiary ko (IRR?) -1.48 -1.54; -1.43 <0.001
ks (IRR®) 0.84 0.77; 0.91 <0.001
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Chapter 5

Discussion of the main results

This chapter offers a comprehensive overview of the findings and insights derived from
this research. The discussion of the results is organized into three sections: the first addresses
the findings of the PV production modeling, the second relates to the analysis of PVSC results
in the evaluated buildings, and the third to the regression-based approaches.
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5.1 PV production model

In Chapter 2, the analysis focused on a 50 MW PV utility-scale in a Mediterranean
climate, yielding main performance results such as a Yg of 5.44 h/d, Yr of 4.28 h/d,
PR of 79.24%, and CU F of 19.77%. Despite reaching lower PR values than in other sim-
ilar plants, the Yr and C'U F' remain higher due to the region’s high annual insolation. The
abundant solar resource in Mediterranean countries significantly enhances the production per-
formance within these latitudes. The greatest PR values are typically found during the Spring
season, when the irradiance is high enough compared with the Summer’s levels and the tem-
peratures are not high enough to reduce the facility’s performance drastically.

Degradation constituted 13% of annual energy losses, with annual degradation rates
2-3% higher than manufacturer specifications. These values underscore the significance of
incorporating degradation into long-term PV potential assessments and avoiding overestima-
tions.

A daily production model was developed using the measured /pp4 and E4¢ timeseries
from the inverters. This allowed the validation of the physical model to convert the geographic
potential into technical potential and was integrated into the model for the other publications.

By employing one of the most common PV production models found in literature, as shown
in section 2.3.3 (Eq. 2.1), the more significant deviations in the estimated PV production
were found during days with low irradiance levels. The deviation becomes more sig-
nificant when the plant operates during low irradiance days. For instance, on days
with 3 peak sun hours (Y = 3 h/d), the annual error obtained with the base model
rises 7.3%, which is a non-negligible amount. This finding motivated an exploration
of different approaches to reduce these errors, which can also be applied in the context
of urban PVSC. In these facilities, the PV modules are more exposed to shadows. Therefore,
there are more working hours with diffuse irradiance. In this scenario, an accurate prediction
in all the irradiance ranges is essential to optimize the performance of these facilities.

Multiple approaches were introduced to improve the modeling of the global PR of the
utility-scale, and the estimated energy production was validated with real measurements:

+ As the first alternative, an exponential regression model based on the available mea-
surements was defined to selectively reduce the global P R for low irradiance mea-
surements. This approach reduced the nRM SE of PR from 0.13 to 0.06 for
days with low irradiances. In addition, this approach reduced by 0.71% the annual AC
production error.

+ As a second alternative, two regression-based approaches were investigated. The
errors were slightly improved by training an MLR model with only two predictors: the
T, and the Ipo 4. Nevertheless, the best performance was found by training a RF
model, which reduced to 0.02 the nRM S E of PR in days with low irradiances.
As a disadvantage, despite improving the prediction accuracy, this method requires a
higher computational time than the MLR model when trained with large databases.
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As an advantage of using general predictors such as I pp 4 and 1y, it is possible to obtain this
information by means of remote sensing techniques and georeferenced databases, which would
ease the replicability of the previous models for general PV potential assessments in urban
areas. These regression-based approaches can be integrated as part of the physical modeling
for the urban PV assessment. Regardless of the replicability of these models, the results are
conditioned by the operating year in which the models were trained. Thus, models trained with
measurements obtained during the early lifetime of the facility would provide overestimations
in PR, while models trained in the late operating lifetime would provide underestimations.
Training the models with representative operating periods throughout the facility’s
lifetime is recommended, such as halfway of the installation’s lifetime as performed in
the present research.

If possible, another aspect that improves the accuracy of predictions of large-scale utilities is
modeling by manufacturers’ technical characteristics. This approach can obtain disaggregated
results for any installation or sector with acceptable accuracies.

Although straightforward, another important element that helps in the modeling
process is to have more than one WS to combine the measurements as new predic-
tors in the regression fits. This method is helpful in large installations in which irradiance
may fluctuate significantly in different installation areas, for example, during days with cloudy
intervals.
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5.2 Models for the assessment of the of the PVSC performance
in urban areas

5.2.1 Physical modeling approach

The PV production model was included in Chapter 3 as a submodule of a global physical
model to assess the techno-economic potential of PVSC facilities from a representative sample
of 893 residential multistorey buildings in a Mediterranean municipality.

