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RESUMEN 

 

 

Esta tesis propone una metodología de rehabilitación energética de edificios con el uso de nueva 

generación de sistema solar fotovoltaico híbrido combinado con estrategias de gestión de la 

demanda, a fin de optimizar el auto-consumo de la electricidad generada y los impactos con la 

red eléctrica en el marco de las reglamentaciones nacionales existentes en Brasil y España, 

contribuyendo para el desarrollo de Edificios de Energía Neta Cero (acrónimo en inglés, Net 

Zero-Energy Building - NZEB). 

La metodología es basada en analices de indicadores de suministro de carga y de interacción 

con la red (acrónimo en inglés, Load Matching and Grid Interaction - LMGI), que caracterizan la 

correlación entre la generación fotovoltaica local y el consumo de la carga, así como la 

interacción con la red eléctrica, un importante aspecto en el panorama actual de generación 

distribuida. Parámetros económicos son también evaluados, como ahorros en la factura de 

electricidad, coste de producción de electricidad (acrónimo en inglés, Levelized Cost of Electricity 

- LCOE), paridad de red y tiempo de retorno de la inversión. 

Las propuestas de rehabilitación de energía están basadas en simulaciones a través de varios 

métodos, incluyendo el estudio de consumo de electricidad típico de consumidores residenciales 

y comerciales. Así mismo, se realizan investigaciones de un controlador de batería basado en 

técnicas de gestión de la demanda (acrónimo en inglés, Demand-Side Management - DSM), 

como en el corte de picos de demanda de la red y en la reducción de la energía importada de la 

red. El trabajo realizado para validar la metodología es basado en analices de datos de alta 

resolución, disponibles en intervalos sub-horarios a partir de datos simulados y medidos. 

La metodología ha sido validada en tres edificios diferentes bajo diferentes condiciones 

climáticas en Brasil y en España: un edificio residencial, llamado Casa Ekó, se analiza bajo 

diferentes condiciones climáticas brasileñas; un edificio comercial, llamado Gomendio, se evalúa 

bajo las condiciones climáticas de Madrid y, finalmente, un edificio comercial, llamado Eletrosul, 

se evalúa bajo las condiciones climáticas del sur de Brasil (ciudad de Florianópolis). Cada edificio 

investigado para rehabilitación energética se divide en diferentes casos, como escenarios sin 

fotovoltaica, escenarios con sistema fotovoltaico únicamente, casos con sistema fotovoltaico y 

sistema de almacenamiento de energía de batería (acrónimo en inglés, Battery Energy Storage 

System - BESS) y casos optimizados con sistema fotovoltaico, BESS y DSM. El estudio de Ekó 

House se realiza en dos partes: las primeras evaluaciones se realizan solo con sistema 

fotovoltaico (sin DSM) en cuatro ciudades de Brasil. La segunda parte incluye investigaciones en 

dos ciudades brasileñas (São Paulo y Brasilia) con sistema fotovoltaico híbrido (combinación de 

sistema fotovoltaico y BESS) y DSM. El método DSM está basado en el desplazamiento de las 

cargas a los períodos solares y utiliza un controlador de batería de alto nivel que gestiona los 

flujos de electricidad en la casa a fin de optimizar las tasas de LMGI. El estudio de caso Gomendio 

propone la rehabilitación energética de un edificio de oficinas siguiendo los principios de los 
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NZEB y con el objetivo de: (1) reducir el consumo de electricidad del edificio mediante la 

construcción de técnicas de eficiencia energética (enfoque eficiente del sistema de iluminación); 

(2) introducir una integración arquitectónica de módulos fotovoltaicos en el cubierta del edificio; 

(3) reducir los costes en la factura de electricidad a través de la gestión inteligente del sistema 

FV híbrido; y (4) mejorar el rendimiento energético del edificio en términos de suministro de carga 

y de interacción con la red eléctrica (indicadores LMGI). El último estudio de caso (edificio 

Eletrosul) realiza simulaciones de un sistema fotovoltaico a gran escala aliado con DSM y hace 

uso del consumo anual de electricidad del edificio medido por la compañía eléctrica local. El 

estudio se concentra en los siguientes objetivos: (1) mejorar el rendimiento energético del edificio 

en términos de suministro de carga y de interacción con la red (indicadores LMGI); (2) analizar 

las diferencias entre dos tipos de baterías electroquímicas de alto rendimiento (plomo-ácido y de 

ion de litio) en términos técnicos y económicos; (3) reducir los costes en la factura de electricidad 

a través de la gestión inteligente del sistema FV híbrido; (4) diseñar una capacidad óptima del 

sistema de batería para aumentar tanto los enfoques de suministro carga como el ahorro en la 

factura de electricidad. 

En resumen, este trabajo ha buscado evaluar el comportamiento energético de edificios 

proponiendo alternativas de rehabilitación energética, así como vincularlo con el contexto de las 

evaluaciones económicas a fin de verificar la rentabilidad de los sistemas propuestos. El estudio 

ha contribuido al desarrollo de NZEBs equipados con la nueva generación de sistemas 

fotovoltaicos híbridos y a los impactos del FV con la red en el paradigma de generación 

distribuida, aspectos relevantes para la disminución de los efectos del cambio climático global, 

expandir el uso de energías renovables que favorezcan al futuro de las redes inteligentes y de 

las ciudades sostenibles.
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  ABSTRACT 

 

 

This thesis propose a methodology for the energy refurbishment of buildings by using new 

generation of Photovoltaic (PV) hybrid systems combined with energy management strategies, in 

order to optimize the self-consumption of generated electricity and the impacts on the power grid 

in the framework of national regulations existing in Brazil and Spain, contributing to the 

development of Net Zero-Energy Buildings (NZEB). The methodology is based on the analyses 

of Load Matching and Grid Interaction (LMGI) indicators, which characterize the correlation 

between the local photovoltaic (PV) generation and the load consumption, as well as the electrical 

interaction with the power grid, an important aspect in the current panorama of distributed 

generation. Economic parameters are also evaluated, such as operational electricity bill savings, 

Levelized Cost of Electricity (LCOE), grid parity and payback time, in order to investigate the 

profitability of the investment. The energy refurbishment propositions are based on multi-objective 

simulations through various methods, including electricity consumption study of typical residential 

and commercial consumers and research into a battery controller based on Demand-Side 

Management (DSM) techniques, such as peak shaving (decrease in power peaks from the grid) 

and energy cutback (decrease in electricity purchased from the grid). The work performed to 

validate the methodology is based on the analysis of available high-resolution data (mainly sub-

hourly) from both simulated and measured data. 

The methodology has been validated in three different buildings under different climatic conditions 

in Brazil and in Spain: a residential building, called Ekó House, is analysed under different 

Brazilian climatic conditions; a commercial building, called Gomendio, is evaluated under Madrid 

climatic conditions and finally, a commercial building, called Eletrosul, is evaluated under 

southern Brazilian climatic conditions (Florianópolis city). Each building researched for energy 

refurbishment is divided into different studied cases, such as, scenarios without PV, scenarios 

with a PV system only, cases with a PV system and Battery Energy Storage System (BESS) and 

optimized cases provided with a PV system, BESS and DSM. The study of Ekó House is carried 

out in two parts: the first evaluations are made with the PV system only (without DSM) in four 

Brazilian State Capitals. The second part includes research into two Brazilian cities (São Paulo 

and Brasília) with a PV hybrid system (combination of a PV system and BESS) and DSM. The 

DSM method is based on the displacement of loads to solar periods (load shifting) and makes 

use of a high-level battery controller that manages the electricity flows in the house in order to 

improve the LMGI rates. The Gomendio case study proposes the energy refurbishment of an 

office building following the principles of NZEBs and aiming at: (1) reducing building electricity 

consumption by means of building energy-efficiency techniques (efficient lighting system 

approach); (2) introducing an architectural integration of PV modules on the building’s roof; (3) 

increasing electricity bill savings through the intelligent management of the PV hybrid system; and 

(4) improving the building’s energy performance in terms of load matching and grid interaction. 
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The last building case study (Eletrosul) makes simulations of a large-scale PV system allied with 

DSM with BESS and makes use of the yearly building electricity consumption measured by the 

local utility firm. The study focuses on the following objectives: (1) to improve the building energy 

performance in terms of load matching and grid interaction; (2) to analyze the differences between 

two types of high performance electrochemical battery (lead-acid and lithium-ion) in technical and 

economic terms; (3) to increase electricity bill savings through the intelligent management of the 

PV hybrid system; (4) to design an optimal battery system capacity in order to increase both, load 

matching approaches and electricity bill savings. 

In summary, this work has sought to evaluate the energy performance behaviour of buildings by 

proposing energy refurbishment alternatives, as the economic assessments context are linked to 

provide responses to the proposed system’s profitability. The study has contributed to the 

development of NZEBs equipped with the new generation of PV hybrid systems and to the grid 

impacts of PV in a distributed generation paradigm, aspects that are relevant in reducing the 

effects of global climate change, to disseminate the use of renewable energies that favours the 

future of smart grids and sustainable cities.  
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1. INTRODUCTION 

 

 

1.1 Global Solar Energy Context 

Solar energy is an abundant resource that can provide clean and renewable energy. During 

electricity generation with Photovoltaic (PV) systems there is no harmful greenhouse gas 

emissions, no fuel costs, and no risks of fuel price spikes; and it has the potential to help moving 

the countries toward cleaner, reliable, and affordable sources of electricity. Photovoltaic solar 

energy is increasing in importance around the world due to several factors, including the 

improving cost-competitiveness of PV technology, dedicated policy initiatives, growing demand 

for energy in industrialized and emerging economies and concerns about energy security and the 

environment. The global solar photovoltaic market increased nearly 50% to at least 75 GWdc in 

2016 raising the global total to at least 303 GWdc (REN21, 2017). The Compound Annual Growth 

Rate (CAGR) of PV installations was 42% between 2000 and 2015 (Fraunhofer, 2017a). This 

growth was promoted by generous subsidies to the source, principally in European countries, 

especially Germany in the last decade. The remarkable trend of 2015 is the significant growth of 

the global PV market after the small growth experienced during 2013 - 2014. The market grew in 

2015 by around 26.5% (IEA, 2016b). Industry, applications and markets have made it possible 

for PV technology to exceed 300 GW in 2016, after it took the 200 GW mark the year before, and 

the 100 GW in 2012 (see Figure 1.1). In 2016, Asia-Pacific has become the largest solar-powered 

region in the world with 147.2 GW of total installed capacity (equal to 48% of the global market 

share) (Solar Power Europe, 2017). According to statistics performed worldwide in 2016 (UNEF, 

2017; Solar Power Europe, 2017; Fraunhofer, 2017a), China continues to increase the PV 

penetration into the grid at an accelerated level with 34.5 GW. It leads to a total of 77.9 GW grid 

connected solar, with China owning one quarter of all global solar power generation. In 2016, 

Japan and the United States overtook long-time solar market leader Germany. Japan, now ranked 

second, had an installed capacity of 42.9 GW; the United States reached 42.4 GW being the third 

country on a worldwide scale. In Europe, Germany reached 41.1 GW and two further countries 

had solar capacities exceeding 10 GW at the end of 2016 – Italy at 18.9 GW and the United 

Kingdom at 11.5 GW. In India, 9.5 GW was installed in 2016, which shows the positive trend of 

PV in this country. In Latin America, after a second year of PV development, Chile shows an 

installed PV capacity of 446 MW, especially in the northern part of the country. Several additional 

GW of PV plants have been validated in Chile, while projects are emerging in Brazil and Honduras 

(IEA, 2016b). In Brazil, The Energy Agency of Brazil (EPE, acronym in Portuguese) has 

successfully held two PV auctions during 2015, which have procured around 2 GW of projects 

(Briano et al., 2015).
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Figure 1.1. Global cumulative PV installations between 2000 and 2016 (Solar Power Europe, 2017). 

 

Increases in the installed capacity have obviously translated into investment increases. In 2016, 

renewable energies attracted far more investments than fossil fuels or nuclear power plants did, 

as shown in Figure 1.2. In 2015, industrialized and in emerging economies accounted for more 

than the half of the global investment in both, wind and solar power; but in 2016, solar power 

investment decreased in industrialized and in emerging countries, down to 33% (USD 56.2 billion) 

and 35% (USD 57.5 billion), respectively, due to solar power lost the lead in wind power and only 

narrowly maintained it in solar power (REN21, 2017). Overall, Renewable Energy Sources (RES) 

accounted for about 63.5% of the total committed to new power generation capacity in the world 

in 2016 (REN21, 2017). 

 

Figure 1.2. Global investment in power capacity, by source (Renewables, Fossil fuels and nuclear power) 

between 2012 and 2016 (REN21, 2017). 

 

Spain has one of the largest solar potential in Europe (the annual sum of daily horizontal global 

solar irradiation varies between 1,200 and 1,850 kWh/m2) (IDAE/MITyC, 2007). However, since 

2009 the annual PV installed capacity has been well below the levels of its surrounding countries. 

For example, in 2015 the total PV installed capacity was only 49 MW by which was increased to          

55 MW in 2016, including grid-connected and isolated systems (see Fig. 1.3). In 2015, PV 
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electricity covered 3% of the total electricity demand in Spain, whereas in Italy this amount 

represented 8%. Under previous incentives, the country expanded its renewable base rapidly and 

helped to establish a domestic PV market. However, due to financial support for PV installations 

was drastically cut back and due to the poorly defined self-consumption regulations and Feed-In 

Tariffs (FIT) recession in 2013, following the global financial crisis, new installations stagnated 

between 2012 and 2016 in the country, as shown in Fig. 1.3. After 2012, the installed PV capacity 

remained far stable with slightly changes, mainly due to the regulatory uncertainties that ended 

up strangling the internal PV market in the country. Very short new PV capacity was added in the 

energy matrix since 2013. However, prior to the publication of Real Decreto (RD) 900/2015 of 

self-consumption, there was a slight increase of new low-power facilities, mainly in buildings for 

self-consumption purposes (UNEF, 2017). The agricultural sector was one who took advantage 

of solar energy in Spain. In 2015, about 13 MW were installed in isolated systems in the sector 

(pumping and hybrid systems) (UNEF, 2017). 

 

 

Figure 1.3. Evolution of the annual PV installed capacity in Spain, including grid-connected and isolated 

systems (UNEF, 2017). 

 

According to statistic data of 2016 from Red Eléctrica de España (REE, 2016), and shown in      

Fig. 1.4, renewable energies accounted for more than 45% of installed capacity in Spain (almost 

39% of the national generation), with hydro, wind and solar energy representing 16.2%, 21.9% 

and 4.4%, respectively. Spain had 4,674 MW installed in solar PV in 2016, with particular 

reference to the communities of Castilla-La Mancha (923 MW or 20% of the total installed PV 

capacity in the country), Andalucía (872 MW), Extremadura (561 MW) and Castilla y León (494 

MW). In addition, Spain is in the top 10 world solar PV markets (IRENA, 2017) due to its planning 

objectives, especially since the Renewable Energy Promotion Plan (PFER) (IDAE, 2010), and 

due to the promotions of PV market industry development (researchers, technological maturity) 

(Girard et al., 2016). 
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Figure 1.4. Installed power capacity (%) in Spain in 2016 (REE, 2016). Total installed capacity: 105,279 MW. 

 

Brazil, a country of interest for the author of this PhD, has a clean energy matrix, mainly due to 

its intensive use of hydropower for electricity generation and sugarcane ethanol for transportation 

(Faria et al., 2017). The electricity generation in the Brazilian public service and self-producers 

power plants reached 581.5 TWh in 2015 (EPE, 2016a). The supply side is hydro-dominated, 

providing about 70% of the electricity consumption, depending on the hydrological conditions of 

the year (Munhoz, 2017). In the expansion of installed capacity in 2015, hydroelectric power 

plants contributed by 35.4% to the total installed capacity in the country, while thermal power 

plants accounted for 25% and wind and solar plants were responsible for the remaining 39.6% 

increase in the national grid (EPE, 2016a). At the end of the last century, Brazil started to develop 

rural electrification programs using photovoltaic technology. But only in the current decade it 

began to achieve nationwide, with the approval of the Normative Resolution nº 687/2015 (ANEEL, 

2015b) of distributed generation connected to the grid and the promotion of specific auctions for 

centralized plants services (EPE, 2017). Brazil is located almost entirely in the region bounded 

by the Tropics of Cancer and Capricorn, with a quite vertical incidence of solar radiation. This 

condition favours high rates of solar radiation in almost all of the Brazilian territory, including winter 

periods, which provides advantageous conditions for the solar resource use. Additionally, the 

location of most territories near the Equator line provides a low intra-annual variability of solar 

radiation, reducing the uncertainties regarding the incidence of radiation to generate electricity. 

The annual sum of daily horizontal global solar irradiation in any Brazilian region (1,500 – 2,500 

kWh/m2) is in fact greater than those for the majority of the European countries such as Germany 

(900–1,250 kWh/m2) and France (900–1,650 kWh/m2), which gives a good perspective of the 

technology dissemination in the country (Martins et al., 2008). On another hand, the maximum 

solar irradiation intensity (annual daily mean of 6.5 kWh/m2.day) registered in Brazil occurs in the 

semi-arid area of the Brazilian Northeastern region, which corresponds an area with low annual 

precipitation (~ 300 mm) and the lowest mean cloud cover of the country. The minimum value     

(~ 4.25 kWh/m2.day) was registered in coastal area of the Southern region of Brazil, which is 

characterized by a relatively large annual precipitation (Martins et al., 2008). 

Solar photovoltaic electricity generation in Brazil has an installed capacity of 21 MW and is mainly 

used to supply isolated and remote energy systems (Faria et al., 2017). However, solar energy 

still represents a small portion on the Brazilian energy matrix (0.01%). According to statistics 

carried out in 2014, hydropower, bioenergy and wind power represented, respectively, 67.6%, 
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8.3% and 3.7% of the total power installed in Brazil, as shown in Fig. 1.5 (Ministry of Energy, 

2017a). However, the Ten-Year Energy Expansion Plan (PDE-2024), promoted by the Brazilian 

Ministry of Energy, predicts that by 2024 solar power, wind power and bioenergy will have, 

respectively, a share of 3.3%, 11.6% and 8.7% of the power capacity in the country. According to 

the PDE-2024, global investments of the order of R$ 1.4 trillion are expected, of which 26.7% 

correspond to the electric energy segment. Among the main physical parameters, there will be 

an increase on the installed capacity to meet the electricity load of the National Interconnected 

System (NIS) between 2014 and 2024, from 132.9 GW to 206.4 GW, prioritizing investments in 

renewable energy facilities. 

 

Figure 1.5. Power capacity evolution by energy source in Brazil from 2014 to 2024 (Ministry of Energy, 

2017a). 

 

Regarding existing PV plants, according to the Brazilian Electricity Regulatory Agency (ANEEL, 

acronym in Portuguese), currently 164 solar plants operate in the country (ANEEL, 2015a). Two 

solar plants were recently installed in the northeast of the country: a 245 MWp power plant was 

built in the state of Bahia (Ituverava), with an annual energy production estimated at 500 GWh 

and a 292 MWp power plant was built in the state of Piauí (Nova Olinda), with an annual energy 

production estimated at 600 GWh, enough to meet the annual energy consumption needs of 

300,000 Brazilian households. Another marked highlight was the progress of large-scale PV 

electricity in Brazil. Promoted by the Ministry of Energy (MME), the Reserve Energy Auction of 

2014 counted, for the first time, with an exclusive event for photovoltaic, accrediting 890 MW in 

PV plants. Within the isolated PV systems, the Programa de Desenvolvimento Energético dos 

Estados e Municípios – PRODEEM (Programme of Energy Development of States and 

Municipalities) has been instrumental in the installation of an equivalent to 5 MWp of PV systems, 

serving approximately 7,000 communities scattered throughout the country. In addition, a set of 

PV systems were installed in stadiums before the football world cup of 2014, citing a few: Mineirão 

in Belo Horizonte (1.42 MWp), Maracanã in Rio de Janeiro (400 kWp) and Mané Garrincha in 

Brasília (2.5 MWp).  

An important institutional action for the promotion of PV electricity in Brazil was the strategic 

Research and Development (R&D) Project 013/2011 promoted by ANEEL (ANEEL, 2011), which 

had 17 approved photovoltaic projects, totalizing 24.6 MWp. These projects combined different 
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typologies of facilities (e.g. distributed and centralized), and were installed during 2014 and 2015 

(EPE, 2017). In terms of PV systems integrated in buildings, the Eletrosul headquarter in Santa 

Catarina is provided with a 1 MWp PV system, one of the largest building-integrated PV system 

in South America, with an annual energy production estimated at 1.2 GWh. This project was 

developed with the German government partnership and Brazilian universities and is also 

assigned for academic-scientific studies. 

1.2 Energy consumption in Spain 

According to the last data published by Eurostat (Ministry of Energy, 2017b), the total final energy 

use in Spain was 80,461 ktoe (equivalent to 935.76 TWh) in 2015. The structure of final energy 

use in Spain is presented in Table 1.1. Analysing the data by sectors, the sector with the most 

intensive energy use was the transportation, mostly related to the oil consumption and leading to 

a final energy use of 33,595 ktoe (or 41.8% of the total energy use in 2015). The industrial sector, 

with 18,915 ktoe of demand (equivalent to 23.5% of total in 2015), contributes significantly in the 

total final energy use, although it maintains a progressive loss of importance in the demand 

structure. The demand of the residential and services building sectors, which includes the 

commercial and public sectors, are responsible for 18.6% and 12.5% of the final energy 

consumption, respectively. The energy consumption in these sectors has remained fairly constant 

from 2008 to 2015 in absolute terms (the coefficients of variation of the values are about 4% in 

both sectors). On the contrary, the industrial sector has reduced progressively the demand in the 

period (reduction of 26% from 2008 to 2015) due to the adjustment experienced in the 

construction sector and the real state crisis which lasted until the end of 2014. 

 

Table 1.1. Final use of energy by sector in Spain (ktoe). Souces: Eurostat/Minetad; Ministry of Energy, 

2017b. 

Sector 2008 2009 2010 2011 2012 2013 2014 2015 2015 

(%) 

Industry 25,832 21,205 21,449 21,378 20,774 20,800 20,006 18,915 23.5 

Transportation 40,531 37,911 37,191 36,037 33,348 31,785 31,989 33,595 41.8 

Residential 15,495 15,923 16,920 15,627 15,525 14,882 14,709 14,876 18.5 

Services 9,296 9,405 9,797 10,203 10,046 9,615 8,845 10,037 12.5 

Agriculture 2,695 2,359 2,240 2,401 2,714 2,851 2,769 2,491 3.1 

Others 786 965 1,487 1,032 746 839 907 548 1.0 

Total 94,636 87,769 89,084 86,671 83,152 80,771 79,225 80,461 100 

 

Once stated the importance on the use of energy of the country by sector, it is interesting to 

analyse the main use of energy sources, which contributes to the growth of the final energy 

consumption, as displayed in Tab. 1.2. The first sector in importance is the transportation sector. 

Analysing the table data, 94% of the total energy consumption in the transportation sector consists 

of oil products. However, oil, currently in a dominant position, will diminish in relative importance 

in favour of renewable energies and electricity. According to the Directive 2009/28/EC of the 

European Parliament and of the Council of 23 April 2009, which establishes the promotion of the 

use of energy from renewable sources in EU countries (including Spain) (EC, 2009), Spain targets 
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by 2020 a contribution of 10% from renewable sources in the field of transport and 20% on the 

final energy consumption (the same as the EU average). The second in importance is the 

industrial sector, with a total energy consumption of 18,915 ktoe in 2015, which consumes more 

solid fuels and electricity than the mean of the other sectors. Notice the dependence of gas and 

its derivatives in the industrial sector (7,127 ktoe) and a considerable amount in the residential 

sector (3,018 ktoe) and services (2,640 ktoe) due to the use of gas for heating, Domestic Hot 

Water (DHW) and for cooking. The use of electricity in 2015 was quite similar among the industrial, 

residential and service sectors, as can be seen in Tab. 1.2. The category “Renewable Energy” 

also includes biomass, which is used to generate thermal power to heat buildings and to produce 

DHW, in the same way as solid fuels, oil and gas products are used to these effects.  

According to an estimative of the development of consumption between 2010 and 2020 performed 

by the Instituto para la Diversificación y Ahorro de Energía (IDAE) (IDAE, 2010), the annual 

energy demand in Spain will increase from 11% in 2010 to 18% in 2020. Also, the energy 

resources that are expected to contribute more to the growth of the primary and final energy 

consumption in the country are renewable energies and electricity, with cumulative increases of 

67.5% and 46%, respectively, during this period. 

 

Table 1.2. Energy resources used to cover the demand in Spain in 2015 (ktoe) (Eurostat, 2017). 

Sector/Source Solid 
fuels 

Oil 
products 

Gas Renewable 
energy 

Electricity Total 

Industry 1,188 2,715 7,127 1,346 6,539 18,915 

Transportation 0 31,803 312 958 522 33,595 

Residential 89 2,997 3,018 2,749 6,024 14,877 

Services 0 1,050 2,640 153 6,191 10,034 

Agriculture 0 1,616 69 76 501 2,262 

Others 29 59 283 1 175 547 

Total 1,306 40,240 13,449 5,283 19,952 80,230 

 

1.3 Energy consumption in Brazil 

According to the last data published by the Brazilian Energy Research Company (EPE, 2016a), 

the total final energy demand of Brazil was 245,445 ktoe (equivalent to 2,854 TWh) in 2015. The 

structure of final energy use in Brazil is presented in Tab. 1.3. Analysing the data by sector, the 

most energy-intensive sector was the industrial, which lead to a demand for 84,645 ktoe, 

corresponding to 32.5% of the final energy use in the country. The residential sector (responsible 

for 10.6% of the final energy consumption) and the industrial sector have remained fairly constant 

from 2008 to 2015 in absolute terms (the coefficients of variation of the values in the residential 

and industrial sector are about 4% and 4.8%, respectively). However, the industrial sector 

reduced 3.2% the final use of electricity from 2014 to 2015 due to the retraction on the production 

of metallic minerals, which was affected by the environmental disaster in Mariana (Minas Gerais) 

in 2015, and due to the low prices of the ore in the international market. Other industrial sectors 

that had a drop in production and consequently in energy consumption were the automobile 

sector, the steel industry, the paper and pulp manufacturing, the non-metallic mineral products 

manufacturing and the civil construction. The commercial sector, responsible for 4% of final 
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energy use in the country in 2015 (equivalent to 8,582 ktoe) has showed a significant increase of 

38% on the final energy use from 2008 to 2015 (coefficient of variation of 12%), mainly due to the 

increase of the electricity consumed in the sector (46%). In turn, in the residential sector the final 

use energy increased 10% in the period, mainly due to the increase of the electricity consumption 

(44%) and Liquefied Petroleum Gas (LPG) consumption (nearly 10%).  

 

Table 1.3. Final use of energy by sector in Brazil (ktoe). Source: Empresa de Pesquisa Energética (EPE, 

2016a). 

Sector 2008 2009 2010 2011 2012 2013 2014 2015 2015 

(%) 

Energy sector 24,679 23,916 24,263 22,171 22,868 26,143 27,453 27,763 10.7 

Residential 22,738 23,129 23,562 23,267 23,761 23,726 24,808 24,951 10.6 

Commercial 6,190 6,335 6,731 7,124 7,709 8,062 8,630 8,582 4 

Public 3,622 3,648 3,636 3,758 3,741 3,871 3,996 3,980 2.5 

Agriculture 9,911 9,559 10,029 9,999 10,362 10,632 11,196 11,487 4.4 

Transportation 62,829 63,041 69,720 73,989 79,027 83,152 86,315 84,037 32.2 

Industrial 81,570 76,189 85,567 88,716 88,697 88,294 87,358 84,645 32.5 

Others 6,888 6,804 7,211 7,767 7,504 7,797 8,014 7,754 3.1 

Total 211,539 205,817 223,508 229,024 236,165 243,880 249,756 245,445 100 

 

Table 1.4 presents the energy resources used to cover the demand in Brazil in 2015. According 

to the last data published by the EPE (EPE, 2014), the industrial sector was the one that 

consumed most of the energy in the country, with a total of 45,188 ktoe, with significant 16,902 

ktoe in electricity consumption and 155,112 ktoe in renewables. The consumption of biomass in 

the sector is appreciable, especially concerning the use of sugarcane in the production of fuels 

(ethanol), in the energy cogeneration, in the civil construction (concrete and fiber cement 

production) and in the industry of cellulose and cosmetics. The industrial sector also uses natural 

gas (9,947 ktoe), LPG gas (898 ktoe) and visible is the use of firewood (7,428 ktoe). The second 

most important consumer group is the transport sector which consumed 36,514 ktoe of oil diesel. 

However, there is considerable participation in the final demand for the consumption of 

automotive gasoline (23,257 ktoe), ethyl alcohol (15,424 ktoe) and biodiesel (2,730 ktoe). Besides 

the high electricity consumption in the residential sector (45% of the total energy use), there is a 

high demand for LPG gas for cooking and DHW, as well as the consumption of firewood is also 

significant in the sector. However, firewood reduced its share on the country's final energy 

consumption from 8.2% in 2005 to 6.3% in 2014. Lastly, the services sector has an electricity 

consumption almost similar to the residential sector, however very little LPG is consumed 

because its application is not important in the sector. 

The total electricity consumption in Brazil is still small compared to the other industrialized 

countries. The total electricity consumption was 2.94 MWh/person in 2011 while in industrialized 

countries it was between 5 MWh/person and 24 MWh/person (EPE, 2014). In the coming years, 

the residential electricity consumption is expected to increase in Brazil to accommodate economic 

growth and improvements on the level of human development of Brazilian society (Villareal and 

Moreira, 2016). In 2013, the residential sector represented 25% of the total electricity consumed 

in the country with an average growth rate of 4.9%/year between 2003 and 2012, while the 
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commercial (services) and industrial sectors represented 26% and 38%, respectively, of the total 

electricity consumed in the country (EPE, 2014).  

 

Table 1.4. Energy resources used to cover the demand in Brazil in 2015 (ktoe) (EPE, 2014). 

Sector/Source Oil 
Diesel 

Gas 
(LPG) 

Renewables Coal Firewood Electricity Total 

Industry 1,117 898 15,512 3,331 7,428 16,902 45,188 

Transportation 36,514 - - - - 177 36,691 

Residential - 6,541 - 474 6,334 11,289 24,638 

Services 7 653 - 88 94 11,526 12,368 

Agriculture 6,327 2 - 8 2,814 2,310 11,461 

Energy sector 1,338 29 13,155 - - 2,742 17,264 

Total 45,303 7,225 28,667 3,901 16,670 44,946 147,610 

1.4 Electricity use in buildings 

Energy use in buildings worldwide accounts for over 40% of primary energy use and 24% of 

GreenHouse Gas emissions (GHG) (IEA, 2011). Energy use and emissions in buildings include 

both direct, on-site use of primary energy, indirect use from electricity, district heating/cooling 

systems and embodied energy in construction materials (IEA, 2011). Energy intensity often is 

used as a proxy for energy efficiency trends, even though it is also affected by structural changes 

in the economy and by changes in the energy mix (REN21, 2017). The primary energy intensity, 

a measured of the Total Primary Energy Supply (TPES) per unit of Gross Domestic Product 

(GDP), improved globally by 2.6% in 2015 (REN21, 2017). The primary energy intensity includes 

generation/ transformation losses, consumption of the energy transformation sector and network 

losses. High primary energy intensity can be driven by high shares of relatively energy-intensive 

economic activities, the use of less-efficient technologies or a large share of thermal power 

generation, in particular coal, rather than non-thermal renewable power. Alternatively, the final 

energy intensity is a measured of the Total Final Consumption (TFC) per unit of GDP. The final 

energy intensity may better reflect trends in end-use energy efficiency than the primary energy 

intensity, because it excludes losses in power generation or fuel conversion (REN21, 2017). 

However, primary energy data usually are available earlier and generally they are more reliable. 

Global TFC in 2014 was 9,425 Mtoe; of this total, more than 32% was consumed in buildings, 

29% in industry and nearly 28% in transport, with the remainder consumed in other sectors and 

for non-energy applications (REN21, 2017). 

According to reports presented by the International Energy Agency (IEA) (IEA, 2016a), emerging 

economies improved their primary energy intensity more than industrialized economies in 2015, 

most of which are still growing rapidly allied with measures of energy efficiency (Figure 1.6). The 

greatest gain was in China, where the energy intensity improved by 5.6%. Since 2000, China’s 

energy efficiency programs saved a total of 326 Mtoe of primary energy consumption in 2014 – 

and 350 million tonnes of coal. The main reasons to this achievement are due to the reductions 

of coal consumption in the power sector, changes in power generation by renewables, efficiency 

of residential heating (combination of co-generation, switching to gas boilers and building energy 

management adoptions) and industrial efficiency. Since 2006, the industrial efficiency improved 

by 19% through the Chinese Top 1000 Program, a mandatory energy savings program 
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implemented from 2006 to 2010 (Lynn Price, 2010). The roll-out of this policy coincided with a 

72% growth in the country's industry energy consumption between 2005 and 2014. The United 

States has equally improved its primary energy intensity, where TPES declined around 4% 

between 2014 and 2015 through a massive investment in energy efficiency (investment in energy 

efficiency in the building sector represented close to a quarter of the global investment in the 

sector in 2015). As a result of economic contraction in Brazil, TPES fell by 1.2% in 2015 but GDP 

fell by 3.8%, leading to a worsening of final energy intensity. Similarly, Brazilian TPES grew by 

3.2% in 2014, while GDP grew by 0.1%. In the European Union (EU), significant reductions in 

primary energy intensity were established in 2013-2014 (i.e., 8% in Belgium and 7% in United 

Kingdom and Denmark), although between 2014 and 2015 an improvement of less than 1% in 

average was achieved. This is due to the primary energy consumption increased by around 1.5% 

and final energy consumption by around 2% in 2015 compared to 2014 levels (EC, 2016). This 

development was caused by an exceptionally warm year in 2014. However, in 2015 a reversion 

to the trend took place. According to the European Environment Agency (EEA) (EEA, 2017), since 

2005 the primary energy intensity decreased more rapidly, by 2.2%/year on average in Europe 

Union. Remarkably, in 2009 the global economic crisis led to a significant drop in total energy 

consumption (- 5.5%) with the GDP decreasing by 4.3%. In Spain, in the period 2004-2014, an 

annual average improvement of 2.4% was achieved in the final energy intensity (Ministry of 

Energy, 2017b). Several factors are behind this improvement, including the favourable effect of 

electricity generation technologies based on renewable energy and natural gas (cogeneration and 

combined cycles). More recently, in 2015, the fall in the final energy demand (- 1.5%) in contrast 

to GDP growth (3.2%), has led to a decrease of 1.6% in the final energy intensity (Ministry of 

Energy, 2017b). 

 

 

Figure 1.6. Changes in primary energy intensity worldwide (IEA, 2016a). 

 

Mandatory building energy efficiency policies implemented around the world covered 30% of the 

global energy consumption decrease in 2015. The highest segment covered by these measures 

was the industrial sector (37%). The most impressive increase in the coverage by these measures 

is in lighting (63%) due to implementations of new Building Energy Codes (BEC) which require 
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energy efficiency for lighting systems (i.e., performance based on Light-Emitting Diode -  LED 

lighting). In the European Union, policies effected between the 1990s and 2015 (Ecodesign and 

energy labelling (EC, 2017b)) resulted in 3.1 EJ of primary energy savings in 2015 (IEA, 2016a). 

In late 2016, the European Commission published a new package of energy policy proposals that 

includes a binding of 30% energy savings target by 2030 (ECEEE, 2016). If appropriate incentives 

and regulations are in place, such demand-side efficiency programmes could turn into new 

revenues for utilities, even as several other benefits can be provided to the customer’s side.  

According to data reported in IDAE (2017), the final energy consumption in residential and 

commercial buildings in Spain is shown in Fig. 1.7. As can be seen, in residential buildings, 44% 

of the energy is used for heating and only 1% for cooling, while in commercial buildings these 

percentages are 33% and 25%, respectively. Other substantial differences are constituted to hot 

water and lighting loads: while in residential buildings hot water implies an energy demand of 

18%, in commercial buildings only 4% of the total energy is used for this purpose; concerning 

lighting loads, for example the lighting consumption was 20% higher in the commercial buildings 

in 2010 (IDAE, 2011). 

 

Figure 1.7. Final energy use in Spain in 2015: (a) In residential buildings. (b) In commercial buildings. Source: 

compiled by the author on the basis of (IDAE, 2017; IDAE, 2011)1. 

 

According to the Paris Agreement for Climate Change (EC, 2017a), Brazil attested a target of 

10% efficiency gains in the electricity sector by 2030 in its Nationally Determined Contributions 

(NDC) and a reduction on GHG by 37%. In Brazil, the buildings in the residential, commercial and 

public sectors represent 45% of the total electricity consumption in the country, mainly in the form 

of artificial lighting and air conditioning. Although, it is estimated a potential reduction on the 

electricity consumption by 50% for new buildings and 30% for those that promote energy 

efficiency retrofits (PROCEL, 2017). 

The increase of buildings energy demand is mainly attributed to the important evolution of the 

services sector that presented an increasing rate close to 1.3% per year worldwide (Santamouris, 

2016). It is expected that services will be responsible for about 93% of the additional energy to 

                                                           
1 The final energy use includes all types of energy sources used in the buildings sector, such as electricity, heat, gas and 
Liquefied Petroleum Gas (LPG); renewable energies, such as biomass, solar thermal and geothermal. 
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be consumed by tertiary buildings between 2000–2030 (EU-25 Energy and Transport, 2015). 

Trade and office buildings are the largest energy consumers, each accounting for about 26% of 

the global consumption of the tertiary buildings, and space heating seems to be the end use 

presenting the higher energy consumption (Santamouris, 2016). It accounts for about 70% of the 

final energy consumption in Germany, 60% in France (Odyssee-Mure, 2012) and 33% in Spain 

(Fig. 1.7). In contrast, European countries with sunny and hot summer, such as Greece and 

Spain, leads to higher parcels of cooling space demand than countries with mild to cool summers. 

As an example, in Spain cooling space demand represents in average 130 kWh/m2 in the service 

sector and 59 kWh/m2 in the residential sector, whereas in comparison in Germany it represents 

in average 74 kWh/m2 in the service sector and 33 kWh/m2 in the residential sector (Stratego, 

2015). 

As follows from the previous paragraphs, considering the importance in reducing buildings 

electricity consumption and the integration of renewable energy sources to produce local and 

clean electricity, it seems justified the study of the energy refurbishment of buildings with the use 

of efficient building electrical equipment and renewable technologies for local electricity 

generation and storage (solar photovoltaic and energy storage systems). Apart from being useful 

to improve load matching rates (rates that describe the degree of the utilization of on-site PV 

electricity generation related to the local electricity consumption), it also reduces the electrical 

impacts with the distributed power grid by reducing the feed-in electricity to the grid (i.e., during 

PV production peak periods). 

According to the recent energy efficiency and electricity generation services, Distributed Energy 

Resources (DERs) applied in Distributed Generation (DG), Battery Energy Storage System 

(BESS) and demand-side measures can play an important role for energy efficiency strategies 

and electricity systems flexibility. As a general overview, Distributed Generation is defined as 

small generating units installed at strategic locations in the distribution system, predominantly 

close to the load centers. Distributed Energy Resources (DER) consist of a wide range of local 

generators, such as PV generators and storage systems, which are geographically dispersed, 

generally close to consumption centers and locally managed.  

Accordingly, a PV hybrid system, a concept adopted in this Thesis, is defined as a combination 

between a PV system and a BESS, which is used to increase energy management possibilities 

for load supply. Demand-side management (DSM) is the pursuit of cost-effective energy efficiency 

measures on the customer side, as well as various conservation measures, for least-cost overall 

energy system optimisation (REN21, 2017). It can also incorporate dynamic load response to 

real-time market signals or direct load control by utilities based on predetermined criteria. DSM 

may be combined with DERs leading to a new grid structure called Smart Grids. 

1.5 Hypotheses and Objectives of the research 

This research tests the following hypotheses: 
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 It is possible to assess the energy refurbishment of buildings from the perspective of the 

integration of renewable technologies (photovoltaic solar system), taking into account 

technical and economic aspects associated to the investment. 

 Buildings energy refurbishment, that includes Photovoltaics allied with Energy Storage and 

Demand-side Management (DSM), technically improve buildings load matching rates and 

reduce the grid impacts associated with Photovoltaic-Distributed Generation. 