An isotropic irradiance model proceeded by a 3D-GIS model based on LiDAR and cadastral
data, allowing obtaining the SL at a representative point of each building. In order to validate
the complete effect of shadows and other production losses when obtaining the technical po-
tential, the hourly AC energy production estimated by the physical model was compared with
the results provided by the software System Advisor Model for the same irradiance TMY time
series and skyline of buildings in a specific building within the urban fabric. As a result, an
RMSE of 0.525 kW h for the hourly measurements was obtained.

Chapter 4 addresses the multiple possibilities that offer the regression-based approaches to
estimate the most significant PVSC performance parameters, as well as the study of the impact
of several demand scenarios on the PV potential assessment.

In addition, several improvements in the physical modeling with respect to the previous
research were implemented. The improved 3D GIS model provided a LOD2 in 3D modeling of
the buildings, allowing the identification of tilted rooftops and segmenting the multiple rooftop
sectors to install PV modules. The demand modeling in this chapter was based on real aggre-
gated data from the municipality, and load profiles assessed were selected from aggregated
real measurements by postal code and socio-economic sector. Installations were sized ac-
cording to the demand of the building through the optimization of the relationship
between SS and PB. This novel ratio constitutes a trade-off between economic feasibil-
ity and guaranteeing a minimum amount of grid independence. This criterion ensures that
the installation is optimally sized to balance energy efficiency and economic viability.
Exclusively minimizing PB often leads to undersized systems, covering only partial daytime
consumption. This approach minimizes surplus production, which is compensated at lower
prices than grid energy. Incorporating 5SS into the ratio increases installed capacity, extending
the coverage of the load curves for more hours.

5.2.2 Analysis of the PVSC performance per category of buildings

The following findings were obtained regarding the results provided in Chapter 3 by the
physical model for a sample of 1,035 residential buildings, installing the maximum capacity
available on each rooftop:

+ On the one hand, SFHs presented P Bs above 25 years mainly from the produc-
tion point of view due to high costs per unit of installed power and high shadow
losses. Because of their low height, the average shadow losses in energy terms of single-
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family houses were 35%, which contrasts with 10% of multistorey buildings. Addition-
ally, regarding the demand side, this building typology presents limited potential sav-
ings in the electricity bill since surpluses are more usual due to higher fluctuations of
the load profile compared with the aggregated demand curves of buildings with several
consumers.

« On the other hand, PVSC on multistorey residential buildings presented an av-
erage PB of 11.6 years. The average yearly surpluses represented 3.6% of the an-
nual production, and the average S'S was 17.73%. In general, for this building typology,
the shadow losses are below 20% and do not significantly alter economic perfor-
mance. In contrast with the SFHs, the aggregation of multiple users sharing a facility
increases the amount of self-consumed PV production, which is higher remunerated than
surpluses, and therefore reduced economic P Bs are obtained. Energy communities rep-
resent an alternative to increasing the SC' so that the users of these buildings can have
PVSC facilities with a lower PB. The average environmental PB is 2.3 years, which
is significantly reduced compared with the economic P B. This shows the low environ-
mental impact of these facilities during their lifetime. As in SFHs, low SC' values in a
significant part of the assessed buildings warn of oversized facilities” presence according
to their consumption. These rates imply a potential overestimation of the PV produc-
tion in urban areas when PV potential is assessed without considering the electricity
consumption, especially under the NB scheme.

Under a NB scheme, this research highlighted the importance of considering the load curve,
besides rooftop production assessment, to enhance the economic performance of PVSC systems
for small consumers. This aspect was addressed in Chapter 4. With the improvements to the
physical model by sizing according to optimizing the S'S/P B ratio. In this chapter, a complete
census simulation of a Mediterranean municipality of 3,734 buildings was assessed.