The consideration of the information presented in the previous sections arises the issue of using 

photovoltaic technology to supply the energy needs of one of the most energy intensive building 

types, namely, commercial buildings. Consequently, the main objective of this study is to propose 

a methodology for the energy refurbishment of buildings by using new generation of Photovoltaic 

(PV) hybrid systems combined with energy management strategies, in order to optimize the self-

consumption of generated electricity and the impacts on the power grid in the framework of 

national regulations existing in Brazil and Spain, contributing to the development of Net Zero-

Energy Buildings (NZEB). 

Accordingly to the general objective, in the research development specific objectives have been 

defined below: 

 To evaluate the energy refurbishment of residential and commercial buildings towards the 

path of Net Zero-Energy Buildings in different scenarios in order to evaluate differences 

between energy refurbishment strategies (i.e., scenarios considering a PV system only or 

scenarios considering an energy storage system allied with a DSM system): 

- To perform analysis of electricity consumption of buildings and on-site PV electricity 

generation through measurements and/or computational simulations in order to understand 

consumption and generation patterns of interest for the self-consumption of locally generated 

electricity. 

- To investigate techniques of Demand-Side Management (DSM) (with an energy storage 

system or not) that can be used to reduce the building’s electricity consumption, to improve 

the correlation between generation and consumption of electricity, to reduce electricity costs 

and to reduce negative impacts on the power grid.  

- To identify and evaluate relevant Load Matching and Grid Interaction (LMGI) indicators 

leading to the proper characterization of the interaction between the PV system (with or 

without an energy storage system) combined with DSM strategies and the building load, and 

between the refurbished building and the electricity distribution grid, in order to find 

optimization design criteria for the proposed solution. 

 To perform economic analyses of the proposed PV system under current Distributed 

Generation Regulation in the framework of Spain and Brazil in different scenarios including 

scenarios with a PV system only or scenarios considering a battery system allied with a DSM 

system: 

- To evaluate the investment profitability through analyses of PV generation costs, operational 

billing savings, Net-Present Value (NPV), payback time and grid parity. 
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1.6 Thesis structure 

This thesis consists of six Chapters. The second Chapter reports the State of the Art, emphasizing 

actual subjects related to the study, such as Energy Efficient Buildings, Building-Integrated 

Photovoltaics (BIPV), Demand-Side Management (DSM) and Load Matching and Grid Interaction 

(LMGI) approaches and a general overview of Distributed Generation (DG), including photovoltaic 

solar energy. This chapter also provides reviews about the electricity market and DG in Spain and 

in Brazil (Sections 2.5 and 2.6) due to studies related to grid-connected PV systems are 

conducted in urban buildings taking into account the electricity market and distributed generation 

regulations of each country. Section 2.11 introduces a general approach of the research 

methodology and explains the specific stages of the investigations. In Chapter 3, technical-

economic investigations in a residential building in Brazil (Ekó House) are performed. Chapter 3 

is divided in two parts: in the first part the building electrical topology is provided with a PV system 

only and in the second part the studies are conducted with the house provided with PV, energy 

storage and DSM. This chapter concludes with a set of simulations that show the advantages of 

PV and battery system allied with DSM for the local energy management. In Chapter 4, technical-

economic analyses in a commercial building in Madrid, Spain (Gomendio) are performed. A 

computational model of the building electrical loads and the PV system is presented, including 

the architectural integration of PV modules on the building’s roof. Different approaches of DSM 

are investigated, such as on the study of the reduction of the lighting system electricity 

consumption. Through the use of a local Renewable Energy System (RES) and a programmable 

battery controller, increases on the electricity bill savings and improvements on the LMGI 

indicators are proposed. In Chapter 5, technical-economic analyses in a commercial building 

(Eletrosul) in Florianópolis, Brazil are conducted through real data of the building electricity 

consumption and simulated local RES (PV and battery systems). Quite similar DSM strategies 

methodology of that presented in Chapter 4 are applied, however with a different generation and 

load consumption profiles. This chapter performs simulations with different types of battery 

technology (lead-acid and lithium-ion) in order to investigated differences in technical and 

economic terms. Finally, the conclusions of the thesis and the future works are given in Chapter 

6.  
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2. STATE OF THE ART AND METHODOLOGY 

 

2.1 Energy efficient buildings 

Energy Efficient Buildings (EEB) are typically characterized by low energy consumption through 

passive energy design strategies in ventilation, illumination, heating and cooling. Depending on 

the climatic conditions, the electrical demand reduction could be considered as a subsequent step 

to reduce the electricity costs in a low consumption building. With the aim to optimize the use of 

local energy and technological resources, the EEB approach requires a very high level of energy 

efficiency, smart controls, load management and on-site solar energy utilization. In general, in 

these buildings, electricity demand can be partly met on an annual basis, from a roof-mounted 

PV generator (Kolokotsa et al., 2011). Photovoltaic solar systems are the most widely used in 

EEB, due to their easy integration and operation in the building topology. According to Musall et 

al. (2011), none of the prime examples of EEBs exists without PV generation. As the amount of 

electricity produced by a PV system in a certain building type is constrained by the size of the roof 

(i.e., residential buildings), it is also recommended to reduce electricity demand. This minimizes 

the requirement for power generation and the required area for PV modules (Bojić et al., 2011). 

In the last decade, a prominent vision touted by many stakeholders in the building sector has 

proposed the so-called “net zero-energy” buildings (NetZEB or NZEB) (IEA, 2011) or buildings 

whose on-site Renewable Energy Sources (RES) fully offset the energy consumption in annual 

terms. A closely aligned concept to the NZEB is the nearly Zero Energy Building (nZEB) as 

defined in the European Performance of Buildings Directive 2010/31/UE (EU, 2010). A nZEB is a 

very high-performance building, determined based on annual energy consumption associated 

with typical use, including indoor temperature control to maintain a predetermined temperature. 

The ‘nearly zero’ amount of energy required should be sourced to a ‘very significant extent’ by 

renewable energy sources on-site or nearby. The “Annexe I” of the Directive 2010/31/UE gives a 

large emphasis on HVAC (Heating, Ventilation and Air Conditioning) systems and discusses 

about the positioning and the orientation of buildings. The Directive 2010/31/UE promotes the 

improvement of the energy performance of buildings within the European Union context, taking 

into account outdoor climatic and local conditions, as well as indoor climate requirements and 

cost-effectiveness. This Directive lays down requirements that must be incorporated in the 

regulation framework of distinct countries. That includes, in addition to thermal characteristics, 

other factors that play an increasingly important role such as heating and air-conditioning 

installations, application of energy from renewable sources, passive heating and cooling 

elements, shading, indoor air-quality, adequate natural light and design of the building. 

Furthermore, the methodology for calculating energy performance should not only be based on 

the season concerning heating or cooling. It should cover at best the annual energy performance 

of a building.  
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Several countries have adopted this vision as a long-term goal of their building energy policies 

(i.e., UK, USA, Canada, Germany, and New Zealand) (IEA, 2011). A neutral or positive energy 

balance can be achieved on an individual building level or a cluster of buildings by deploying 

multi-stage approaches. Whether focused on new or existing buildings retrofit, achieving net zero-

energy involves three fundamental steps: optimize passive building design, maximize energy 

efficiency to minimize the building’s electrical demand, then explore on-site RES to cover the 

remaining energy demand (IEA, 2011). Over the past few years, relevant publications on the 

NZEB topic have focused on comprehensive reviews and consistent definition framework (Sartori 

et al., 2012; Marszal et al., 2011). Different types of balance exist to quantify a NZEB, such as: 

import/export balance between weighted exported and delivered energy with the grid, 

load/generation balance between weighted generation and load (Sartori et al., 2012), or annual 

balance based on primary energy or CO2 emissions, which results in projects described as “zero 

emissions buildings”. However, there is a lack of consistent definitions and agreement on the 

measures of building performance that could inform “zero energy” building policies, programs and 

industry building practices for new construction and energy retrofit of NZEB around the world 

(IEA, 2011).  

The concept which is adopted here, is in accordance to definitions found in the recent literature 

(Bojić et al., 2011; Lopes et al., 2016; Marszal et al., 2011; Dávi, et al., 2016), where the energy 

balance can be computed on an annual basis, balancing the import and export electricity with the 

grid. Building energy performance analysis include all types of energy use, such as thermal 

energy and electrical energy. Nevertheless, this thesis only considers the effects of electrical 

energy on the energy balance. Following this concept, the buildings can be classified as:  

 Net Negative-Energy Buildings (NNEB): the term net negative-balance means that annually 

the excess electricity injected into the grid is lower than the electricity imported from the grid.   

 Net Zero-Energy Buildings (NZEB): the term net zero-balance means that annually the 

excess electricity injected into the grid is at least equal to the electricity imported from the 

grid. 

 Net Plus-Energy Buildings (NPEB): the term net plus-balance means that annually the excess 

electricity injected into the grid is greater than the electricity imported from the grid. 

When balancing the imports and exports, the building electricity consumption is offset on the 

annual balance using appropriate assessment procedure credits for feeding electricity into the 

grid (i.e., feed-in tariffs or net-metering) achieving a neutral balance (net zero-energy) or a surplus 

of credits (net plus-energy). The main advantage of the NPEB is that it feeds more electricity into 

the grid than it consumes in annual terms, so that the PV electricity surplus can be used to supply 

nearby buildings and infrastructure (e.g. public lighting), contributing to a sustainable distributed 

power generation in urban areas. Another relevant advantage is the PV surplus electricity, which 

can generate financial credits in case of incentives are promoted by the regulatory markets.  

Giving some examples of NZEBs the Minergie-A house (Fig. 2.1) built in 2011 was one of the first 

houses that made use of the Minergie-A label - Standard for NZEB in Switzerland (Minergie-A, 
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2017). The Minergie standard limits the annual thermal heat and hot water requirements to            

30 kWh/m2p.a., but the focus is also on the final electricity consumption, such as heating, cooling, 

DHW and building service systems. In practical terms, this leads to a combination of thermal solar 

collectors, PV modules for power generation and heat pumps. 

 

 

Figure 2.1. Energy efficient home: Minergie-A house in Bie-Benken, Switzerland. Image: Genesis home ag. 

 

In 2010, the “Efficient House Plus” programme (Fig. 2.2) (EPEEB, 2014) which forms part of the 

Future of Construction research initiative conducted by the German Ministry of Transport, Building 

and Urban Affairs, developed its own energy method.  

 

 

Figure 2.2. Example of a net-plus energy home of the “Efficient House Plus” programme in Germany. 

Location: Berlin, Germany. Image by: BMUB/König. 

 

Some interesting features of the Efficient House Plus includes: low U-values of the building 

components (i.e., 0.11 W/m2 K for wall, roof and ground slab); measures performed in-situ of the 

final energy use, energy consumer and electricity production by a PV system; data processing 

and visualization screen; LED lighting; stationary electrochemical batteries to cover the building 

electrical demand and for electro mobility (electric vehicle). A special feature of the houses is the 

asymmetric weighting of the electricity exported to the grid (Primary Energy Factor - PEF of           

2.8 kWhe/kWp) and the electricity imported from the grid (PEF of 2.4 kWhe/kWp). Employing the 

PEF, the energy performance of a building depends not only on the building features, but also on 

the energy supply chain features because PEF takes into account the efficiency of conversion or 

transformation processes. If the PEF values for the imported and exported electricity are equal, 

the user’s consumption and the input in grid affect the building energy performance assessment 
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in the same way. However, if the PEF value for the exported electricity is higher than the one for 

imported electricity, the input in grid is advantaged compared to the users consumption. In this 

case, the amount of on-site generation that is consumed, affects the building energy performance 

assessment more than the one, which is input in grid (Leoncini, 2013). 

Many interesting examples of energy efficient solar houses can also be found in the Solar 

Decathlon (SDE) international competitions (DOE, 2017). Solar Decathlon is an award-winning 

program that challenges collegiate teams to design, build, and operate solar-powered houses that 

are cost-effective, energy-efficient, and attractive. The main objective of Solar Decathlon is to 

carry out building construction advancements with integrated energy efficiency and renewable 

energy technologies resulting from universities research projects. This international competition 

initially promoted by the United States Department of Energy, is a showcase of interesting 

prototypes of net zero-energy and net plus-energy houses. The first Solar Decathlon was held in 

2002 in Washington, D.C. In the United States, the competition has since occurred biennially on 

the National Mall in Washington, D.C. (2005, 2007, 2009 and 2011), in Irvine, California (2013 

and 2015) and in Denver, Colorado (2017)1
2; The Solar Decathlon also expanded to Europe, 

China, Latin America, and the Middle East involving nearly 18,000 participants through Solar 

Decathlon Europe 2010 and 2012 (Madrid, Spain) and 2014 (Versailles, France)2
3; Solar 

Decathlon Chine 2013 (Datong) - next edition will be held in Dezhou in 20183
4; Solar Decathlon 

Latin America and Caribbean 2015 (Santiago de Cali, Colombia) - the next edition will be held in 

Cali, Colombia in 20194
5;  Solar Decathlon Middle East will be held in Dubai, United Arab Emirates 

in 20185
6; a new Solar Decathlon Africa is being planned for 2019 in Morocco. 

The main characteristics of the houses are the building architectural-technological innovations, 

such as: automation and control systems, efficient air conditioning systems, cogeneration 

systems (Combination of Heat and Power - CHP) and the use of natural resources for lighting 

and passive ventilation. Furthermore, the houses make use of RES to produce electricity and 

DHW and adopt energy efficiency strategies to reduce the electricity consumption. Solar 

photovoltaic systems are the main RES applied in the houses, due to PV modules are easily 

adaptable in the building’s façades and/or roofs (they do not need an extra area), providing the 

advantage of generating local and clean electricity. Figure 2.3 shows a general overview of the 

Solar Decathlon Europe competition of 2012, which took place in Madrid, Spain. This competition 

involved 20 houses developed by university teams from several countries. As some examples, 

Fig. 2.3 highlights four houses in the competition site: Canopea house, which was the competition 

winner (France), Omotenashi house (Japan), Para Eco-House (China) and Ekó House (Brazil), 

which had its first participation in the competition. The Ekó House was developed in 2011-2012 

together by two Brazilian universities (Universidade Federal de Santa Catarina and Universidade 

de São Paulo). Due to the relevance of the Ekó house project, and the interest of the author in 

studying the house’s behaviour provided with roof-top grid-connected PV system in Brazilian 

                                                           
1 www.solardecathlon.gov 
2 http://www.sdeurope.org, http://www.solardecathlon2014.fr 
3 http://sdchina.org.cn 
4 http://solardecathlonlac.com 
5 https://solardecathlonme.com 
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climatic conditions, in this thesis the Ekó house has been selected as one of the building cases 

identified for energy refurbishment purposes, as presented in Chapter 3.  

 

 

Figure 2.3. Solar Decathlon Europe international competition in Madrid, Spain. Year: 2012. Image by: Author. 

 

Global investments in EEB in 2015 accounted for USD 15 billion mainly due to the influence of 

relevant policies for new buildings and energy retrofit of existing buildings imposed by the 

authorities worldwide, with USD 12.5 billion of this investment in energy efficiency and USD 2.5 

billion in renewable energy (Navigant Research, 2015). The European Union, which has already 

established a nearly zero energy building policy framework through the Directive 2010/31/UE, 

currently dominates the NZEB construction market with investment of more than USD 14 billion 

(Navigant Research, 2015). According to data provided by the IEA in 2015, the global energy 

efficiency investment was USD 118 billion in buildings (including appliances and lighting) (IEA, 

2016a). Investment in efficient appliances was USD 12 billion with standards and labels improving 

the average efficiency level for major appliance categories by more than 16% between 2005 and 

2015. Energy efficiency improvements, driven by standards, for refrigerators, washing equipment 

and lighting saved a cumulative of 1,250 terawatt-hours of electricity over the past ten years (IEA, 

2016a). For the buildings sector, the incremental investment in energy efficiency is calculated by 

intervention – that is, action on the building’s envelope (insulation and windows) or systems (air-

conditioning and controls) – and regardless it is a new construction or existing building retrofit 

(IEA, 2016a). In residential buildings, energy efficiency improvements of 26% were made, 

primarily in space heating, cooking and water heating (IEA, 2016a).  

Standards for low-energy buildings are becoming popular in North America and Europe, as it is 

the case of the R-2000 homes and Energy Star in Canada, developed by Natural Resources 

Canada (NRCan) and the Passivhaus (Passive house, acronym in English) in Germany, which 

both provide certification and label for energy-efficient homes. Typical features of an R-2000 

home include high insulation levels in walls, ceilings and basements, high-efficiency heating, 

whole-house mechanical ventilation and water-conserving fixtures, which also identify energy-

efficient products (i.e., certified home appliances) (R-2000 homes, 2017). According to the 

Passive house standards (Passive House, 2012), energy-efficient houses allow energy savings 

in space heating and cooling of up to 90% compared with typical building stock. It also provides 

Ekó House 

N Canopea 

Omotenashi 

Para Eco-House 
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high level of comfort and make an efficient use of the sun, internal heat sources and heat recovery 

during cooler seasons and passive cooling techniques in hotter seasons (i.e., shading, natural 

ventilation). Some examples of requirements of the Standard include the total energy to be used 

for all domestic loads (heating, DHW and domestic electricity) must not exceed 60 kWh/m2 of 

treated floor area and the thermal comfort must be met with not more than 10% of the hours in a 

given year over 25 ºC.  

In Spain, the building energy certification (Certificación Energética de los Edifícios) arising from 

the adoption of the Directive 2010/31/UE (EU, 2010) and established in the Royal Decree 

235/2013 (Ministry of the Presidency, 2013) takes into account, for example, passive solar 

installations, insulation, natural ventilation, building design and orientation and solar protection. 

In addition, the Technical Building Code (CTE, 2017) contains a document of energy savings, that 

establishes the basic requirements in energy efficiency and renewable energies, which must be 

fulfilled in the new constructions and in existing buildings. This document includes several 

categories, such as limitation on energy consumption, limitation on energy demand (heating and 

cooling), performance of thermal installations, solar thermal contribution to hot water 

requirements, lighting energy efficiency and photovoltaic contribution on electricity consumption. 

According to the IDAE Energy Certification Report (IDAE, 2016), at the beginning of 2015 the 

number of new buildings certified in Spain was 13,145 and 1,133.965 in buildings energy retrofit. 

Comparing with June 2014, the number of certified buildings increased by 73%. Moreover, Spain 

has promoted the National Energy Efficiency Action Plan 2017-2020 (Ministry of Energy, 2017b), 

responding to the Directive 2012/27/EU of the European Parliament (EC, 2012) that requires for 

all member states of the European Union the presentation of energy efficiency plans since April 

30 of 2014 and then every three years. In addition, in 2010 the 2011-2020 Renewable Energy 

Plan (SPA) (IDAE, 2010) was established in Spain. It sets objectives in line with the Directive 

2009/28/CE of the European Parliament referent to the use of energy from renewable sources. 

This plan also implements energy efficiency measures proposed for existing buildings. According 

to this method, building’s energy retrofits involve the energy rehabilitation of the thermal 

sheathing, the energy efficiency measures of existing thermal installations (heating, cooling and 

hot water) and the internal lighting systems. 

In Brazil, there are some mechanisms to promote energy efficiency and energy conservation in 

buildings, promoted by the National Energy Conservation Program (PROCEL, acronym in 

Portuguese), such as the National Program of Energy Efficiency in Buildings - PROCEL Edifica 

and the Labelling Brazilian Program (PBE, acronym in Portuguese) (PROCEL, 2017). The 

PROCEL Edifica was established in 2003 by Eletrobras/PROCEL and aims to encourage the 

conservation and efficient use of natural resources. The PROCEL label established in 2014, is a 

voluntary adhesion instrument which is the main objective to identify buildings, which present the 

best energy efficiency index in a given category (Level A - Level E). In households, building’s 

envelope and water heating systems (water heating systems with solar energy, efficiency for 

electric and gas heating systems) are evaluated. Furthermore, bonuses are provided for other 

energy efficiency initiatives (e.g. efficient HVAC systems and domestic appliances) (PROCEL, 
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2013a). In turn, in commercial buildings three systems are evaluated: building’s envelope (thermal 

transmittance, zenithal lighting and shading devices), lighting systems (daylighting and automatic 

shutdown via sensors) and air-conditioning systems (minimal efficiency for air-conditioning 

equipment) (PROCEL, 2013b). 

2.2 Building Integrated Photovoltaics (BIPV) 

The photovoltaic modules industry has grown substantially in recent years and several companies 

have created product lines to integrate the modules into the buildings. The usual techniques 

combine electricity generation with building constructive elements, such as roofing, glass or 

blinds. The Building-Integrated Photovoltaic (BIPV) systems have advanced to the point of greater 

building integration. The size, cost and appearance of the modules are adapted to replace 

materials and accessories in the roof and façade structures. While the BIPV elements make part 

of the building envelope, performing as a constructive function, the Building-Applied Photovoltaics 

(BAPV) do not replace or perform as constructive elements, even as PV modules are part of the 

architectonical composition of the building (Cronemberger et al., 2014). 

The international normative framework about BIPV elements reflect the dual functions of these 

products, which are equally the PV components and the building materials. The best established 

international standards and conformity assessment bodies are the International Electrotechnical 

Commission (IEC) and the European Committee for Electrotechnical Standardization 

(CENELEC). In 2015, the EU member states agreed on the European standard EN 50583 with 

the title ‘Photovoltaics in buildings’ (CENELEC, 2016). Besides listing the standardized 

procedures for electrical testing of the PV modules, it summarizes a long list of relevant 

mechanical testing procedures, which have to be taken into account while using PV modules as 

construction products (Ferrara et al., 2017). Actually the main specific BIPV standards in force 

are: 

 CENELEC – EN 50583-1 – Photovoltaic in buildings – Part 1: BIPV modules 

 CENELEC – EN 50583-2 – Photovoltaic in buildings – Part 2: BIPV systems 

 International Code Council AC365: Acceptance Criteria for Building-Integrated Photovoltaic 

(BIPV) Roof Modules and Panels (adopted throughout most of the United States) 

The CENELEC EN 50583 is composed of two parts: the first applies to photovoltaic modules used 

as construction products and the second applied to photovoltaic systems that are integrated into 

buildings with the photovoltaic modules used as construction elements. The standard firstly 

defines the terms of BIPV and BAPV modules (EN 50583-1) and systems (EN 50583-2): 

 BIPV modules: photovoltaic modules are considered to be building-integrated, if the PV 

modules form a construction product providing a function as defined in the European 

Construction Product Regulation CPR 305/2011 (European Parliament, 2011). Thus, the 

BIPV module is a prerequisite for the integrity of the building’s functionality. The building’s 

functions in the context of BIPV are one or more of the following: 

- primary weather impact protection: sun, rain, snow, wind, hail 
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- mechanical rigidity or structural integrity 

- energy savings provided by means of shading, daylighting, thermal insulation 

- fire and noise protection 

- division among indoor and outdoor environments 

- security, shelter or safety 

 BAPV modules: photovoltaic modules are considered to be building attached, if the PV 

modules are mounted on a building envelope and do not fulfil the above criteria for building 

integration. In other words, PV modules are considered to be building attached if the integrity 

of the building functionality is independent of the existence of the PV modules. 

 BIPV system: photovoltaic systems are considered to be building-integrated, if the PV 

modules they utilize fulfil the criteria for BIPV-modules as defined in EN 50583-1 and thus 

form a construction product providing a function as defined in the European Construction 

Product Regulation CPR 305/2011. 

 BAPV system: photovoltaic systems are considered to be building attached if the PV modules 

they utilize do not fulfil the criteria for BIPV-modules as defined in EN 50583-1. 

The EN 50583 defines five different categories of BIPV, as displayed in Fig. 2.4. The standard 

describes the structure and the relevance of building-integrated PV system requirements for that 

arise from the mounting within the building envelope (Erban, 2016). 

 

 

Figure 2.4. The five BIPV categories defined within EN 50583. (a) Sloped, roof-integrated, not accessible 

from within the building. (b) Sloped, roof-integrated, accessible from within the building. (c) Non-sloped 

(vertically) mounted, not accessible from within the building. (d) Non-sloped (vertically) mounted, accessible 

from within the building. (e) Externally integrated, accessible or not accessible from within the building. 

Source: EN 50583 (CENELEC, 2016). 

The optimization of the applications involving BIPV is a function of many variables, among them, 

methods of construction and materials, PV technology and module manufacturing, local solar 

radiation and PV modules inclination and orientation. These variables are selected according to 

climatic conditions and the period of the year that should generate more electricity (i.e., low tilt 

angles optimize the PV generation in summer allowing to supply a higher percentage of cooling 

space demand). The integration of PV modules in flat roofs can bring very flat tilt angles and in 

consequence higher module temperatures. In fact, increasing incident radiation on the PV module 

increases the PV cell temperature, decreasing the module voltage, and consequently reducing its 

efficiency. The thermal effect influences the solar cell operation, its electricity production and the 

module degradation is influenced by the temperature. Some EVA7 coatings, for example, may be 

                                                           
7 Ethylene-Vinyl Acetate (EVA): is the copolymer of ethylene and vinyl acetate used on the encapsulation of PV modules. 
Other materials used to this purpose are PVB (Poly Vinyl Butyral) and glass panel with photoactive layer, to name a few. 
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damaged at temperatures above 90 °C (Mei et al., 2009). A study presented by Chatzipanagi et 

al. (2016) in Switzerland, modelled the PV cell operating temperatures through two different 

modeling approaches: Nominal Cell Operating Temperature (NOCT), which estimates the 

temperature of the module by taking into account the air temperature around the cell and the 

irradiance, determined according to IEC 61215/61646 (IEC 61215, 2005; IEC 61646, 2008); and 

Equivalent Cell Temperature (ECT) where the temperature of the module is determined by the 

open-circuit voltage method, according to IEC 60904-5 (IEC 60904-5, 2011). The PV module’s 

operating temperature is an important parameter which strongly affects the current-voltage 

characteristics (I-V curves) and the maximum power output. Different positions and inclination 

angles (0°, 30° and 90°) of wall and roof, as well as different types of PV module materials 

(amorphous silicon, crystalline silicon) for BIPV were investigated. The demonstrative PV 

modules in their studies were installed as window and roof, with and without an air gap for 

ventilation. The results found out that for a ventilated module at 90°, the ECT model gave lower 

temperatures compared to the NOCT model. Moreover, the crystalline module inclined at 30° 

performed better than at 90° for all seasons. The low daily energy of the module inclined at 90° 

was mainly due the shadow effects. This study showed that the tilt angles and positions of PV 

modules play important roles in determining the performance of a BIPV system. In addition, they 

found that seasonal effects were also one of the important factors that could influence the system 

performance. A local study on BIPV application has also been carried out by Othman and Rushdi 

(2014). The study was conducted based on a survey of energy production of households provided 

with BIPV systems. The angles of inclination of the PV modules were different and depended on 

the existing roof designs. Key results showed that houses with the roof pitch facing to the north 

and south were able to harness more sunlight and generated more electricity. The maximum 

electricity generated by the north-south facing roof was about 29.2 kWh compared to a flat roof 

which generated about 28.5 kWh in a day. They conclude the PV module’s tilt angle and position 

play important roles and are able to reduce the costs of the BIPV systems. 

A BIPV system facility is able to reduce the electricity demand of buildings while generating on-

site electricity and performing as the weathering skin of the buildings. A wide variety of BIPV 

systems are available in today's markets. Most of them can be grouped into two main categories: 

façade systems and roofing systems (SUPSI, 2015). Façade systems include curtain wall 

products, spandrel panels, and glazings. In turn, roofing systems include tiles, shingles, standing 

seam products, and skylights. Furthermore, a warm façade is typically a continuous building 

envelope system in which the outer walls are non-structural. A warm façade fulfils all building 

envelope requirements such as load bearing, thermal insulation, weatherproofing and noise 

insulation. Accordingly, a cold façade, also know as a “ventilated curtain wall”, consists of a load-

bearing sub-frame, an air gap and a cladding panel. In the summer, heat from the sun is dissipated 

thanks to the cavity that is naturally ventilated through bottom and top openings. Nevertheless, 

the PV modules must fulfil all requirements concerning the building construction normative (i.e., 

structural and legislative requirements and corrosion protection/durability). Photovoltaic façades 

can replace expensive materials like stone panels and stainless steel, bringing significant 
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economic benefits to the construction, even as PV can play the same role of façade glazing. 

However, compared with surfaces sloping at an optimum tilt angle, the expected yields are lower 

and hence PV façades are more feasible to produce electricity during cooler seasons where the 

sun is lower across the sky than the remainder of the year.  

Studies concerning BIPV on the roof and/or façade found in the literature cover a range of 

applications in residential and commercial buildings (Baljit et al., 2016; Cronemberger et al., 2014; 

Eiffert and Kiss, 2014). The effect of BIPV on-roofing on an office building in Phoenix, in the United 

States, conducted under real conditions, was investigated by Ban-Weiss et al. (2013). Building 

energy simulations indicated the effect of the BIPV system would result in an annual cooling 

energy savings per unit of conditioned roof area of 34.6 MJ/m2 (9.6 kWh/m2), an annual heating 

energy savings of 2.9 MJ/m2 and primary energy savings of 107.1 MJ/m2. The BIPV installed on 

the building in this study primarily contributed to the electricity generation. The main conclusion 

of the study is that the primary benefit of the BIPV appeared to be its capacity to generate 

electricity and not its ability to reduce heat flows into the building (daily PV electricity production 

per PV surface area was about 0.4 kWh/m2 during the summer and 0.15 kWh/m2 during the 

winter, corresponding to about 25% and 20% of building electrical energy use in each season). A 

5.25 kWp BIPV system on the roof-top of an educational building in a tropical region (Bangalore, 

India) was investigated by Aaditya et al. (2013). The PV module was tilted at 15° for easy water 

drainage. The real-time investigation carried out covered the effects of meteorology, site and 

system parameters. The overall average system efficiency was found to be 6% with a 0.5 

Performance Ratio (PR). The main conclusions determined the performance of a BIPV system 

depends strongly on the type of photovoltaic cell, solar irradiance and ambient temperature. 

Furthermore, capture losses (PV system DC losses, caused, e.g., by the attenuation of the 

incoming light and temperature dependence) have been found to increase with increasing solar 

radiation. Chow et al. (2003) investigated the PV integration and thermal applications in a hotel 

building under subtropical climate. They developed a computational model based on a 260 m2 

mono-crystalline silicon PV wall on a 30-storey building. Three different ventilation configurations 

were studied: two with air gaps (PV/Chimney and PV/Thermal) and one without an air gap 

between the wall and the PV modules (BIPV system). The results showed that some design 

options perform much better in reducing the air-conditioning loads of the building. Also, the 

different design options exhibit short-term electrical performance differences, but have similar 

long-term electricity yields. Jayathissa et al. (2016) developed a façade BIPV system (Adaptive 

Solar Façade - ASF) for a residential building. The building electricity consumption was 

determined through EnergyPlus simulations. Afterwards, the simulation analyses were extended 

by including the adaptive shading to the system. The results showed that the ASF with shading 

system is able to reduce the building’s energy load (lighting, heating and cooling) almost by half 

(approximately 700 kWh), compared to the system without shading (approximately 1,600 kWh). 

Furthermore, the ASF system was found to be beneficial in terms of greenhouse gas emissions 

achieving a negative emission factor (− 906 gCO2-eq/kWh). 
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Figure 2.5 (left) shows a solar house incorporating BIPV façade at the Solar Decathlon Europe 

competition of 2010. This PV cold façade provides bronze and gold coloured multi-crystalline 

solar cells. The cold façade allows an air gap between the PV modules and the external walls that 

can disperse moisture or water vapour (there is no physical connection to the building’s warmer 

areas) (see illustration). Thus, the ventilated façade is very good for integrating PV elements. The 

exterior walls provide the structural support, by convenience are often thermally insulated and the 

outer leaf provides weather protection. Figure 2.5 (right) shows an example of façade retrofit of a 

commercial building with curtain wall PV façade. The PV façade replaces the complete main 

façade external skin providing some innovative functions, such as electricity generation, external 

envelope (weather protection and thermal insulation) and it is also a company marketing 

instrument. 

 

Figure 2.5. Left: BIPV application with PV cold façade. Stuttgart University project (Home+ house) in Solar 

Decathlon 2010. Image by: SDEurope. Cold façade diagram by: author. Right: BISEM-USA Curtain Wall 

Retrofit at Sacramento Municipal Utility District’s (SMUD) Headquarter in the United States. Image by: 

Bisem. 

 

In a BAPV mounting, the modules are fitted above the existing roof covering using a metal 

substructure. For fitting new arrays to existing roofs, BAPV mounting is usually the most cost-

effective option since the mounting and material expenses are low. In contrast, for a BIPV 

mounting, the modules lie in the plane of, and replace, the conventional roof covering. In this way, 

the PV array takes on a dual function: to generate power and weatherproofing. Figure 2.6 shows 

two examples of BIPV systems. The houses were built for the Solar Decathlon Europe of 2012. 

The Canopea house applies custom tailored PV modules and the PV system is used also as a 

part of comfort for the building and the energy saving strategies (daylighting is achieved by using 

properly designed semi-transparent p-Si PV modules). The Patio 2.12 house applies a BIPV 

system connected to the grid with high efficient m-Si PV modules, totalizing a PV installed 

capacity of 11.3 kWp. Figure 2.7 displays an example of BAPV in a large commercial building 

(IKEA’s buildings). The main design approach is the added application of PV modules over the 

existing roof, not replacing construction components. This is a particular example of high 

investment in PV technology applied in commercial facilities. At June 2014, IKEA had PV on 40 

of its American facilities, representing 39 MWp installed, as part of a global investment of USD 1.8 
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billion in renewable energy (David Feldman, 2014). The plan is to reduce energy costs and PV 

was viewed as a potential long-term hedge against unsteady electricity prices. 

 

 

Figure 2.6. BIPV system applied on the roof in the Solar Decathlon Europe 2012: Left: Canopea house (Solar 

Decathlon winner): PV installed capacity: 10.7 kWp. PV modules technology: semi-transparent p-Si. Right: 

Patio 2.12 house: PV installed capacity: 11.3 kWp. PV modules technology: m-Si. Images by: SDEurope. 

 

 

Figure 2.7. BAPV system on the roof of IKEA’s commercial building. Location: Atlanta, United States. PV 

installed capacity: 1 MWp. Image by: StrataSolar 2014. 

 

Façade and roofing BIPV systems can provide thermal resistance to decrease undesired thermal 

transference. Windows, skylights, and façade shelves can be designed to increase daylighting 

opportunities in interior spaces. PV awnings or PV pergola can be designed to reduce unwanted 

glare and heat gains from the external to the internal ambient. This approach maximizes energy 

savings and makes the most of opportunities to use BIPV systems. Recently, BIPV systems as 

solar skylight structures or roof/façade integrated glazing using PV glass-backed modules (semi-

transparent elements) is an increasingly method applied in buildings (Figure 2.8(left)). Even it is 

a great solution to reduce lighting electrical demand due to the daylighting that reaches the indoor 

environment, the lighting penetration over the PV glass modules increases the radiation heating 

from outside the building, thus increasing cooling demand. Thus, this application is restricted to 

specific ambient where cooling load is not a critical consumption factor. As so-called solar 

awnings and gazebos, Figure 2.8 (right) shows a solar awning structure with crystalline PV 

modules, which provides shading on the building, able to reduce cooling load during hotter 

seasons. Accordingly, this thesis proposes a roof-integrated solar pergola applied to a 
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commercial building using crystalline BIPV modules, as presented in Section 4.2.2, whereby 

provides shading on the building’s roof and curtain walls depending of the Sun position during the 

day. This solution can reduce the cooling load significantly, especially for hot summer climates. 

However, it depends on the PV module’s tilt angle in order to provide sufficient shading. 

 

Figure 2.8. Left: Example of solar skylight structure for roof with semi-transparent crystalline BIPV modules. 

Right: Example of solar awning structure with PV crystalline modules. Images by: Home power and Dynamic 

solar tech. 

2.3 Distributed Generation (DG) 

Distributed Generation (DG) is related to small power generation sources that are connected to 

the Distribution Networks (DN) and close to the loads being served. Conventional power stations, 

such as coal-fired, gas and nuclear powered plants, as well as hydroelectric dams and large-

scale solar power stations, are centralized and often require electricity to be transmitted over long 

distances. By contrast, small renewable energy sources, so-called Distributed Energy Resources 

(DERs) systems are decentralized, modular and more flexible technologies. DERs consist of a 

wide range of local generators and storage systems, which are geographically dispersed and 

generally close to the consumer’s units. Surveying DG concepts may include DG definitions, 

technologies, applications, sizes, locations, DG practical and operational limitations, and their 

impact on the system operation and on the existing protective devices (El-Khattam and Salama, 

2004).  

Figure 2.9 illustrates a single line diagram of a generic DG system, showing the main elements 

connected into an electricity distribution grid, such as central generators, power distribution lines, 

power transformers, distributed generation units, energy storage elements and loads (consumer 

units). As can be seen, energy storage can be applied for grid energy storage, used to provide 

back up support in order to ensure uninterrupted power supply, enhancing the system reliability 

(examples of applied technologies are fuel cells and flywheels); or an energy storage system can 

be coupled with DG units as an auxiliary resource for buildings energy management. Moreover, 

a large portion of distribution system components, including voltage regulators and protection 

systems, were not designed to operate in the presence of bidirectional power flows8 that occur 

                                                           
8 Bidirectional power flows occur when distributed generators are connected to the distribution grid and their operation 
changes to handle power flows in both directions, differently than in the conventional grids where the power flows occur 
in one direction from the central generators to the transmission system, distribution feeders and loads. 
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from DERs, particularly PV generators. Coordinating these devices in the presence of high PV 

areas penetration introduces additional challenges to feasibility and system impact studies. 

 

Figure 2.9. General diagram of a Distributed Generation (DG) system. 

 

According to El-Khattam and Salama (2004), different DG technologies are implemented to fulfil 

the demand of wide range of applications, including different building topologies, rural and remote 

areas and peak load shaving, as presented in Tab. 2.1. 

Table 2.1. Distributed Generation (DG) applications and employed technologies (Jain et al., 2017; El-

Khattam and Salama, 2004). 

Application DG description Technology 

Rural and 
remote 
applications 

DG can supply load demand of rural and remote zones in 
order to attend basic consumption, such as cooling, heating 
and lighting. Also, for small industrial processes and farming 
purposes. 

PV, wind, traditional 
internal combustion 
(diesel engines), small 
hydropower, biomass 

Provider of 
cogeneration 

DG as provider of cogeneration processes (i.e., combination 
of heat and power) can be used onsite for a wide range of 
applications in large commercial areas, industries and 
hospitals. 

Fuel cells, geo-thermal, 
small gas turbines, micro 
turbines, PV/PV-thermal 

Peak load 
shaving 

For grid support applications, DG can be applied in 
combination with central generators or else with battery to 
manage peak demands in order to increase grid reliability. 
They are considered as the supporting systems, which 
activates during peak load to compensate the access 
demand or to sustain the transients during switching 
conditions (Jain et al., 2017). At the customer’s side, local 
generators and storage systems can be used to manage 
load peaks and to reduce electricity costs. 

PV, wind, diesel engines, 
central power generation 
(fossil fuels). 
Battery for grid energy 
storage: Redox-flow, 
lithium, sodium-sulfur 
(Dunn et al., 2011). 
Battery for consumers: 
lead-acid, lithium 

Standby DG can be used as a standby to supply the required power 
for sensitive loads, such industrial and hospital buildings 
demand, during grid outages. 

Central power generation 
(fossil fuels), diesel 
engines, electrochemical 
battery  

Stand alone Isolated areas use DGs as a power instead connecting to 
the grid due to it can be very expensive or the grid 
connection is of difficult access (i.e., islands, deserts, remote 
zones). 

PV, wind, battery, small 
hydropower, diesel 
engines 
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Some benefits of DG are presented in the recent literature (Wouters, 2015; Jain et al., 2017), 

including technical, economic and environmental benefits. From a technical/operational point of 

view: 

 DG reduces transmission and distribution power losses (Barker and Mello, 2000; El-Khattam 

and Salama, 2004); improve voltage profile (Golshan, 2007; Jain et al., 2017) and efficiency; 

also, relax congestion in the electricity distribution and provide reactive power support. 

 DG capacities vary from micro to mega sizes, so they can be installed on medium and/or low 

voltage grids, while giving flexibility for siting DGs into the distribution grid (Silvestri, et al., 

1999). 

 DG increases the lifetime of electrical equipment and transformers. 

 Installing DG reduces the construction schedules of developing power plants. Hence, the 

system can follow the market’s fluctuations and/or the peak demand growth (Silvestri et al., 

1999). 