Concerning the aggregated energy results at the municipal level, in the NM sce-
nario, the total installed capacity accounted for 90.1% of the maximum potential ca-
pacity, resulting in an annual energy production exceeding the municipality’s cumu-
lative demand by 103.7%. Conversely, in the NB scenario, it represented 50.3% of the
capacity potential and met 67.5% of the annual energy demand. Although these ratios
fluctuate according to the sizing criteria and the cost of surpluses, this study case provided a
realistic order of magnitude for the economic background in 2022. Regarding the production-
demand energy balance, under a NB scheme only with rooftop PVSC facilities, a null electricity
balance in the district is not reached, but if sectored by building typologies, the PV energy pro-
duced on THs is enough to achieve a positive energy balance in this sector. According to these
trends, municipalities with few AB buildings, such as rural areas, present more possibilities of
achieving a higher annual production injected into the grid than their electricity needs. Mu-
nicipalities with many ABs would require other solutions to achieve a neutral balance
with only on-site PV energy, such as storage or facade integrated PV modules. As a par-
ticularity in this municipality studied, the industries are less energy intensive than in other
municipalities of Spain. This aspect explains the tendency to achieve similar climate neutrality
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in buildings with large roofs compared with their consumption.

In relation to the energy results per building typologies, the SS rates slightly differ
between the NM and NB scenario, which shows that PVSC systems without storage would
not guarantee complete independence from the grid for most of the cases, understood as not
requiring electricity from the grid in any hour of the year. The greatest SS rates under a
NB scheme for the base case (using LP0) are found in tertiary buildings with an average of
46.1% and THs with an average of 46.0%, while lower averaged values are found in ABs with
40.4%. Regarding the most extreme SS values found in this study, in the scenario in which
more consumption is aligned with sun hours, the SS for tertiary buildings would rise to 56.8%,
whereas in the scenario in which most of the consumption takes place during night hours the
SS in ABs decreases up to 23.2%. In this matter, the regular range of S'S is between 30-50%
for most buildings.

For the most optimistic scenario assessed, the global municipality SS obtained
through an hourly balance reached 42.5%. Higher rates would require significant efforts to
shift night consumption to the hours with insolation or assess the inclusion of storage in PV
systems. Both alternatives would impact the capacity installed due to economic constraints.
The capacity for the first solution would be higher, whereas it would presumably be lower in
the second one.

Installations in buildings with few consumers, such as SFHs and THs (few aggre-
gated load curves) are the most sensitive to greater fluctuations in profitability when
patterns in demand vary. Robust predictions in the global energy performance of PV facili-
ties are found when aggregating load profiles. In buildings with consumers, users S\S and SC
rates could be improved by using the hourly dynamic sharing coefficients contemplated by the
Spanish law. Nevertheless, this approach is beyond energy planning purposes since it requires
each user’s real load curves to provide useful and applicable results.

Regarding the economic results per building typologies, the non-remunerated surplus
of the current Spanish regulation hinders a higher profitability performance of PV facilities,
especially during the months with higher insolation. Nevertheless, it is not as determinant as
the difference between the retail and surplus prices, which is the main cause of the difference
in optimal installed capacity between the NM and NB scenarios. The average P Bs remain
similar for each billing scheme since the sizing optimization of the PV facility maximizes the
ratio between SS and PB. Under a NB scheme, the lower PBs are found in ABs and
industrial buildings with averages of 3.8 and 4.2 years, respectively, while the greatest P Bs
were found in small consumers such as SHFs and THs whose average P Bs are 9.1 and 10.7
years. Except for buildings with few users (SFHs and THs), the building typologies averaged
P Bs below 5.5 years. 24.1% of the SFHs and 21.3% of the THs presented P Bs greater than the
lifecycle of the facilities. The results are highly sensitive to economies of scale and the shape
of their load profile.

There are two main reasons why this low value contrasts with the averaged PB of 11.6
years obtained for PVSC systems on residential multi-storey buildings in Chapter 3 and illus-
trate how PVSC results are highly conditioned by the hypothesis employed:
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« First, the optimization of the PV facility considering the ratio SS/PB was not included
in the latter. Hence, some installations were oversized according to their energy needs.

« Second, the electricity and surpluses prices of the most recent study, developed in 2022,
were around 2-2.5 times higher than the prices of the first assessment, based on prices
between 2018 and 2019. In this case, a price increase due to an economic situation of
increased inflation or scarcity of energy resources allows more significant savings in the
PVSC performance.