 One significant benefit arises from the fact, that DG units facilitates the use of microgrids. 

Microgrids are electricity distribution systems containing loads and distributed energy 

resources, such as distributed generators, storage devices or controllable loads, that can be 

operated in a controlled/coordinated way either while connected to the main power network 

or while islanded. DG applied in microgrids optimises the local supply and demand of energy 

through small-scale generation systems and complements the interface connection with the 

central grid, increasing the reliability of its consumers through islanding capabilities (Lasseter, 

2002). It also enables the use of smart and flexible energy supply technologies in microgrids 

contributing to other services, such as heating and cooling to its consumers making use of 

intelligent communication technology, storage and renewables (Blumsack and Fernandez, 

2012; Lasseter, 2002). 

From an economical perspective: 

 DG technologies require lower or negligible operation and maintenance (O&M) costs, such 

as PV plants, fuel cells and biomass. 

 DG can reduce the wholesale power prices by supplying power to the grid, which lead to the 

reduction of the demand required (Coles and Beck, 2001). 

 DG are not restricted by centralized power stations, as they can be place anywhere. Thus, 

DG location flexibility has a great effect on the energy prices (El-Khattam and Salama, 2004). 

 DG offsets investments in generation, transmission, or distribution facilities that would 

otherwise be recovered through the rates. 

From an environmental outlook: 

 DG reduces the dependency of fossil fuels, such as coal and atomic energy materials. 

 DG can reduce the output processes emissions derived from the use of fossil fuels to 

generate electricity, such as harmful residues like flue gases, CO2, NOX, SO2 emissions and 

ashes (Jain et al., 2017). 

 The use of renewable energy sources propagates the green power usage. 
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Regarding to the technologies applied in DG, several technologies can be combined, such as 

photovoltaics, thermal photovoltaic, wind turbine and electrical storage (Cao et al., 2014), 

producing the so-called hybrid renewable energy systems. Photovoltaics is one of the most 

promising renewable energy technologies in achieving sustainable building design (Munari et al., 

2012) because it provides electricity locally and is the only electricity generation technology that 

can be widely integrated in the urban environment. Distributed among the expected generation 

throughout the PV system life-cycle and considering the PV components manufacturing, transport 

and installation the life-cycle greenhouse gas emissions per GWh is far lower (one order of 

magnitude or less) than conventional fossil-fuel-based electricity generation technologies (Wild-

Scholten, 2013). Furthermore, PV does not require any fuel to operate. Even as during the 

operation, photovoltaics have zero emissions of CO2 and pollutions (Fthenakis et al., 2008). 

The conventional electricity grid’s behaviour is typical of a system with radial distribution (the flow 

leaves the substation and proceeds towards to the final consumer point). However, with the 

inclusion of PV generators along the feeder, this behaviour is changed and characteristics related 

to electricity supply quality, such as the voltage levels and the Total Harmonic Distortion (THD) 

may be affected (Urbanetz et al., 2012). A major limiting factor for the penetration level of PV in 

DG is the voltage rise caused by PV excess electricity fed into the grid in a distributed manner. 

For high PV penetration levels into distribution grids, this might lead to excessive voltage levels. 

Moreover, PV as DG can also imply in additional costs on the electrical distributor and modify the 

feeder’s capacity, cables ampacity and protection devices features. Good reviews on the recent 

literature on the subject of grid impacts with PV in DG are provided by Caamaño-Martín et al. 

(2008), Urbanetz et al. (2012) and Thomson and Infield (2007). Caamaño-Martín et al. (2008) 

made an extense review of the state-of-art of the mutual impacts between Photovoltaic-

Distributed Generation (PV-DG) and electrical grids from a European perspective, with a main 

focus on power quality and safety. As an important topic, they discuss about existing standards 

and new opportunities to grid services. They concluded that the technology for grid-connected PV 

systems has matured greatly over the past few years, although there is still scope for 

improvement, especially in relation to inverters immunity to grid effects. They also concluded it is 

important to broaden the PV installations in a view of the total capacity of DG on the European 

electrical grids (not only on individual PV systems point of view). In their study, Urbanetz et al. 

(2012) analysed the power quality in a distributed feeder in the city of Florianópolis, Brazil, in 

terms of voltage rise and loading of the distribution lines. For this purpose, the study considered 

power flows simulations of a hypothetical PV system of 4.2 MWp distributed in the same area, 

using the ANAREDE software. The results determined that in a scenario with minimum level grid 

load and a maximum level of PV generation, high reverse flow occurs in a specific point on the 

distribution grid and hence the cable load was close to 70%, indicating in that area the cable 

probably should be replaced by a larger ampacity cable. In addition, it was registered voltage rise 

in the feeder even if it is within the voltage limits established by utility regulations. However, the 

introduction of limited amounts of PV generation as strategically-sited distributed generation was 

found to be beneficial in several aspects, as better voltage profile and loss reduction. In a study 
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concerning grid impacts with PV, Thomson and Infield (2007) found small increases in average 

grid voltages at scenarios with relatively high penetration of distributed PV at location in the UK, 

but violations of voltage under local electrical regulations due to occasional overvoltage at smaller 

penetration levels. Huda et al. (2017) presented a review of the impacts of DG on system 

operation, associated standards and regulations for the PV integration into the grid. Due to the 

need of a proper voltage regulation approach to accommodate high penetration of DG into the 

grid, this study extensively reviews voltage rise control methods in distribution system with DG 

penetration. It includes the active power curtailment, the reactive power compensation, the energy 

storage device approaches and the auxiliary services of centralised voltage control. Alternatively, 

reviews about voltage control services on intelligent distributed voltage, reactive power control of 

DG and reconfiguration of network infrastructure were also performed (Cagnano and De Tuglie, 

2015; Vovos et al., 2007). Another issue is the reverse power flows through distribution 

transformers, which may exceed transformer ratings. This has been identified as a limiting factor 

to connecting generators in high-density PV areas (PV-UPSCALE, 2008). Although, the exact 

impact will depend on grid features (e.g. cables impedance and ampacity and protection devices) 

and transformer operation. 

The concept of cities as potential photovoltaic power plants is rapidly gaining prominence, but 

studies concerning the impacts of such development on urban infrastructure, or on inhabitants 

are required. The large-scale implementation of PV-DG in European cities was widely analysed 

in an international context from real electrical grids provided with PV-DG in the partnership 

framework between the PV-UP-SCALE (PV  in  Urban  Policies  –  Strategic  and  Comprehensive  

Approach  for  Long-term  Expansion) (IEE, 2008) and the International Energy Agency 

Photovoltaic Power Systems Programme (IEA PVPS) Task 10 (IEA, 2012). According to this 

guidelines, the urban planning process varies dramatically across the countries considered, 

depending on the grid characteristics, demand profile and generally are conducted by 

governmental normatives. In some countries, such as the Netherlands, the process is led with 

issues from the architectural style to the environmental achievements (PV-UPSCALE, 2008). 

Some massive projects were executed in the country, such as the Stad van der Zon (City of the 

Sun). As the PV systems were installed in a new housing district, the grid has been designed and 

realized in line with all needs without grid problems expected (IEA, 2012). 

One of the main concerns applied to DG in some countries (e.g. Brazil, Philippines and Uruguay) 

falls onto the procedure to re-establish the electricity supply after an electrical blackout. Such a 

condition is called unwanted islanding and it is potentially critical for safety, since a part of the 

distribution grid remains energized, even if it is disconnected from the rest of the system. In order 

to avoid unwanted islands, it is mandatory equipping the PV systems with an Interface Protection 

(IP), which has to detect the island condition. In this case, to disconnect the generator from the 

grid (Belloni et al., 2013). Several methods for identifying island conditions have been proposed. 

The standard IEC 62116 (IEC 62116, 2008) regulates test procedures to evaluate the IP 

effectiveness of PV inverters independently from the islanding detection method implemented. 

When the system starts the recovery process, an important point should be the asynchronous 
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condition between the isolated system (DG) and the secondary distribution network (Camilo et 

al., 2017b). To avoid the consumers be attended in island mode by PV-DG, last generation of PV 

inverters are provided with a protection mechanism for this kind of event based on the PLL 

algorithm (Phase Locked Loop) (Surprenant et al., 2011) whereby allows the seamlessly 

transition between grid-connected and autonomous operation, and vice versa. 

2.4 PV-DG and self-consumption 

Self-consumption of renewable energies is defined as electricity that is produced from a RES, not 

injected to the distribution or transmission grid or instantaneously withdrawn from the grid, and 

directly consumed by the prosumer (Vieira et al., 2017; Luthander et al., 2015). The term 

“prosumer” (producer + consumer) is commonly used in the context of distributed power 

generation and it is defined as a customer that equally produces and consumes electricity (Brand 

et al., 2014). In practice, self-consumption ratios can vary from a few percent to a theoretical 

maximum of 100%, depending on the PV system size and the local load profile. Self-consumption 

should not be confused with self-sufficiency. The ratio of self-consumption describes the local (or 

remote under some schemes) use of PV electricity while the self-sufficiency ratio describes how 

PV production can cover the needs of the load where it is installed. These concepts are 

completely different, but both play important roles in the debate on the development of prosumers 

(IEA, 2016c). With decreased subsidies for PV electricity in several countries, increased self-

consumption could raise the profit of grid-connected PV systems and lower the stress on the 

electricity distribution grid in the peak periods of PV production (Luthander et al., 2015).  

The role of prosumers can be highlighted in the framework of the ongoing paradigm change in 

distribution electrical grids. Notwithstanding, this may could be of interest concerning to a 

technical and an economical point of view (Sun et al., 2013). A prosumer can operate its PV 

system in several ways (Camilo et al., 2017a): 

 A prosumer can export the total PV generation to the grid and import from the grid all the 

electricity consumed. In this case, he does not perform any self-consumption. 

 A prosumer can use the PV production to feed his own consumption, as well as he can export 

to the grid the PV surplus electricity. Furthermore, he must import from the grid the electricity 

in deficit. In this case, he performs self-consumption without storage. 

 A prosumer can use the PV production to supply partially his own consumption and storing 

the PV excess electricity in batteries for later use. The electricity demand, which is not 

supplied by PV electricity is imported from the grid. In this case, the prosumer performs self-

consumption including storage. The intelligent network environment or smart grid comes 

close to this new model and may have a critical relevance in the management of intelligent 

power distribution networks. 

Mechanisms promoting self-consumption of PV electricity are based on the idea that the PV 

electricity will be used first for local consumption. This scheme directly allows self-produced 

electricity to reduce the PV system owner’s electricity bill, on site or even between distant sites 
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(i.e., Mexico, Brazil) (IEA, 2016b). However, the self-consumption potential is limited without 

further technical enhancements in storage and demand-side management. Such solutions can 

both facilitate a larger share of self-consumption and reduce energy costs arising from 

photovoltaics integration. Furthermore, the prosumer’s strategy of self-consumption and storage 

allows the possibility of becoming increasingly independent from the public system, if optimized 

strategies are taken into account (Camilo et al., 2017a).  

Figure 2.10 shows a general topology of a prosumer provided with grid-connected PV system and 

local energy storage connected in self-consumption mode. In a self-consumption system, energy 

storage is an additional element that stores the PV surplus electricity locally for local demand use. 

Under this configuration, the PV hybrid system connection is done inside the building electrical 

installation, providing the highest energy efficiency (on-site generation close to local 

consumption). Notice that the prosumer is connected to the main grid at one point (Point of 

Common Coupling, PCC). 

 

Figure 2.10. Topology of photovoltaic hybrid system connected in self-consumption. 

 

This system topology is called “hybrid” photovoltaic system, due to the additional load supplying 

accomplished by the storage system. Hybrid power generation systems can still combine other 

technologies, such as thermal photovoltaic and wind turbine (Cao et al., 2014). Such hybrid 

systems allow to reduce the consumption of non-renewable fuel (Parida et al., 2011). This thesis 

considers hybrid systems only with PV and electrochemical storage. The PV excess power and 

the grid power request are generally metered by a bidirectional power meter and the PV excess 

can be valued according to different incentive schemes, including net-metering. 

In a PV hybrid system installation, there are many components, including PV and battery systems 

components, protection devices, meters and cables. Figure 2.10 lists the main components that 

are commonly included in a PV hybrid system: 
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 PV modules: many technologies of photovoltaic modules are currently available and their 

applications depend on the local characteristics (i.e., ambient temperature) and prices. 

Section 2.8.1 highlights about PV technologies and market trends. 

 PV inverter: it executes an important function that is to convert the DC current generated by 

the PV modules into AC current to be used by the AC loads. 

 Bidirectional battery inverter: it executes two functions: the first is to convert the AC current 

from the AC bus to DC current order to charge the battery (the battery operates in DC mode); 

the second function is to convert the DC current from the battery to AC current to be used by 

the AC loads. 

 Battery bank: it is responsible for storing electricity and for supplying the load with stored 

electricity. Different kinds of battery technologies are currently present, citing lead-acid and 

lithium-ion as a few.  An overview of Energy Storage technology is described in Section 2.8.2. 

System energy losses can occur due to several reasons, which may or may not be combined, 

such as: the cable ohmic losses, the reduction on the PV module efficiency due to the temperature 

increase, the accumulation of dust or dirt on the modules, the conversion losses and the losses 

for low battery capacity levels. The inverters conversion efficiency describes the losses that arise 

when converting direct current into alternating current, or vice versa. The losses are caused by 

the transformer (in devices provided with a transformer), the power switching devices and by own 

consumption for management, control and recording operating data. Notwithstanding, the 

conversion efficiency is strongly dependent upon the input power. Physically, the ambient 

temperature also influences the inverter losses because the maximum efficiency of the inverter 

strongly depends on the temperature, even as the temperature inside the inverter gets higher 

than the ambient temperature due to the influence of the electronic circuit (Kamonpan and Vichit, 

2014). From a technical point of view, the experience with DG technologies shows, that as their 

penetration levels increase, it is necessary to provide control mechanisms to contribute to the grid 

stability. Taking this matter into account, the last generation of PV inverters are provided with 

advanced technologies which aim to minimize the grid impacts, such as: (1) regulation of power 

factor, reactive power and voltage levels, (2) grid stabilization and intentional islanding and (3) 

electricity quality improvement by using active filters in order to reduce harmonic voltage distortion 

of the grid (Caamaño-Martín et al., 2008). Inverters also are increasing technical performance 

and making a growing contribution to the grid management, for example, PV inverters provided 

with small energy storage, such as Uninterruptible Power Supply (UPS) functionalities. Also, 

inverter manufacturers are improving long-term reliability and failure prediction methods to 

minimize O&M costs and improving software for system security (data protection).  

Self-consumption support mechanisms are being increasingly in many countries (Germany, Italy, 

Spain, Denmark, Belgium, Finland, USA, Brazil, Chile, etc) (EPIA, 2011; DSIRE Solar, 2015; IEA, 

2016c), however financial incentives vary fairly from each country. China has introduced a policy 

of subsidy for micro-producers with self-consumption. In this case, the self-consumed electricity 

gets a bonus on top of the saved retail price. In the United Kingdom, self-consumption for small 
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systems (< 30 kW) is being encouraged through a generation tariff and an export tariff, applicable 

to the electricity fed into the grid. Since the total amount received for the energy fed to the grid is 

lower than the total revenues (or savings) from self-consumption, this scheme can be seen as an 

indirect incentive for self-consumption (IEA, 2016c). 

The part of the bill that can be compensated depends on several options, depending on countries 

or regions, and the revenues can be decreased if grid taxes and some levies are to be paid by 

the prosumers on the self-consumed electricity. Given the diversity of policies allowing PV 

installations that are being implemented worldwide, some categories of incentives are:  

 Revenues from self-consumed PV electricity: in this case, the source of revenues come from 

each kWh of self-consumed PV electricity. It comprises not only the savings on the electricity 

bill. Also, the possibility of additional revenues such as a self-consumption bonus/premium or 

green certificates is given. 

 Feed-In Tariffs (FIT): in countries where FITs are applicable, the PV systems owners receive 

a fixed rate for each unit (kWh) fed into the power grid. However, FITs are being phased out 

in most countries, and new supporting mechanisms are being implemented (IEA, 2015b). FIT 

is still in force in some countries, such as Australia and Japan (IEA, 2016c). In France for 

example, given the low price of retail electricity, self-consumption is not used and PV 

electricity is sold almost entirely through the FITs (Camilo et al., 2017a). However, it is 

currently being discussed a proposal to remunerate PV systems with self-consumption using 

a tailored self-consumption incentive. 

 Net-metering: in a net-metering scheme, the PV surplus electricity is injected into the grid and 

recorded as energy credits (kWh), that can be compensated later for consumption over an 

extended time period (up to one year or more) (see Fig. 2.10). This operation mode is allowed 

in Belgium, Brazil, Israel, Mexico, Netherlands and Canada9 (IEA, 2016c). 

 Net-billing: in the case of calculated compensation on a cash flow basis, rather than an energy 

basis, this scheme is called “net-billing” (i.e. PV surplus electricity remunerated below retail 

prices), being the most common schemes in countries such as Chile, Italy and Denmark10. In 

Italy, for example, some kind of hybrid solution between a self-consumption system combined 

with some net-billing features is in force. 

2.5 Electricity market and distributed generation in Spain 

Many countries have a functional electricity market on which the electricity consumed is traded at 

prices defined by the laws of the electricity’s supply and the demand. The opposition from utilities 

and, in some cases grid operators, grew significantly in the last years against net-metering 

schemes or similar. Due to argumentations of utilities concerning the benefits of PV for the grid 

and the need of utilities to cover the additional costs for DG, many barriers have been introduced, 

such as the increases in the retail electricity costs and the collection of fees. For example, in 

                                                           
9 In Canada, different incentives are promoted, varying from jurisdiction, such a FIT, net-metering and net-billing. 
10 Currently in Denmark, energy compensation is determined an hourly basis only and the excess generation is bought 
by the utility at a price that is significantly lower than the retail electricity prices. 
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Belgium, the attempt of adding a grid tax to maintain the level of financing of grid operators was 

stopped by the courts and then reintroduced afterwards. In Israel, the net-billing system is 

accompanied by grid-management fees in order to compensate the back-up costs and the 

balancing costs (IEA, 2016b).  

The structure of the utility rates can combine diverse charges: energy costs (variable component), 

capacity costs (fixed component), costs that vary with the time of the year (Time-Of-Use - TOU 

rates), or with the amount of electricity purchased (tiered rates), among others. In general, several 

regulators in Europe are expected to introduce the capacity-based tariffs rather than the energy-

based tariffs for grid costs (IEA, 2016b). According to a study, performed about tariffs design for 

distribution systems in 25 European countries, presented by the Directorate general for Energy 

of the European Commission (EU, 2015), only Sweden, Spain, and the Netherlands employ a 

tariff structure which has a capacity component. In turn, in Italy, one is being introduced. In these 

countries, the capacity component in the case of household consumers is, however, a fixed 

component. In almost all of the analyzed countries, the variable cost of distribution network is 

charged as an energy component, with the exception of the Netherlands. In some countries such 

as Austria, Czech Republic, Ireland, Portugal, Poland, Spain and United Kingdom there could be 

more than one energy component depending on the electricity time-of-use. These kinds of tariffs 

encourage consumers to consume electricity at off‐peaks periods, which reduces the electricity 

used on the peak periods balancing the grid consumption (EU, 2015). For example, in Austria 

there are four time blocks (winter and summer, both split in a peak and off‐peak period) whereas 

in Spain in a regimen of 3.0A tariff (peaje de acceso 3.0A), especially applied for the commercial 

sector, consumers are submitted to three TOU tariffs of energy and power (off-peak, mid-peak 

and on-peak periods). 

In Spain, commercialization of energy is a liberalized market11 and the electricity tariffs are not 

set by the government but rather negotiated between the parties (Briano et al., 2016). The 

responsibility for setting the distribution tariff level is split between the government and the 

Regulator. The government is responsible for formulating the methodology, setting the cost of 

tariffs and providing final approval of the allowed revenues. The customers are grouped based 

on the voltage levels of their connection (low, medium and high voltage) and according to the 

contracted power, established according to the building maximum demand, as follows (Ministry 

of Energy, 2017c; EU, 2015): 

 Low voltage (< 1 kV) with contracted power less than 15 kW, includes groups 2.0A; 2.0DHA; 

2.0DHS; 2.1A; 2.1DHA; 2.1DHS. This group can be considered as being roughly‐ equivalent 

to “Household”.   

 Low voltage (< 1 kV) with contracted power more than 15 kW (3.0A) and more than (or equal 

to) 1 kV and less than 36 kV with contracted power less than 450 kW (3.1A). This group can 

be considered as being roughly‐equivalent to “Commercial”. 

                                                           
11 Except for the tariff of last resort (in Spanish, TUR), a regulated tariff available for residential consumers with contracted 
power lower than 10 kW. 
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 More than (or equal to) 1 kV and less than 36 kV with contracted power higher than 450 kW: 

this group includes the 6.1A. This group can be considered as being roughly‐equivalent to 

“small industry”. 

 More than (or equal to) 36 kV and less than 72.5 kV: this is AT2 customers, which are 

generally large industrial customers.    

 More than (or equal to) 72.5 kV and less than 145 kV: this is AT3 customers, which are 

generally large industrial customers.  

 More than (or equal to) 145 kV: this is AT4 customers, which are generally large industrial 

customers. 

For new supply points or the extension of existing points below 100 kW in Low Voltage (LV) and 

250 kW in High Voltage (HV) in urbanized areas, connection fees are established through 

regulation. 

The total electricity costs (that includes costs of generation, transmission, distribution, 

commercialisation, costs of diversification and security of supply) have increased significantly 

between 1998 and 2009 in Spain, mainly due to the generation costs (CNE, 2009). Most of the 

consumers in Spain pay for the energy and capacity terms (binomial structure) with values 

conditioned to the voltage connection level, although the consumers could also have a contract 

with time-of-use tariffs (CNMC, 2014). Being more specific, the Spanish tariff structure is 

composed by: 

1. Energy term or variable part of the retail price at which the electricity is bought from the grid 

(that is, €/kWh): the energy charge is the energy consumed (kWh) in the different TOU 

electricity prices multiplied by the tariffs in that periods. It includes policy charges (renewables 

subsidies, islands compensation) and network tariffs (mainly, but not only, renewable support 

charges and tariff deficit annuities). Energy term payments also include taxes for balancing 

and ancillary service markets, as well as other system costs (generation capacity payments, 

payments to the system and market operators and interruptible load charges). In addition, 

Value-Added Tax (VAT) (21% of the bill value) and the electricity special tax (an additional 

6% of the bill value) are also charged as explicit taxes (Aragonés et al., 2016). 

2. Capacity term or fixed part that results from having the available contracted power (that is, 

€/kW): the capacity charge is the product of the contracted power in kW by the power in the 

different TOU electricity prices and the number of days of the billing period. It includes policy 

charges and network tariffs. For commercial consumers in Spain, network charges (e.g. 

transmission and distribution remuneration) and policy charges are arguably mainly for a 

capacity-based, while costs of electricity generation are mostly accounted for an energy-

based. 

Prior to August 2013, in Spain the capacity term represented 50% of the total access tariff for 

small residential consumers and 80% of the total access tariff for commercial, services and 

industrial consumers. Although, after that period the capacity term has considerably increased for 

residential consumers, representing about 60% of the total access tariff, as shown in Tab. 2.2. 
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Looking at the table, it is clear that the evolution of the capacity and energy terms on the electricity 

bill shows a significant growth on the capacity charge in the commercial and industrial sectors 

from 2011 to 2014. The capacity term represented 32% of the total access tariff for commercial 

consumers in 2013, although this number increased to significant 80% in 2014. Following this 

evolution, currently in the Spanish commercial sector the capacity charge is as significant as the 

energy charge on the yearly bills. In parallel with the political changes, external pressure from 

large electric companies and large investments in conventional energy technologies are still being 

implemented and also have contributed to continuous price increase over the last several years 

(Carreño-Ortega, 2017). 

 

Table 2.2. Evolution of Spanish access tariff structure, including taxes (IEA, 2015a). 

Sector Jan 2011 - Jul 2013 Aug 2013 – Jan 2014 Feb 2014 

 Capacity Energy Capacity Energy Capacity Energy 

Residential 32% 68% 50% 50% 60% 40% 

Commercial and 

Services 

32% 68% 80% 20% 80% 20% 

Industrial 46% 54% 80% 20% 80% 20% 

Total 34% 66% 63% 37% 68% 32% 

 

Usually in electricity bills, the highest maximum demand value, recorded by the meter, is 

compared to the contracted power. Therefore, if during the billing month the power exceeds the 

one contracted, the customer will pay a penalty, even if it exceeds only once a month. Considering 

commercial consumers provided with 3.0A and 3.1A tariffs, for grid power demands between 85% 

and 105% of the contracted power it is charged the power registered by the maximeter (Ministry 

of Energy, 2017c). In situations that the grid power demand surpasses of 105% of the contracted 

power it is charged the power registered by the maximeter plus an economic penalty due to a 

power excess. The penalty is the double of the difference between the power demand and the 

105% of the contracted power. For residential consumers provided with 2.0 and 2.1 tariffs, the 

contracted power is limited by the Power Control Switch (PCS) and no penalty for power excess 

is applied. However, if the contracted power is exceeded, the PCS would be activated and the 

electricity supply would be suspended. 

Since 1998, under RD 2818/1998, governmental laws have promoted solar PV in Spain mainly 

with a Feed-In-Tariffs (FIT). Adjustments made in 2004 (under RD 436/2004) and 2007 (RD 661/ 

2007) significantly rise solar PV deployment offering advantageous incentives to PV plant 

developers creating a “PV power boom” (Sarasa-Maestro et al., 2013; del Río and Gual, 2007; 

del Río, 2008). Since 2008, the establishment of the successive frameworks (RD 1578/2008,         

RD 1614/2010, RD 1565/2010, and RDL 14/2010 (Girard et al., 2016)) have considerably reduced 

incentives for PV system installations because of the need to limit the accumulation of tariff deficit 

of the Spanish electricity system (Ciarreta et al., 2011; de la Hoz et al., 2013). In January 2012, 

the RD-L 1/2012 closed the pre-assignment procedure of remuneration and removed the 

economic incentives for all the power generation facilities based on RES, waste and cogeneration 

(Ciarreta et al., 2011; de la Hoz et al., 2013). In addition, with the approbation of the Law 15/2012 

(Ministry of Energy, 2012) introducing new taxes applicable to energy producers and other entities 
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involved in the energy sector. The Law 15/2012 imposes a 7 percent tax on electricity generation 

to be applied to all the electricity generators (Barberán, 2013). The new Power Sector Law (Ley 

del Sector Eléctrico, LSE) 24/2013 was one that regulated self-consumption facilities, and in 

particular PV modules for own domestic consumption (Aragonés et al., 2016). The Law 24/2013 

defined four categories of self-consumption systems: supply with self-consumption, generation 

with self-consumption, generation with self-consumption through a direct power line and other 

self-consumption configuration. In 2014, the RD 413/2014 defined new regulations concerning 

electricity generation from RES, cogeneration and waste. A specific self-consumption regulation 

was developed in the Royal Decree 900/2015, which is currently in force (Ministry of Energy, 

2015). Under this regulation, self-consumption has been authorized under certain conditions for 

systems up to 100 kW. Under the Royal Decree 900/2015, the PV electricity excess can be valued 

in the spot market, receiving compensation at the pool prices. In addition, it is only allowed a PV 

installed capacity equal or lower than the maximum power contracted, as equally established in 

other countries (i.e., Brazil and Portugal). Two different regulations exists depending on the 

system size (Ministry of Energy, 2015; IEA, 2016c): 

 Type 1: the draft proposes that production devices connected to consumers under self-

consumption are limited at a maximum nominal connection capacity of 100 kW, but the 

prosumer receives no compensation for the excess PV electricity injected into the grid. 

 Type 2: self-consumer Type 2 is legally treated as both a consumer and a producer. Above 

a nominal connection capacity of 100 kW without limitation, self-consumption is allowed and 

the excess PV electricity can be sold in the spot market directly or through an intermediary. 

In this case, there might be a consumer and a producer for the same installation and the 

owner of the generation facility may differ from the owner of the supply point. In order to sell 

electricity in the spot market, the consumer can either become an electricity trader or he can 

hire one. In addition, the electricity special tax (of a 7% of the sold energy) is also charged as 

explicit taxes. At least two meters have to be installed, depending on the local cases (LV or 

HV connection). 

Consequently, it is likely that residential self-consumers become Type 1 agents, simply exporting 

(not selling) their surplus electricity for free, whereas commercial and industrial segments become 

Type 2 agents being able to sell the surplus electricity under the same conditions as any other 

producer, i.e., at pool prices and paying the grid-access charge for generators established in the 

RD 1544/2011 (Ministry of Energy, 2011), plus the generation tax established under Law 15/2012 

(Prol and Steininger, 2017). 

In short, the modifications on the Regulations framework of DG in Spain, imposed in the last years 

by the government (by nothing less than 4 RD-L, 4 RD and 2 Laws, just citing the principals) 

created a level of instability in the energy sector, especially concerning to renewable energies. 

Refering to Fig. 1.3, it is clear that after the year of 2007 a great increase occurred in the PV 

installed capacity after the advantageous incentives to PV plant developers offered by the 
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government. However, since 2010, there has been a visible stagnation in terms of policies 

promoting solar energy, which coincided with the economic recession.  

As follows from the previous paragraphs, a recent study performed by Prol and Steininger (2017), 

determined profitability analysis and alternatives for regulation schemes in Spain taking the case 

of residential, commercial and industrial invertors. They concluded the actual Spanish regulation 

hinders the diffusion of PV self-consumption applications by making them economically infeasible, 

mainly due to the impossibility of selling the surplus electricity to the grid and the application of 

charges on self-consumed electricity. Thus, they recommended a dynamic net-billing scheme 

(with the price of the surplus electricity periodically adjusted to account for lower installation costs) 

in order to promote the diffusion of PV in the country. 

2.6 Electricity market and distributed generation in Brazil 

The Brazilian Electricity Sector (BES) was underwent by reforms, which culminated in the actual 

electrical system. The first phase of the BES emendings, started in 1994, consisting on the 

Restructuring Project of the Brazilian Electricity Sector (RPBES). The objective was to achieve 

efficiency and economic autonomy, following a worldwide trend of the electric power industry 

(Cabral et al., 2017). The main measures of the RPBES were the privatization of the electrical 

sector (especially in the distribution segment) and the creation of the Brazilian Electricity 

Regulatory Agency (ANEEL) (Pires, 1999). Despite the implemented reforms, the RPBES did not 

ensure sufficient expansion of energy supply, leading Brazil to power rationing and electricity 

blackouts in 2001 (Cabral et al., 2017). After the blackouts, several reforms in the electricity sector 

have been made and as a consequence electricity tariffs have been rising considerably, especially 

for the residential consumers which are not subsidized under the so-called low-income residential 

tariffs (Mitscher and Rüther, 2012). Residential tariffs averaged 0.17 €/kWh in 2010, reaching as 

high as 0.27 €/kWh in the Minas Gerais State, compared to 0.15 €/kWh in the European Union 

(EEP, 2010) and approximately 0.08 €/kWh in the United States (EIA, 2010). Since the required 

infrastructure to provide electricity takes time to be in place, good planning is always critical in the 

electricity sector, especially in large populated developing countries such as China, India, 

Indonesia, Brazil and many others which present high increasing rates for their electricity demand 

(Costa et al., 2017). In Brazil, commercial electric rates are regulated and published by the ANEEL 

every year. The country is divided into 63 concession areas, in which one or more utilities are in 

charge for the electricity distribution (Briano et al., 2016).  

The consumers in Brazil are grouped in two groups: Group A, which is provided with the binomial 

electricity tariff: the consumers pay for the sum of the energy charge parcels referred to the 

consumption on the peak and off-peak periods, capacity charge and taxes; Group B, provided 

with the monomial electricity tariff: only energy charge parcels and taxes are applied - without 

TOU electricity prices. The groups are divided according to the voltage level and the power 

demand. The consumers attended with voltage below 2.3 kW are connected in Low Voltage (LV), 

corresponding to the Group B. Commonly, the consumers of the Group B are connected in           

127 V or 220 V, depending of the Federal State. The consumers attended in medium voltage 
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(MV) or high voltage (HV), above 2.3 kV, as industries, shopping centers and some 

commercial/public buildings, are categorized in the Group A, depending on the voltage level (e.g. 

the group A4 (commercial) has a voltage level between 2.3 kV and 25 kV). 

The power utility tariffs include different tax levels among Federal States in Brazil, which have 

contributed to the existing regional tariff disparities (Mitscher and Rüther, 2012). The tariff costs 

structure in 2015, considering the average tariff composition in Brazil (including all electricity 

consumers), represented 39.7% for purchased electricity from the grid, taxes and levies 

accounted for 42.1%, distribution of electricity for 15.6% and transmission of electricity for 2.7% 

(Abradee, 2015). The final tariff is determined considering the electricity tariff certified by the local 

utility (energy and demand tariffs) and the taxes. The state tribute ICMS (Tax on Circulation of 

Goods) is regulated under tributary codes from each state, thus it is a variable tribute applied by 

each Brazilian state. As an example, currently the ICMS in the Santa Catarina state is 25% for 

residential consumers with monthly consumption above 150 kWh or for rural consumers with 

consumption above 500 kWh; in the Minas Gerais state the ICMS is 30%, 25% and 18%, 

respectively, for residential, commercial and industrial consumers. Other national taxes are the 

PIS (Social Integration Program) and COFINS (Social Contributions on Gross Revenues). 

PIS/COFINS are charged on gross revenues under two different regimes: non-cumulative and 

cumulative. Under the non-cumulative regime, PIS/COFINS are generally taxed at a combined 

rate of 9.25%, but taxpayers are allowed to offset PIS/COFINS paid on certain transactions with 

tax credits. Under the cumulative regime, the general tax rate is 3.65%, but tax credits are not 

allowed. However, the Brazilian Senate’s commission for infrastructure changed policies (Law 

Senate 8322/14) to reduce the tax rate charged on PV modules, affecting PIS and COFINS 

taxations (Briano et al., 2016). 

In a net-metering scheme, the grid acts as a virtual storage and a temporary surplus of production 

can be fed into the grid, received back later without any costs. This effectively defines the value 

of the power produced with solar equal to the total market price including the taxes. Recently in 

Brazil, the Brazilian National Electrical Energy Agency (ANEEL) approved Normative Resolution 

nº 687/2015 (ANEEL, 2015b), which established an energy compensation system (net-metering): 

the active power injected into the grid by a consumer unit with distributed micro or mini generation 

offsets the active power consumption, admitting the consumer unit to have credits in amount of 

active energy. An installed capacity from renewable sources lower than 75 kW is generally 

allowed for residential consumers (distributed Micro generation category). Distributed Mini 

Generation is categorized for an installed capacity between 75 kW and 5 MW. The resolution 

687/2015 also assigns the installed PV capacity must be limited to the grid connection capacity 

(contracted power). If a prosumer requests to install a superior PV capacity it needs to increase 

the connection capacity equally. In addition, the energy credits can be used in different forms: (1) 

in other consumer units previously registered within the same concession area and characterized 

as a remoted self-consumption: the credits can be shared with a consumer, who is located in a 

different place from the point of consumption (i.e., with a building located nearby); (2) as shared 

generation, which is characterized through a consortium or cooperative of consumers; (3) as 
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multiple consumer units located on the same property (condominiums). Energy surpluses can be 

compensated during a 60-month period (instead of the previous 36-month period).  

Under the Brazilian net-metering system, the amount to be billed is the positive difference 

between the active energy consumed and the active energy injected into the grid, considering 

energy credits from previous months. For consumer units connected in LV (Group B: if the energy 

injected into the grid plus the accumulated credits of the previous months (if there is any) is higher 

than the local consumption, the consumer pays only for the Cost of Electricity Availability           

(CEA) – value in Brazilian Real (R$) equivalent to 30 kWh (single-phase) (CEA = 30 kWh x Tariff). 

Analogously, consumers connected in HV (Group A) pays only a quota corresponding to the 

power contracted with the utility (capacity charge). In turn, for the consumer units submitted to 

time-of-use energy tariffs (Group A, including industrial and commercial consumes), the energy 

injected must be used primarily to compensate the consumption within the same billing period     

(on-peak – on-peak/off-peak - off-peak). If the injected energy totally compensates the 

consumption in a billing period and there is still energy excess, this balance is used to reduce the 

consumption in the other billing period, after the application of an adjustment factor (ANEEL, 

2016). 

Recently in Brazil, some barriers that hamper PV generation expansion are being removed. For 

example, tax reduction for enterprises and prosumers were introduced, being considered for the 

transmission and distribution systems (Dias et al., 2017). The Brazilian Government launched an 

incentive program (ProGD) for distributed generation in December 2015. ProGD includes lines of 

credit for consumers, tax incentives for installations and incorporates mechanisms for the sale of 

surplus electricity in the spot market (Briano et al., 2016). According to the PV systems registered 

in the regulatory organism ANEEL, in 2014 the cumulative net-metering installations were only 

424. However, as a result of the incentives in the country, an impressive growth of 308% was 

observed in 2015 (1,731 installations registered). This represents 96% of the renewable 

installations after the net-metering benefits impose by the policymakers (biogas 0.3%, wind 1.9% 

and biomass 0.1%) or 80.8% of the cumulative net-metering capacity. The ANEEL estimates that 

by 2024 about 1.2 million consumer units will start producing their own energy, totalizing an 

installed capacity of 4.5 GW. Since the publication of the Resolution in 2012 until October 2016, 

1,285 power plants have been installed, of which 1,233 are counted for photovoltaic solar power 

plants, 31 for wind power plants, 13 for hybrid power plants (solar and wind) and 6 for biogas 

power plants (ANEEL, 2017).  

2.7 Demand-Side Management (DSM) 

Demand-Side Management (DSM) or load management refers to the ability of consumers to 

adjust their electricity demand to facilitate a better matching with the supplying (on-site supply or 

supply from the utility) (Strbac, 2008; Staats et al., 2017). The primary objective of the DSM 

techniques can be presented on the modification of the aggregated consumption shape and on 

the reduction of the operational costs. DSM focuses on utilizing power saving technologies, 
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electricity tariffs and environmental policies to mitigate the peak load demand. Instead of enlarging 

the generation capacity or reinforcing the transmission and distribution networks (Barua, 2013).  

The residential sector may potentially makes use of DSM systems, because it can be combined 

with additional comfort and security functions, improving the demand response and reducing the 

grid impacts for high PV penetration on the distributed grid. Chuang and Gellings (2008) define 

some DSM strategies, whereby the most widely applied are (1) peak shaving, (2) valley filling and 

(3) load shifting (Fig. 2.11): 

 

 

Figure 2.11. Conceptual example of Demand-side Management (DSM) techniques (adapted) (Chuang and 

Gellings, 2008). 

1. Peak shaving: Peak shaving is a direct load control technique to reach reductions of the peak 

loads during peak periods. Peak shaving has been practiced for many years by using on-site 

diesel generators and gas turbines. However, electrochemical batteries can be utilized to 

reduce peak load demand because they can discharge short periods of time during the peak 

hours (i.e., Lead-acid and Vanadium redox - VRF technologies) and are able to charge during 

the low demand periods. 

2. Valley filling: this technique is focused on reducing the difference between the valley load 

levels to mitigate the burden of peak demand, and increase the security of smart grids. Valley 

filling build-up load demand during off-peak periods by applying direct load control. 

3. Load shifting: load shifting DSM combines the two previous mentioned strategies to move 

loads between off- and on-peak periods). Load shifting takes advantage of load’s time 

independence, and shifts loads from peak periods to off-peak periods (lowest electricity 

prices) or to strategic periods of the day. 

The recent literature presents studies involving the previous listed DSM techniques, including PV 

systems, electrochemical storage, thermal storage and programmable appliances (Castillo-

Cagigal et al., 2011; Matallanas et al., 2012; Masa-Bote et al., 2014). Yalcintas et al. (2015) 

analysed the load reduction and load shifting techniques in commercial buildings. A thermal 

energy storage, which stores cooling in the form of ice, for both chilled water and split air 

conditioning systems were considered under dynamic electricity pricing schedules. The results 

showed, that shifting work schedules of office buildings can slightly reduce the monthly electricity 

rates by 1-3%. Furthermore, the thermal energy storage system can be cost effective for retrofits 

with dynamic pricing schedules. Widén (2014) determined the potential of increasing the PV self-

consumption through scheduling programmable appliances (washing machines, tumble dryer and 

dishwashers) in Swedish single-family buildings. The results showed that load shifting can 

potentially increase PV self-consumption by around 200 kWh annually on average, corresponding 

to a few percent of the total PV power generation for the analysed PV sizes (3 - 9 kWp). Oudalov 
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and Cherkaoui (2007) proposed an optimal battery bank sizing and operation strategy to provide 

a peak load shaving for an industrial building in order to maximize customer’s economic benefits 

by reducing the power demand payment (capacity charge). Key results determined the peak 

shaving application is not profitable for a discharge time of more than 1h and the annual electricity 

bill is reduced by 4% (capacity charge by 8%) compared to an installation without energy storage.  