In any case, the study provided the averaged P Bs for other scenarios for electricity prices.
If prices were similar to the levels found in 2018-2019 (around 0.4 times lower than in 2022),
the average P Bs of the building typologies MFHs, ABs, and industrial tertiary would range
between 10 to 15 years. Nevertheless, for SFHs and THs, the PBs would exceed 20 years,
aligning with the findings in Chapter 3.

This high volatility of prices was addressed in the regression approaches by introducing
multiple situational factors, such as coefficients that model the increase of prices and the in-
crease of costs. With this research, a realistic quantification for all electricity price ranges was
provided, showing that in most cases, the investment would be recovered around half of the
useful life of the installation, except for SFs and THs, which would require a particular analysis
with their consumption load curves. These results are limited to a conservative scenario in
which the facilities are not subsidized.

Comparing the previous results with the economic performance of the utility-scale ana-
lyzed in Chapter 2, commissioned in 2008, a notable reduction in installation costs was present
during the last decade. The investment costs of 2008 (estimated in 6.4 € /W) contrast with the
assumed costs for the recent studies for large facilities (<1 €/W,), this fact mainly explains the
high PB of 17.6 years obtained for the utility-scale.

In terms of defining a general strategy for the municipality in deploying PVSC systems,
similar impacts were identified by employing economic and environmental optimizations. For
example, an economic prioritization that arranges the buildings with facilities according to the
greatest / RR would provide a similar prioritization order as arranging the buildings by poten-
tial emission savings from the grid. The latter approach is aligned with the EU’s sustainability
policies to reduce the environmental impact. Following the latter strategy, tertiary, ABs, and
industrial buildings are the typologies with more significant potential emission savings and
only acting on the 28.6% of the building stock of the municipality (mainly formed by
these typologies) would reduce up to 80% of the emissions of the entire municipality
due to electricity consumption of the grid. Thus, concentrating efforts on industrial ar-
eas and large residential buildings would generate the greater environmental impact with the
smallest number of installations possible.
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5.3 Regression-based modeling approaches to estimate PVSC KPIs

Based on the techno-economic results derived from the physical model for the represen-
tative sample of buildings from Chapter 2, two production regressions were provided in
the technical potential field.

Firstly, a methodology was developed to build a MLR model to estimate the yearly PV
production in a specific building using the installed capacity and the potential shadow losses.
This model facilitates the technical potential assessment of any other building with similar
climate conditions. Validation results provided an RAMSE of 2.1 kWh/kW ,year.

Secondly, the previous production regression model included an extrapolation of
the yearly energy production for other climates. The latter allows the PV production
potential assessment if the user modifies the irradiance and temperature hypothesis, which
helps to use the model in other geographic regions or countries. The estimations provided by
this novel correlation compared with the simulation of the techno-economic model for other
four climates provided an RM SE of 3.2 kWh /kW year . The simplicity of this contribution
allows an easy implementation into user-friendly tools.

In the economic potential field, four independent dimensionless parameters highly
based on the building morphology were defined to quantify the PB through a MLR
model. However, only the cost ratio, which measured the economy of scale of the facil-
ity, and the percentage of shadows provided higher correlations (>0.6). The first one
was highly dependent on the total rooftop area suitable for PV, facilitating its estimation in
other regions and replicability. The non-dimensionality of the above-mentioned parameters
improves the regression fit and, thus, the prediction performance. The RM S E provided by
the P B regression for the selected sample was 0.48 years, which is an acceptable de-
viation in this context. This method provides technicians a "rule of thumb" when assessing
urban rooftops and can be implemented in user-friendly web tools such as solar cadasters.

Concerning the regression modeling addressed in Chapter 4, four main PVSC KPIs were
identified: S.S, SC, IRR, and PB. As a consequence of optimizing the size of PV capacity,
Pearson’s correlation coeflicients between the PB and predictors such as SL or SR decrease.
Nevertheless, the C'R, which considers the economy of scale, remains highly correlated. This
scarce correlation and the need to quantify other PVSC performance parameters motivated the
research of novel dimensionless parameters, among them:

 The surplus ratio, which is the relation between surpluses and energy production, was
redefined as the sizing ratio, which compares the peak power production and the peak
power demand. This new ratio is easier to estimate than the previous one since it does
not require calculating the results of the match between production and load curves.

« The LPF provides a quantitative definition of how much the demand curves are
aligned with PV production rating with higher values when consumption occurs
during the high insolation hours of the day. This novel definition would provide
researchers with a quantitative alternative to characterize any load profile assessed with

182



5.3. REGRESSION-BASED MODELING APPROACHES TO ESTIMATE PVSC KPIS

PV production. Its definition is similar to the capacity utilization factor of PV plants but
applied in the demand context.

+ Three independent ratios to improve the robustness of predictions under different sce-
narios of demand, cost, and price levels were included. This approach provides flexibility
when training regression models for multiple scenarios.

In Chapter 4, the sequential estimation through QR models allowed obtaining, firstly, en-
ergy variables and, secondly, profitability variables. The sizing ratio complemented with
the L P F significantly explains the SS values obtained with accuracy withan RM SE
of 1.53%. The latter result and the two initially defined predictors allowed the estimation of
SC's with a RM SE of 1.63%. The I RR was moderately correlated with SC. Including S5
and the initial predictors into the regression fit, the estimations provided a nRM SE of 10%,
with the most significant deviations for low I R R values. The P B required the estimation of all
the above-mentioned predictors with multiple transformations to increase the linearity among
predictors with the PB. The results provided a RM SE of 0.02 year for PB.

The obtained correlations hinder the direct interpretation of the results, compared
with the regressions obtained in the Chapter 3, which, in most cases, highly correlated
with the rooftop area. Nevertheless, it is shown that it is possible to estimate the performance
results of the installation with some morphological and intermediate parameters without the
need for hourly matching.

The three publications addressed multiple regression modeling strategies to obtain a sim-
plified MLR model and ease its replicability in other contexts. The main learnings in the
regression modeling applied in this context are the following:

« The definition of dimensionless and normalized predictors based on the relationship
of multiple PVSC performance parameters or building characteristics allowed a simi-
lar scale on the features of the datasets, reducing the range of possible values of the
predictors. This aspect allows obtaining models more robust to outliers. In addition,
it guarantees similar weights on each feature in the model, limiting the possibility that
the features with larger scales might dominate the model, and it would be challenging
to compare their contributions accurately. No standardization process was performed in
this research since the predictors were within acceptable ranges, without greater outliers.
However, this technique can be potentially useful in other applications.

+ The reduction of multicollinearity among predictors through the study of their Pearson
correlation coefficients allows the identification of redundant variables whose effects on
the target variable are already explained by other more relevant predictors.

« Box-cox transformations are helpful to address the linearity assumption as well as the
homoscedasticity in residuals in linear regression. In this research, this technique helped
model PB and increased the linearity of multiple predictors for the QR models defined
in Chapter 4. However, this approach leads to a reduction in the direct interpretation of
the models.
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+ The determination of a minimum sample size is relevant to obtain representative results
for a greater urban area. In this matter, Chapter 3 performed a parametric study quantify-
ing the RM SE of PB for several sample sizes. Results provided similar errors (RM S E
and M AFE) from about a sample size of 200 buildings, which is an admissible quantity
to replicate in other contexts as long as the building typologies studied remained similar.
Another alternative approach is using spatial stratified sampling by regions or districts
in this context, selecting a representative sample of buildings for each city district.

« In Chapter 4, the sizing of PV facilities considering the demand generally reduces the cor-
relation between the predictors and the target variables assessed. In this case, when the
general parametric regression assumptions are not fully met with the available data so
that a probability distribution cannot be assumed, nonparametric regression approaches
constitute a robust alternative due to their reliance on fewer assumptions. Nonpara-
metric models are highly flexible and can capture complex and nonlinear relationships.
Among them, QR models were employed, motivated by non-normal and heteroscedas-
ticity residuals. In contrast to Chapter 3 regressions, which rely heavily on available
roof space, reduced predictor-objective correlations suggest a need for additional vari-
ables. However, in line with our aim to explore simplified models, nonparametric models
abstain from introducing new predictors.

+ The model evaluation is always performed employing data that was not employed in the
model’s training. This approach assists in evaluating how effectively the model gener-
alizes from the training data to unfamiliar, unseen data, offering valuable insights into
its overall performance quality. Additionally, employing k-fold cross-validation, which
is mainly detailed in Chapter 2, helps address the variability in model performance that
can arise from a single train-test split. It provides a more stable assessment of a model’s
generalization performance and can help identify potential issues like overfitting or un-

derfitting.