A number of research papers focus on the benefits of DSM. Denholm and Margolis (2007) 

concentrate on the effect of DSM to enable the use of a large share of solar photovoltaic systems. 

Strbac (2008) mentions the benefits of DSM to balance demand and supplying systems with a 

high share of intermittent renewable generators, including combined heat and power plants. 

Results presented in Ratnam et al. (2015) showed that, by using an appropriate battery 

scheduling and priority applied to the reduction of energy flowing to and from the grid during peak 

pricing periods, it is possible to mitigate potential voltage rise associated with reserve power flows, 

still providing financial benefits to the consumers. 

It might be argued that DSM implementation consistently provides some benefits in the building 

electrical infrastructure and in the power grid, such as: 

 It increases building load matching rates and reduces billing costs: the load matching rates 

(rates of the correlation between generation and consumption electricity) can be increased 

when DSM techniques are properly applied, such as load shifting and peak shaving with 

energy storage. This reduces the need for energy services through the self-consumed pattern 

and leads to the improvement of the generation capacity, the energy conservation and the 

environmental quality. However, DSM should be in compliance with retail electricity costs (in 

different TOU periods or not, depending on the electricity market structure) in order to improve 

electricity bill savings. 

 It improves grid stability conditions: the introduction of technologies for consumption and 

storage of energy potentially helps to maintain the grid’s stability providing a reliable electricity 

supply to the consumers. 

 It facilitates the introduction of Renewable Energy Sources (RES) into the distributed grid: a 

reliable and efficient DSM approach would help to increase scaling of RES into the existing 

grid infrastructure, without implying in negative effects on the grid. For example, reverse 

power flows in DG imposes costs on the electrical distributor, as soon as the distributor is 

required to implement control and new protection elements, which ensures a safe and reliable 

electricity supply (Ratnam et al., 2015). In addition, DSM reduces transmission–distribution 

grid investments by adjusting the size of the lines to local demand and facilitates grid 

operational efficiency by decreasing the need for energy transportation. 

The added value of power and energy services, which can be provided by PV hybrid systems 

combined with intelligent management strategies is an interesting topic, especially for the 

increasing number of markets, in which electricity supply can be rendered by renewable energy 

technologies (IEA, 2016c). As PV generation is an intermittent power source, DSM with electrical 

storage employment becomes increasingly challenging. Storage management strategies enable 
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the operation of storage element in parallel with the grid and/or loads. The deployment of battery 

storage with PV systems allows better utilization of available renewable generation and minimizes 

the imported electricity from the grid, while aggregating significant electricity cost savings. 

Although, DSM might be focused to build communication between appliances and user energy 

manager, and energy manager may also enable to reduce the energy consumption for both 

customers and utilities (IEEE, 2011). Such information can be used to smooth schedule for the 

user activities considering the electricity prices. On the grid side, it can be remarkably useful for 

the optimization of energy dispatch and to distribute efficiently electricity to the consumers (Barua, 

2013). In case of involving DG with PV generators, DSM is relevant to mitigate the timing 

mismatch between PV generation and load consumption, which can increase PV power 

penetration on the grid. 

2.8 Grid-Connected Photovoltaic Hybrid Systems 

2.8.1 Photovoltaic Technology 

This section provides a brief overview of the photovoltaic technology, involving PV solar market 

and price trends. Nowadays, there is a wide variety of available photovoltaic cell technologies, 

using different types of materials, and an even larger number of PV cells innovations are being 

investigated. Photovoltaic cell technologies are generally categorized into three generations, 

depending on the raw materials used and the level of commercial maturity (Lacerda and van den 

Bergh, 2016; Sampaio and González, 2017): 

 The first generation of photovoltaic systems, which use the technology of crystalline silicon 

(c-Si) both in its simple crystalline form (sc-Si), as well as in the multicrystalline form (mc-Si). 

 The second generation of photovoltaic systems is based on thin film photovoltaic technologies 

and generally include three main families: (1) Amorphous silicon (a-Si) and micro amorphous 

silicon (a-Si /μc-Si); (2) cadmium telluride (CdTe); and (3) copper indium selenide (CIS) and 

copper, indium gallium dieseline (CIGS). 

 The third generation of photovoltaic systems include organic photovoltaic technologies, which 

are still in demonstration, investigation or not have been widely marketed yet. 

Silicon is the most popular material according to the commercial solar cell modules, accounting 

about 90% of the photovoltaic cell market (Sampaio and González, 2017). The monocrystalline 

(m-Si) and polycrystalline (p-Si) are cells produced of crystalline silicon structures (Lan and Li, 

2014; Compaan, 2006). Compared to amorphous silicon, these cells offer an improved efficiency. 

However, they have high manufacturing costs, higher energy requirements during their lifecycle 

and require the use of very pure materials (El Chaar et al., 2011; Peng et al., 2013). The 

commercially available multicrystalline silicon solar cells have an efficiency of approx. 14 – 22.3% 

(Parida et al., 2011; Fraunhofer, 2017b). 

According to the fast increasingly growth perspective and high levels of investment involved, the 

photovoltaic market became more and more disputed around the worl. Especially in Europe, 
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China and in the United States. In 2015, the global PV cell production of crystalline silicon and 

thin-film was estimated at approximately 63 GW (IEA, 2016b). Concerning PV module production 

in 2015, China and Taiwan hold the lead with a share of 67%, followed by the remaining of Asia-

Pacific and Central Asia with 14%. China reported the largest PV modules production with about 

41 GW, 24% increase over the previous year (33 GW). Europe contributed with a share of 5% 

(6% was in 2014) whereas the United States and Canada contributed by 3% (Fraunhofer, 2017a). 

The average module prices fell by an estimated value of 29% (based on global quarterly blended 

c-Si module prices), to USD 0.41 per Watt between the fourth quarter of 2015 and the following 

year (REN21, 2017). As showing reports of the international survey conducted within IEA (IEA, 

2016b), in 2015 the lowest price of modules in the reporting countries was about 0.6 USD/W 

registered in China, Italy, Austria, Spain (0.67 USD/W) as well as among others countries. 

However, in the end of 2015 module prices for utility-scale plants have been reported below these 

average values, down to 0.45 USD/Wp. 

Lower capital expenditures and improvements concerning equipment efficiency and capacity 

factors are helping to drive down the PV system costs. It might be argued that the costs of 

financing play a major role in determining PV project’s profitability, as well as depending heavily 

on operational and regulatory risks. A wide price range exist among different locations due to the 

variations of the costs of capital, as well as in the solar resource, the market and the regulatory 

conditions. Table 2.3 shows achievable installed costs of grid-connected systems (including PV 

modules, inverter and Balance of the System – BoS) in 2015 in four countries. The average prices 

of these systems is tied to the segment. China holds the lowest prices in all market segments 

mainly due to its well-developed PV industry. Spain and Germany hold quite similar prices, 

notwithstanding the lowest prices can be found in Spain in the PV installations of the 

commercial/industrial segment. Compared to the other countries, Brazil still holds high prices due 

to the PV market immaturity (i.e., prices are 30 - 40% higher than in Germany for household PV 

facilities), although the prices within the market expansion are tended to decrease. 

 

Table 2.3. Installed grid-connected photovoltaic system prices in some countries in 2015. Sources: 

International Energy Agency (IEA) (IEA, 2016b). Instituto Ideal (Brazil). 

Country Residential Commercial/Industrial Ground mounted 

 Local 

currency/W 

USD/W Local 

currency/W 

USD/W Local 

currency/W 

USD/W 

Germany 1.3-1.7 1.44-1.89 1.0-1.3 1.11-1.44 < 1.0 < 1.11 

Spain 1.4-1.5 1.55-1.66 0.8-1.2 0.89-1.33 NA NA 

China 6.0-7.0 0.95-1.11 6.0-7.0 0.95-1.11 7.0-8.0 1.11-1.27 

Brazil 7.57-8.58 2.42-2.70 6.44-6.86 2.05-2.19 NA NA 

Note: Data reported in this table do not include associated taxes (e.g. VAT, ICMS). 

2.8.2 Energy storage 

Energy storage technologies are valuable components, included in most of the energy systems. 

They could be an important tool for achieving a low-carbon future. With high PV penetration in 
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some regions, almost cost-free surplus electricity could be available. In addition, the PV surplus 

electricity can be stored and used to reduce generation costs (IEC, 2017). Battery Energy Storage 

Systems (BESS) are currently a key element for emerging market needs, such as to increase use 

of variable RES and to provide support for smart grids (e.g., electric vehicle and home Energy 

Management Systems (EMS)). BESS can provide infrastructure support for electricity distribution 

services, they can ensure reliability in off-grid systems and support increasing levels of local 

resources use (i.e., PV or PV combined with other generation sources), as well as serve as 

valuable tools for operators in systems with supply and/or demand-side variability. There are other 

situations where storage applications are beneficial, for instance, for load levelling. Load levelling 

means that a storage system is charged with excess power during low-demand periods and it is 

discharged when the power demand is on peak levels. This operation may lead to financial 

benefits and allows higher power consumption than the power provided by the grid (Castillo-

Cagigal, 2014). Furthermore, BESS combined with PV technology can increase energy supply 

reliability in urban buildings due to the fact that: (1) they optimize PV generation use by local self-

consumption; (2) they can limit injected power into the grid during PV peak periods, avoiding 

potential negative grid effects (i.e., grid instability, feeder voltage-rise (Ratnam et al., 2015)); and 

(3) they can also reduce grid electricity costs when responding to grid signals, such as time-

varying electricity prices. 

Specific technical features of storage technologies are suitable for certain applications. The power 

versus the energy density of a storage device displays the key of defining this question. The 

power density of any energy storage technology is defined as the rated power output divided by 

the volume of the device (its unit is W/kg or W/L) (Kousksou et al., 2014). In turn, the energy 

density is defined as the actual energy stored divided by the volume of the storage device (its unit 

is Wh/kg or Wh/L) (Aneke and Wang, 2016). A high energy density allows the batteries to take 

up minimum physical space while providing high energy and power (IRENA, 2015). In addition, 

the Energy to Power Ratio (E2P) defines the discharge time at rated power, which is assumed for 

each storage technology. It shows how long the energy can be transferred in or out the storage 

device at a rated power. This parameter directly influences the investment costs as well as the 

amount of electricity which can be stored for a given number of cycles per year (World Energy 

Council, 2016). For energy applications, the BESS must maintain a constant delivery of power, 

typically covering timeframes between minutes to hours (Manz et al., 2011). Storage technologies 

are usually used for electrical energy management, frequency regulation and energy arbitrage. 

For power applications, the BESS needs to use batteries with high power density, providing the 

ability to respond in short time frames (few seconds to some minutes). These technologies are 

usually applied to improve power quality (Masaud et al., 2010) and also for frequency regulation 

and peak shaving applications. 

Battery behaviour is in general described by its voltages. Battery voltage fluctuates from the 

nominal operational voltage as the State-of-Charge (SoC) changes. This is predominantly caused 

by the internal resistance changes as a result of varying the charging and discharging rates and 

the temperature (Jayasekara et al., 2014). Battery SoC is defined as the percentage of the present 
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capacity in relation to the maximum battery capacity. The SoC of a battery bank can be 

determined through the difference in electric potential between two terminals, known as the Open 

Circuit Voltage (OCV). In turn, the battery Depth-of-Discharge (DoD) refers to the amount of the 

battery’s capacity that has been utilized and it is expressed as a percentage of the battery’s full 

energy capacity (IRENA, 2015). 

The battery efficiency and the duration of the storage (lifetime) are among the key characteristics 

of the electrical energy storage technology. The round trip efficiency is the ratio of the electricity 

output from the storage device to the electricity input to the device during one charge/discharge 

cycle. It accounts for the losses which occur as a result of storing and withdrawing energy from 

the energy storage device. Some of the energy losses occur in the auxiliary devices used in the 

energy storage process. The charging efficiency is referred to as AC to DC efficiency, with the 

assumption that the power is coming from an AC source. The discharging efficiency is referred to 

as DC to AC efficiency, with the assumption that the DC power must be reinverted to meet an AC 

load. The internal resistance of a battery denotes its overall charge/discharge efficiency, its ability 

to deliver high currents without significant drops in voltage, and is a measure of the quality of the 

components and construction (Aneke and Wang, 2016). The battery lifetime is mainly determined 

by the cycles used by the battery. The battery lifetime depends on the temperature, the time of 

use of the battery and the battery DoD. Assuming that the battery is only partially discharged each 

cycle, the battery life cycle will be much greater (the deeper a battery’s discharge, the shorter the 

expected lifetime). The battery ageing process results in a gradual reduction in capacity over time. 

When a cell reaches its specified lifetime it does not mean the battery stops operating, but it will 

probably continue working with a reduced capacity. 

Several energy storage technologies are available nowadays (i.e., lead-acid, lithium-ion, 

vanadium redox, flywheel) and the differences generally determine the life cycle and performance 

of the cell. The battery cyclic performance is determined as a function of the DoD, normally 

specified in battery manufacturing specifications, designed to provide the desired daily battery 

energy autonomy: 

 Lead-Acid (PbO2): it is composed of a positive electrode made of lead-dioxide and a negative 

electrode made of metallic lead with an electrolyte made of tetraoxosulphate (VI) acid. Pure 

lead is too soft and would not support itself, so small quantities of other metals (e.g. selenium) 

are added to get the mechanical strength and improve electrical properties. Lead-acid is a 

popular technology due to its inexpensive on a cost-per-watt base. Several authors have 

focused their research based on lead–acid batteries, citing this technology as currently the 

most cost-effective for use (Cao et al., 2014; Oliveira e Silva and Hendrick, 2016; Luthander 

et al., 2015). Many lead-acid batteries still have low DoD, low cycle numbers and a limited 

lifetime, also due to poor maintenance. However, more recent versions can achieve 2,800 

cycles at a 50% DoD and ensure a service life up to 17 years for industrial systems (Garcia, 

2013). There are three primary types of lead-acid batteries: flooded, sealed Valve-Regulated 

Lead-Acid (VRLA) Absorbent Glass Mat (AGM) and sealed VRLA Gel. The primary 

advantage of a sealed battery is that it does not emit corrosive gases during use, unlike a 
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flooded battery. In addition, sealed technology has pressure activated relief valves that open 

only in the event of overheating due to an overcharge. VRLA is one of the most mature, safe 

and widespread technology. A VRLA battery utilizes a one-way, pressure-relief valve system 

to achieve a “recombinant” technology. This means that the oxygen normally produced on 

the positive plate is absorbed by the negative plate. This suppresses the production of 

hydrogen at the negative plate. Recently, VRLA batteries have relatively high efficiency, 

which makes them a common choice for new applications (Oliveira e Silva and Hendrick, 

2016; Balcombe et al., 2015). The advantages of VRLA battery are that it is free of 

maintenance and has relative low cost in relation to the other battery technologies. The 

disadvantages are that it does not permit large periods of state-of-charge cycling, it has low 

energy density and it is sensitive to high temperatures (Thygesen and Karlsson, 2014). Some 

technical features of different types of lead-acid batteries are presented as following:  

- Flooded or “wet” batteries use lead plates, a sulphuric acid electrolyte, and plate 

separators. Usually flooded batteries are not sealed and require permanent maintenance, 

in the form of water, to routinely replenish lost electrolyte through the vents. However, 

some flooded batteries are sealed and maintenance-free. Due to the electrolyte is low 

resistance, flooded batteries are ideal for high discharge applications followed by slow 

charging. 

- Sealed VRLA AGM technology suspends the electrolyte in a specially designed glass 

mat. This offers several advantages, including faster charging and instant high load 

currents on demand. Due to the tight packing of an AGM battery, it is also the most impact 

resistant and boasts the least internal resistance. Its lower internal resistance increases 

the output voltage, decreases charging time, and reduces losses to heat as power flows 

through the battery system. Recent versions of VRLA AGM systems can reach 1,200 

cycles at a 80% DoD (SBS, 2017). AGM technology provides higher energy density than 

flooded batteries, by which increases the possibilities of use in buildings energy 

management. 

In sealed VRLA Gel technology, a thickening agent is added to turn the electrolyte from 

liquid to gel. A gel battery uses a silica to turn the sulphuric acid into a jelly like substance. 

This jelly is then used as the electrolyte. Recent versions of VRLA gel systems can reach 

3,000 cycles at a 60% DoD (GNB Industrial Power, 2017). 

 Lithium-ion (Li-ion): Li-ion batteries uses lithium metal or lithium compound as anode. The 

current Li-ion battery technology is based on insertion-reaction electrodes and organic liquid 

electrolytes. Li-ion batteries as a power source are dominating in portable electronics and on 

the verge of entering the utility market for grid energy storage. The lithium-ion battery life 

cycle ranges from 500 to 10,000 cycles depending on the technology, maximum DoD and 

battery usage. They also have high efficiency and low self-discharge rate making it suitable 

for electro mobility and power system applications. Lithium-ion battery technology consists of 

a range of different chemistries that determines different performance characteristics. These 
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can generally be grouped into two categories of cathode materials to complement lithium: 

iron phosphate (LFP) and mixed metal (Nickel, Manganese and Cobalt oxide - NMC): 

- LFP technology uses LiFePO4 as a cathode material, and a graphitic carbon electrode 

with a metallic current collector grid as the anode material. LFP offers good 

electrochemical performance with low resistance. It is more tolerant to full charge 

conditions and is less stressed than other lithium-ion batteries if kept a high voltage. As 

trade-off, the lower voltage of 3.2V/cell reduces the specific energy (LFP specific energy 

ranges from 90 to 120 Wh/kg). In addition, cold temperature reduces performance, and 

elevated storage temperature shortens the lifetime but is still better than lead-acid or 

Nickel Cadmium (NiCd). The key benefits are high current rating and long cycle life (1,000 

– 2,000 cycles), besides good thermal stability and enhanced safety. 

- LiNiMnCoO2 or NMC technology is the newest generation Li-Ion rechargeable battery for 

high power applications. The cathode combination of typically one-third nickel, one-third 

manganese and one-third cobalt offers a unique blend that also lowers raw material cost 

due to reduced cobalt content. The NMC cells provides high current rate and compared 

with other Li-Ion cells, NMC provides higher energy density (ranges from 150 to 220 

Wh/kg) with lower cost and long cycle life. In recent times, deep cycle NMC battery 

achieves 4,000 cycles at 80% DoD (MG energy systems, 2017). Compared to LFP 

technology, NMC provides higher energy density. In this sense, NMC is preferred for 

longer periods of discharge, as that used to reduce purchased electricity from the grid in 

buildings energy storage applications (energy management). 

 Vanadium redox (VRF): is a type of rechargeable flow battery12 that employs vanadium ions 

in different oxidation states to store chemical potential energy. This is the type of battery in 

which one or both active material is in the electrolyte solution at all times. For several reasons, 

including their relatively bulky size, most VRF batteries are currently used for grid energy 

storage, such as being attached to power plants or electrical grids. 

Table 2.4 displays an overview of the main characteristics of three types of electrochemical 

batteries to fulfil the demand of wide range of applications, including efficiency, Energy to Power 

Ratio (E2P) and technical lifetime. Lead-acid battery has an energy density of about 30 Wh/kg 

and power density of around 150 W/kg. VRLA battery energy efficiency generally ranges from 

85% to 90%, commonly higher than VRF batteries. Lead-acid has low maintenance and the self-

discharge rate is very low, however the maximum DoD is limited to a range of 60 – 70%, compared 

to up to 100% DoD allowed in the other battery technologies. Comparing to the analyzed battery 

technologies, lithium-ion batteries have higher lifetime in deep discharge applications and the 

common technical lifetime can reach up to 20 years. It also presents a high energy density, as 

well as power density. Batteries with high power and energy density are ideal for frequency 

regulation and other applications requiring relatively short discharge and high power performance. 