Chapter 6

Conclusions

In section 6.1 of this chapter, the conclusions of the present research work are discussed,
summarizing the main contributions and comparing them with the research questions stated
in Chapter 1.

As the object of study is very extensive, there are still multiple possibilities and modeling
improvements to evaluate and open new lines of research. The latter have been compiled in
section 6.2.

Finally, the research publications for the present thesis are listed in section 6.3.
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6.1 General conclusions

This research involves a comprehensive investigation of strategies for developing bottom-
up physical and agile regression-based models to evaluate the PV potential in urban areas.
As an application, these approaches were implemented to assess the PV economic potential
of a representative sample of buildings within a Mediterranean urban setting. The major
conclusions are presented below:

One-year measurements were collected from 500 installations of 100 kW, from a 50 MW
PV utility-scale under Mediterranean conditions after operating half of its projected lifetime.
The main conclusions of PV performance of the utility-scale for the measurements collected
in 2020 are the following:

+ Regarding PR and CUF, the performance was slightly lower than other PV power
plants under Mediterranean climate conditions found in the literature. Nevertheless, the
studied utility-scale approximately doubles the average age of other published assessed
facilities. The PR is over 80% for almost 42% of the measured days, proving a
correct performance.

« The degradation losses yield the greatest weight in the energy balance, representing a
global energy loss of 13% of the global energy at STC.

A PV production model that converts in-plane irradiance into AC PV production
was validated with one-year measurements of the previous utility-scale. With the climate
measurements collected for this facility, three different modeling approaches were developed
to reduce the accuracy when estimating the low irradiance losses. The model uses measured
irradiance and ambient temperature as predictors. The assessed models include an exponential
fit that decreases the global PR for the days with low irradiance, a MLR model and a RF model.
The following conclusions were drawn:

« The RF model, based on regression trees, reduced the nRM SFE of PR to 0.013 and a
relative error of the PV production for days with low insolation to 0.002%.

+ In any case, the assessed regression-based models provided a better PR accuracy
than the physical model and are recommended to forecast the PR whenever
measured data is available. These approaches constitute an alternative to model and
predict the PR when the plant has scarce technical data.

+ The regression-based models developed provided higher performance than other ML
approaches found in literature, which required more measurements.

The simulation results of the physical models applied to 893 residential multi-storey
buildings and the complete building stock (3,734 buildings) in a Mediterranean municipality
yielded the following conclusions:
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« SFHs and THs are the most sensitive to the shape and fluctuations of the hourly load
profile.

« Under the constraints of the current NB scheme, rooftop PVSC systems do not
attain annual emissions neutrality for municipal electricity consumption. In
contrast, this objective becomes attainable by adopting a NM approach.

o The best economic and environmental results are achieved with ABs, industrial
and tertiary buildings.

+ Optimizing the sizing of facilities combining economic and energy criteria and using load
curves in the NB modality is crucial for achieving competitive PB and comparable S.S
levels to NM. Maximizing the ratio PB/S S has proven an effective and practical
criterion for sizing installations.

+ One solution to reduce the high PB values in SFHs and buildings with low energy de-
mand is the aggregation of load curves under shared PV facilities by promoting energy
communities. The results show that adding consumption and reducing surpluses in-
creases the profitability in NB cases.

Based on the previous simulation results. A bottom-up methodology to train MLR
models to assess the performance of potential PVSC systems on rooftops was devel-
oped. The following conclusions were drawn:

« To estimate the PB of facilities that occupy all the available rooftop area, a
MLR model was performed based on a generated dataset obtained through physical
modeling. After studying a sample of 893 residential multi-storey buildings, which is the
most frequent typology, it was concluded that three dimensionless parameters were
enough to provide accurate PB estimations: the cost ratio (economy of scale), the
percentage of shadow losses and in a lower degree the percentage of surpluses compared
with PV production. Validation results provided an assumable error for urban energy
planning purposes.

« For the same sample of buildings, another MLR model was developed to estimate annual
PV production and extrapolate these results in other climates and shadow circumstances.
Annual horizontal irradiation, mean ambient temperature, the percentage of shadow
losses, and the peak power installed on the rooftop were the inputs of this model.

« The second MLR modeling approach was developed for other PVSC KPIs when
facilities are sized according to a combined energy and economic criterion. SC),
SS, PB, and I RR were estimated through more predictors than the previous regres-
sion for P B since the sizing of PV capacities does not present a direct relationship with
the available rooftop areas for all the cases.

« The main predictors defined are the following: the SR, the C'R (economy of scale), and
the LPF, a new parameter that is crucial to estimate 5SS and SC and measures
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the alignment between the load and the sun hours with more irradiance. This coefficient
provides an objective quantitative characterization of load profiles in the PVSC context,
which is encouraged to be used by other research works as a benchmarking value when
describing load profiles.

The validation results of the MLR models for SC, SS, PB, and I RR provided
nRMSE values below 10%, which are acceptable as first estimation in urban plan-
ning.



6.2. FUTURE WORK AND RESEARCH OPPORTUNITIES

6.2 Future work and research opportunities

The research development and findings have revealed several limitations, presenting op-
portunities for future research. The more significant areas for improvement fall under three
categories: physical modeling, regression modeling, and PV potential assessment insights (the
focal point of this study).

The accuracy of physical modeling approaches is closely linked to the data availabil-
ity. Investigating new data sources and exploring alternative databases would improve the
accuracy of the estimations. The main areas of improvement are the following:

« Validation challenges: Despite the possibility of conducting theoretical assessments
using practical, measured data from executed PV facilities (e.g., the 50 MW, utility-scale
assessed), massive validation of already existing facilities remains challenging due to
limited data availability. The low penetration of PV systems in urban areas hinders the
validation of the estimation of the technical potential through real-case experiences, and
the sizing criteria in deployed installations depend on the installer. Thus, they may not
align with the assumptions followed in this research. Moreover, validating the real eco-
nomic PV potential requires consumption measurements of all users, which are scarce
and not publicly available.

« Cadastral data availability: Building characterization and demand estimations in this
thesis heavily rely on cadastral information, making replication in other countries chal-
lenging because of the data availability and structuring. Exploring alternatives using
open data is essential to improve replicability.

« Considering rooftops obstacles in detail: Incorporating alternative sources of infor-
mation, such as satellite images, would provide a more detailed view of roof areas occu-
pied by obstacles or utilized for other purposes, enabling better identification of suitable
locations for photovoltaic installations.

« Challenges in inferring load curves from open data: Scarce open data solutions
provide limited real measurements for specific locations in other countries or regions.
As this data is often aggregated to preserve user privacy, inferring specific load curves
for each consumer in the municipality remains challenging.

+ Addressing seasonal occupancy in buildings: Dealing with the heterogeneous occu-
pancy of dwellings and premises poses another challenge, hindering the accurate esti-
mation of consumption levels for each property. Factors such as buildings not occupied
year-round or with solid seasonality, which is common in Mediterranean areas, could
significantly reduce the estimated electricity consumption and economic potential.

« Computational intensity in sizing optimization: The optimization of PV facility
sizing based on demand poses one of the most computationally intensive steps. Multi-
ple iterations are required to match load profiles and production time series, especially
in buildings with numerous independent consumers. Implementing agile methods for
sizing according to demand would enhance model scalability.
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The following potential improvements have been detected regarding regression-based

models:

Estimation of novel target variables: The proposed methodology could be extended
to estimate various techno-economic variables not covered in this paper. By identify-
ing new predictors and acknowledging their limitations, a broader view of regression
models’ capacity in this research field emerges.

Diversifying data sources: Regression models rely partly on cadastral information,
which may vary in availability across different countries. Enhancing replicability in-
volves studying alternative and widespread data sources, such as satellite data, to obtain
relevant information.

Reducing predictor variables: The challenge of reducing the number of predictors
when assessing the economic results of PV facilities is acknowledged. Exploring alter-
native machine learning approaches beyond multiple linear regressions may help reduce
the number of predictors while maintaining similar accuracy.

Handling large datasets: The need to train these models with large datasets has driven
the development of high-computation demanding physical models in this thesis, whose
replicability is difficult. Finding efficient ways to generate large datasets of PV perfor-
mance results in urban areas is essential for broader applicability.

Finally, given the techno-economic constraints of this research, potential future lines of

investigation for the topic of PV potential assessment in urban areas include:
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Comparing the global municipality PV potential across different urban mor-
phologies (e.g., rural towns and high-population density cities) enhances the knowl-
edge for policy and decision-making, enabling targeted resource allocation in specific
regions. Evaluating a municipality’s economic potential and its global self-sufficiency
level is crucial in identifying which municipalities benefit the most from PV systems.

Quantifying potential improvements in energy and economic PV performance parame-
ters when optimizing the sharing coefficients of facilities with several consumers.

Comparing multiple sizing criteria found in the literature for a large sample of fa-
cilities and users and identifying their limitations or trends when assessing large areas
under a NB scheme.

The assessment of the current market potential considering legal, economic, and
social barriers to provide the most realistic scenario of PV penetration in urban areas.

The study of strategies to increase the on-site S5 rate and their impact on the global
techno-economic PV potential. Among them, the assessment of facade integrated PV
systems in large buildings, such as multi-storey buildings, and the inclusion of storage
energy systems in buildings with scarce envelope space.
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6.3 Publications and research activities

6.3.1 Journal publications

The research findings in the present PhD thesis has led to the following publications:

 Enrique Fuster-Palop, Carlos Prades-Gil, Ximo Masip, J. D. Viana-Fons, and Jorge Paya.
Innovative regression-based methodology to assess the techno-economic performance of pho-
tovoltaic installations in urban areas. In: Renewable and Sustainable Energy Reviews (2021),
Vol. 149, p. 111357. DOI: https://doi.org/10.1016/J.RSER.2021.111357. Impact factor: 16.8
(2021).

+ Enrique Fuster-Palop, Carlos Vargas-Salgado, Juan Carlos Ferri-Revert, and Jorge Paya.
Performance analysis and modelling of a 50 MW grid-connected photovoltaic plant in Spain
after 12 years of operation. In: Renewable and Sustainable Energy Reviews (2022), Vol. 170,
p. 112968. DOI: https://doi.org/10.1016/j.rser.2022.112968. Impact factor: 15.9 (2022).

« Enrique Fuster-Palop, Carlos Prades-Gil, Ximo Masip, J. D. Viana-Fons, and Jorge Paya.
Techno-Economic Potential of Urban Photovoltaics: Comparison of Net Billing and Net
Metering in a Mediterranean Municipality. In: Energies (2023), Vol. 16, p. 3564. DOL:
https://doi.org/10.3390/en16083564. Impact factor: 3.2 (2022).

Outside the scope of this thesis, the author contributed to the following research publica-
tion during the development of his PhD:

« Ximo Masip, Enrique Fuster-Palop, Carlos Prades-Gil, Ximo Masip, J. D. Viana-Fons,
Jorge Paya, and Emilio Navarro-Peris. Case study of electricand DHW energy communities
in a Mediterranean district. In: Renewable and Sustainable Energy Reviews (2023), Vol. 178,
p- 113234. DOL: https://doi.org/10.1016/j.rser.2023.113234. Impact factor: 15.9 (2022).

6.3.2 Conferences

The author contributed to the following conferences:

« Enrique Fuster-Palop, Carlos Prades-Gil, Ximo Masip, J. D. Viana-Fons, and Jorge Paya.
Profitability of PV generators in urban environments considering the new Spanish regula-
tion. In: X Congreso Ibérico y VIII Congreso Iberoamericano de Ciencias y Técnicas del Frio
(CYTEF 2020) (2020). ISBN: 978-2-36215-043-2.

+ Enrique Fuster-Palop, Carlos Prades-Gil, Ximo Masip, J. D. Viana-Fons, and Jorge Paya.
Evaluation of the Solar Photovoltaic Generation Potential of a sample of residential buildings
in the City of Valencia. In: 15th Conference on Sustainable Development of Energy, Water
and Environment Systems (2020). (pp. 288-299). ISSN: 1847-7178 978-84-09-46920-8.
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« Elisa Gimeno Goémez, Enrique Fuster-Palop, Ximo Masip, Carlos Prades-Gil, and J. D.
Viana-Fons. Comunidades Energéticas como el modelo perfecto para la Transicion En-
ergética de las ciudades y la democratizacion de la energia. Caso practico de la ciudad de

Catarroja. In: XVI Congreso Nacional del Medio Ambiente (CONAMA 2022) (2022). ISBN:
978-84-09-46920-8.
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