Lead-acid batteries are less efficient at storing power than lithium-ion batteries. Lithium-ion 

                                                           
12 A flow battery is an electrochemical device that converts the chemical energy in the electro-active materials directly to 
electrical energy, similar to a conventional battery and fuel cells. 
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batteries maintain their voltage throughout the entire discharge cycle. This allows for greater and 

longer-lasting efficiency of electrical components. In contrast, lead-acid voltage drops consistently 

throughout the discharge cycle. Lithium-ion batteries also have high efficiency (ranges from 80 – 

92%) and low self-discharge rate, making it suitable for electric vehicle solutions. Lithium-ion 

battery technology is still developing, and there is considerable potential for further progress. The 

main limitation of lithium-ion battery is the high costs involved (see Tab. 2.5). Another limitation is 

that there is still no detailed knowledge of the mechanisms that determine its degradation. In this 

sense, does not exist yet models recognized in the scientific literature.  

 

Table 2.4. Main characteristics of generic lead-acid, lithium-ion and vanadium redox batteries (World Energy 

Council, 2016; Aneke and Wang, 2016; IRENA, 2015; Hadjipaschalis et al., 2009). 

 Lead-acid Lithium-ion Vanadium redox 

(VRF) 

Technology maturity Well developed Developed Development 

phase 

Power density W/kg (W/L) 150 500 – 2,000 - 

Energy density Wh/kg (Wh/L) 30 (60 – 110) 75 – 200 (200 – 500) 10 - 30 

Efficiency (%) 65 – 90 80 – 92 70 – 80 

Rated power (kW) Up to 70,000 Up to 10,000 Up to 10,000 

E2P ratio (h) 1 - 10 1 - 10 1 - 10 

Cell capacity (Ah) 0.05 - 100 1 – 4,000 - 

Technical lifetime (years) 5 - 15 5 – 20 10 – 20 

Response time (min) 0.003 – 0.005 0.003 – 0.005 seconds 

Cycles for lifetime 250 – 1,500 500 – 10,000 > 5,000 

Maximum Depth-of-Discharge, 

DoD (%) 

60 - 70 Up to 100 Up to 100 

 

 

Applications 

Frequency control, 

peak shaving, 

load levelling, island 

grids, 

residential storage, 

UPS 

Freq./voltage control, 

peak 

shaving, 

load levelling, 

electro mobility, 

residential storage 

Secondary/tertiary 

frequency control, 

long-term storage, 

island grids 

 

Vanadium redox is a promising technology due to its storage immanent decoupling of power and 

stored energy (similar to the hydrogen and power-to-gas storage path) and due to its good cycle 

lifetime (> 5,000 cycles) and recyclability. The main disadvantages are a relatively poor energy-

to-volume ratio (energy density ranges from 10 to 30 Wh/kg) in comparison with standard storage 

batteries, the aqueous electrolyte makes the battery heavy and therefore only useful for stationary 

applications; notwithstanding, its efficiency is lower than lead-acid and lithium-ion technology 

(efficiency ranges from 70 to 80%). Their advantages include tolerance to overcharging, very 

short response time (> 1 s) and ability to be deep charged without affecting the cycle life. As a 

flow battery, its advantage over the conventional battery types is that it is possible to design the 

system with optimal power acceptance and delivery properties without needing to maximize the 

energy density (Mahlia et al., 2014). On the other hand, the need for pumps, sensors, power 

management and secondary containment makes them unsuitable for small scale energy storage 

application (Berrada et al., 2016). R&D focuses on new material for redox pairs as current pairs 
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are expensive. Improvement of manufacturing process technologies could further drive costs 

down (World Energy Council, 2016). 

Storage systems promote a greater interest when they are used from a local framework. Oliveira 

e Silva and Hendrick (2016) analysed the use of residential lead-acid energy storage coupled 

with PV and its interaction with the grid for different limits of feed-in power. Results showed the 

evaluated building can achieve self-sufficiency values up to 40%, however beyond 40% energy 

storage must be used, strongly raising the cost of the electricity consumed. In addition, the study 

determined installations provided with only a PV system are currently the most economically 

viable option, suggesting a reduction in battery costs would be required for the system profitability. 

Isa et al. (2016) investigated a cogeneration system (PV, fuel cell and gel lead-acid battery) in a 

hospital building in Malaysia. Simulation results showed due to the high initial investment cost, 

the system only became profitable when FIT incentives were promoted, providing savings up to 

30% on the generation costs. Vieira et al. (2017) presented a study of an energy storage system 

based on lithium-ion battery coupled with a PV generator. The system was modelled in 

MATLAB/Simulink and simulated using real data of solar radiation and energy consumption from 

a typical residential household in Coimbra (Portugal). Key results showed reductions of 76% and 

78% on the annual electricity exported and imported from the grid, respectively. The results also 

showed a reduction of 87% on the annual electricity bill, however the system is not cost-effective 

mainly due to the high battery costs based on lithium-ion technology. Roughly estimations 

determined the system could be profitable by 2020 due to the fast costs reduction of energy 

storage devices. 

As follows from the previous paragraphs, the main limitation of energy storage coupled with BIPV 

is the high costs of storage devices. The local battery storage represents an additional upfront 

cost to the consumer, which is already an important barrier for most who consider battery 

installations (Balcombe et al., 2014). Batteries are currently not cost effective in most cases (Merei 

et al., 2016; McKenna et al., 2013; Thygesen and Karlsson, 2014; Oliveira e Silva and Hendrick, 

2016; Dávi, et al., 2017), although smaller capacity systems are perhaps close to being so 

(Nottrott et al., 2013; Bianchi et al., 2013), particularly lead-acid batteries (Platt, 2014). The use 

of battery energy storage systems will take priority when initial capital costs of storage 

technologies are driven down due to global investment and policy changes (Garimella and Nair, 

2009). Additionally, there is a growing expectation that local battery storage will become cost 

effective in the near future (UBS Limited, 2014; Platt, 2014). Recent forward-looking market 

analyses indicate that lead-acid battery costs will be reduced by around 65% by 2030 through 

improved technologies that are of interest in combination with smart management strategies 

(World Energy Council, 2016). In contrast, the profitability of installing storage system coupled 

with PV is not a straightforward aspect because the associated economy is strongly dependent 

of the utility tariffs and regulatory supporting mechanisms.  

Table 2.5 shows the costs per unit of power and unit of energy of three electrochemical battery 

technologies combining the information contained in (Chen et al., 2009; Poonpun and Jewell, 

2008; World Energy Council, 2016; Ross et al. 2010), as well as the annual battery O&M costs 
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(Rahmann et al., 2017). The division in the capital costs of energy and power allows the power 

and energy ratings of the BESS to be dimensioned independently, thereby facilitating the 

economical optimization involved in sizing procedures (Rahmann et al., 2017). 

Table 2.5. Electrochemical battery costs and fixed Operation and Maintenance (O&M) costs (Chen et al., 

2009; Poonpun and Jewell, 2008; World Energy Council, 2016; Ross et al. 2010). 

Technology Cost per unit of power 

($/kW) 

Cost per unit of 

energy ($/kWh) 

O&M costs 

($/kW.year) 

Lead-acid 300-600 170-240 24.1-56.5 

Lithium-ion 400-1,200 500-1,500 25 

Vanadium Redox 400-600 310-520 32.2-56.4 

 

According to Tab. 2.5, battery based on lead-acid technology presents the lowest costs between 

all analyzed technologies (ranges of 170 - 240 $/kWh). Vanadium Redox technology is the second 

most cost-effective option, however it presents the highest O&M (ranges of 32.2 - 56.4 $/kW.year) 

due to the timely replacement of the polymer membrane that separates the battery electrolytes 

and annual preventive overhaul needed for this technology (Zhang et al., 2016). Lithium-ion 

technology has the higher upfront cost than the other analyzed technologies (ranges of                

500 – 1,500 $/kWh), however the true cost of ownership is assumed to be less than lead-acid 

when considering lifetime and performance. Furthermore, a long-term estimation determined the 

lithium-ion battery costs will be reduced to around 715 $/kWh (equivalent to 600 €/kWh) (Weniger 

et al., 2014) and a reduction by at least around 55% by 2030 was also predicted (World Energy 

Council, 2016).  

2.9 Grid Parity in Distributed Generation 

In renewable energy literature, the debate around the development of PV has typically focused 

on its high up-front investment costs. The question of the investment’s profitability is strongly 

discussed (including PV hybrid systems, battery- considered) will become profitable to invest. In 

general, the combination of high residential tariffs with high solar radiation availability suggests 

that PV electricity can reach economic feasibility for grid-connected roof top installations (Rüther 

and Zilles, 2011). In this respect, a building with a PV system achieves the concept of “grid parity” 

if the PV electricity costs (or the so-called Levelized Cost of Electricity - LCOE) during the entire 

lifetime of the PV system is equal to the after-tax grid electricity costs (considering revenues, 

savings, cost, taxes and depreciation) (Briano et al., 2016; Karneyeva and Wüstenhagen, 2017). 

It is used by many actors for obtaining resources, managing expectations and steering activities 

within the PV sector (Munoz et al., 2014) compared to conventional energy sources. However, 

the ways to reach grid parity is not straightforward, caused by the influence of many non-technical 

and uncontrollable factors (i.e., investment costs and discount rates), which means that, in 

practical terms, political support and financial incentives are needed (Lund, 2011; Olson and 

Jones, 2012; Briano et al., 2015). In addition, one should note that while by definition the PV 

LCOE is fixed, as soon as the PV system is bought, future grid electricity prices are likely to 

change (Briano et al., 2016).  
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In commercial buildings retail electricity prices are increasingly getting closer to the LCOE. With 

the PV costs reductions observed over the last years, grid parity has already been reached in 

many countries (IEA, 2016c; Briano et al., 2016). In developed solar markets, such as in Germany 

and in Italy, low PV installations costs together with low discount rates and high retail electricity 

prices have contributed to reach full grid parity. For example, in Germany, as Feed-In Tariff (FIT) 

for PV electricity is decreasing fast, the Renewable Energy Sources Act has provided means to 

maximize the self-sufficiency of buildings through the installation of subsidized battery systems 

and limited feed-in power (Oliveira e Silva and Hendrick, 2016; Balcombe et al., 2015). Chile has 

improved its grid parity context mainly due to financial incentives for photovoltaics, sponsored by 

the Energy Ministry, however, a high discount rate and low electricity prices still hinder grid parity. 

In Brazil, high PV prices and high discount rate (10% in the commercial sector) still prevent grid 

parity proximity, but with the current PV market development in the country, allied with an 

attractive net-metering support (ANEEL, 2015b), PV grid parity is expected to be reached soon. 

In Spain, solar energy and photovoltaics are considered to have one of the greatest potential in 

Europe besides competitive system prices. However, poor regulatory mechanisms and significant 

changes, introduced into the electricity tariff structure in the last years are still preventing grid 

parity. 

The significance of reaching grid parity could be once fully realized if its impact is assessed: 

 Reaching grid parity contributes to maximize the self-consumed local generated energy. This 

fact, together with the less attractive PV feed-in-tariffs and the incentives to promote self-

consumption, suggests that new operation modes for PV-DG should be explored. 

 Achieving cheaper energy also allows to turn the focus towards the development of smart 

grids and energy storage. These will contribute to improve the reliability, the cost savings and 

the self-reliance of energy systems (Fokaides and Kylili, 2014).  

 Regions which favour grid parity are sensed advantageous compared to fossil fuel dependent 

regions, because the electricity sector is generating less carbon and GHG emissions 

(Fokaides and Kylili, 2014). 

In the context of the current regulations in many countries, grid parity will occur more intensely in 

the coming decades in most of the market segments worldwide. Areas, which feature better solar 

conditions and equally are depended on high electricity tariffs, will benefit from the PV technology. 

In this way, the PV technology will be more important and, moreover will stimulate the PV market. 

Thus, the reduction on PV production cost, amongst grid parity, can establish new business 

models for the PV industry. 

2.10 Load Matching and Grid Interaction (LMGI) 

Net zero-energy buildings can reach their full potential in terms of energy conservation and global 

reduction of GHG emissions, if Load Matching and Grid Interaction (LMGI) indicators are taken 

into account (Salom et al., 2014). In this context, LMGI indicators are useful for a range of 

applications, involving operation perspective of NZEBs: 
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 Load Matching (LM): LM indicators refer to the local energy generation’s behaviour compared 

to the building load by describing the degree of the utilization of on-site PV electricity 

generation related to the local demand (e.g. the percentage of load covered by on-site 

generation over a period of time) (Lopes et al., 2016; Salom et al., 2011; Dávi, et al., 2016). 

They are functional for building designers and owners to analyze the PV array capacity 

required for a given load demand profile and grid connection capacity and they can provide 

a variety of approaches for designing self-sufficient solar buildings.  

 Grid interaction (GI): GI indicators take into account the unmatched parts of generated or load 

profiles (i.e., electricity exchanges magnitude between the building and the grid) (Salom et 

al., 2011). They are suitable for grid designers and operators in order to analyze grid operation 

effected with grid-connected PV systems and to evaluate DG network expansion in urban 

areas. 

In a regime with no net-metering scheme or similar, a local RES allied with DSM may become 

favourable on the consumer side and this prompts questions about the implications for the 

building load matching capability and concerning the grid impacts, quantified through the LMGI 

indicators. However, with rapid development of energy technology, LMGI aspects need to be 

investigated more precisely, especially if systems involve different forms of energy, energy 

conversions, storages and hybrid grid connections (Cao et al., 2013). For analysis of buildings 

energy behaviour, LMGI indicators are easily quantifiable and could complement the output 

variables of existing building simulation tools (Salom et al., 2011). Analysis of LMGI indicators are 

performed in the building case studies investigated in this thesis, regarding an energy carrier of 

special interest for residential and commercial buildings. The scientific literature has proposed a 

number of LMGI indicators (Verbruggen et al., 2011; Voss et al., 2010; Widén and Wäckelgard, 

2010; Lund et al., 2011; Salom et al., 2014; Castillo-Cagigal et al., 2011; Colson and Nehrir, 

2009). Although, the selection of the optimal ones is far from being obvious and should be done 

accordingly to local conditions (weather conditions, regulations and market prices) and applied 

energy technologies. Furthermore, studies and applications of these indicators are poorly 

explored in residential and commercial buildings topology and hence the attempt for LMGI 

responses can be performed through simulation mechanisms. Most of the researches on LMGI 

and PV systems profitability assessments found in the literature deal with residential buildings 

provided with small scale PV-battery systems (Weniger et al., 2014; Cucchiella et al., 2016), 

including or not BESS and DSM, or else BESS propositions are granted for stand-alone PV 

installations. Cao et al. (2014) described different hybrid renewable energy systems (solar, 

ground source heat pump) for office buildings under distinct climatic conditions in order to analyze 

extended indices of load matching. Key results considering a PV array allied with electrical 

storages based on lead-acid technology showed the BESS technically improved load matching 

rates by 20%. A rough estimation showed the electrical battery was not cost effective in the 

considered application. Merei et al. (2016) proposed a PV hybrid system (PV in combination with 

electrical storage) in a supermarket building in Germany. The results showed high direct self-

consumption rates and load matching indicators dependent on the battery size. Furthermore, the 
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PV hybrid system was able to reduce electricity costs, however the battery costs should be 

reduced down to 200 €/kWh for the system to be profitable. 

With regard to grid interaction aspects, the scientific literature has proposed that PV hybrid 

installations can enhance the performance of the grid by improving the voltage stability and by 

reducing distribution losses, thus providing the required security for consumers (Jayasekara et 

al., 2014). Salom et al. (2014) proposed several grid interaction indicators in a normalized form 

based on the connection capacity between the building and the power grid, as well as indicated 

carpet plots of the net exported electricity in different scenarios for five analyzed NZEBs. They 

conclude the analyzed indexes can be used to analyze individual buildings and extend their use 

in the case of a cluster of buildings. Moreover, for further studies involving particular building 

topologies and climates, the proposed indicators could be used as a rule-of-thumb for grid/building 

designers. 

2.11 Methodology: General approach 

In the previous sections, the state of the art related to Photovoltaic-Distributed Generation (PV-

DG) in the urban context, demand-side management approaches, PV hybrid systems that 

includes energy storage technologies, the PV & electrical storage markets, the normative 

framework and the diffusion barriers have been presented. This section discusses the Thesis 

methodology, as a general approach of individual methodologies developed for each building 

case study analysed in the thesis. Such methodologies are presented in Section 3.2 (Ekó House), 

Section 4.2 (Gomendio building) and Section 5.2 (Eletrosul building). 

Energy refurbishment of existing buildings involves mostly the modernization of energy systems 

and the only manner to fulfil the Net Zero-Energy Buildings (NZEB) targets is through the 

integration of energy supply by means of renewables. This aspect is in accordance with the 

Directive 2010/31/UE (EU, 2010), which recommends that both new buildings and existing 

buildings under major renovations, should achieve minimal energy requirements (Ferrari and 

Beccali, 2017). Several studies regarding building energy retrofit through simulation mechanisms 

have focused on energy efficiency of building components, building envelope design 

optimizations, operational cost analysis and the PV integration toward NZEB requirements 

(Ascione et al., 2017; Österreicher and Geissler, 2016; Bánóczy and Szemes, 2014). This thesis 

performs investigations of energy refurbishment of buildings involving the modernization of their 

energy systems. Different methods are employed, depending on the buildings typology (e.g. total 

building area, gross roof area, user’s activities and user’s behaviour), local climatic conditions and 

buildings electricity consumption. The reduction of the load electricity consumption (e.g. the use 

of an efficient air-conditioning system, an efficient lighting system and shading elements) and the 

integration of electricity supply by renewables (photovoltaic solar system in the form of BIPV) are 

methods used in order to achieve the NZEB targets. Battery Energy Storage System (BESS) 

allied with Demand-Side Management (DSM) are proposed methods for buildings energy 

refurbishment in order to optimize the self-consumption of the local electricity generation and to 

reduce the negative impacts with the power grid. In this thesis, DSM techniques are implemented 
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together with energy storage systems adding more possibilities to the energy management 

problem.  

Figure 2.12 introduces a diagram of the distinct analyses of the work applied to the buildings 

researched. The diagram indicates a general framework of the input and output variables related 

to the energy performance modeling for energy refurbishment assessment of buildings with the 

presence of a PV hybrid system, by which is related to the characteristics of: the PV solar system, 

the building loads and the Battery Energy Storage System (BESS). It takes into account a range 

of parameters, such as the local climatic conditions, the building construction materials, the 

occupancy patterns and the building activities, aspects that influence the PV generation, the 

building electrical demand and the decisions of the energy management strategies (using or not 

a BESS). The Demand-Side Management (DSM) strategies are linked to the electricity flows in 

the topology of the buildings, if a PV system is considered as a building electricity supplier 

together with the power grid. 

 

Figure 2.12. General overview of the work analyses. 

Taking in mind the previous paragraphs aspects, the proposed methodology comprises the 

following analyses: 

1. Energy modeling of the original and refurbished building: computational modeling of the 

building to be analyzed must be performed using available software tools, including 

construction materials, thermal envelope, occupancy patterns, building electrical equipment 

(domestic appliances and office equipment), lights, air-conditioning (cooling and heating) and 

hot water. Reductions in electricity consumption must be researched in the energy 

refurbishment phase of the building, such as an efficient lighting system and an efficient 

Heating, Ventilation and Air Conditioning (HVAC) system. Furthermore, the integration of a 

photovoltaic solar system (BIPV system) in the building topology must be performed and 

analyzed using available software tools. In this way, the PV system configurations should be 

investigated, such as: PV array nominal power, PV module characteristics, PV module 
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inclination and orientation, PV inverter characteristics and architectural integration of the PV 

modules on the building’s roof. Photovoltaic solar system generation should be based on 

weather files, which are provided with meteorological data (i.e., ambient temperature and 

solar radiation) of typical or actual years. 

2. Data acquisition: the hourly and yearly measured data of PV solar generation and electricity 

consumption of the building should be monitored when available. The data should be 

obtained from buildings in different locations in order to determine the Load Matching and 

Grid Interaction (LMGI) indicators and economic parameters analysed in the study. 

3. Analyses of electricity flows in the topology of the building: starting from the 

monitored/simulated data in different scenarios researched (i.e., a scenario with only a PV 

system or a scenario considering energy storage allied with DSM), the electricity flows within 

the building and between the building and the power grid should be identified and analyzed 

in order to characterize electrical performance and net electrical balance of the building. 

Annual, monthly, hourly and/or sub-hourly evaluation periods shoud be considered in order 

to analyze aspects such as load supply, grid exports/imports and grid power peak effects. 

Daily electricity flows should be also researched within the presence of PV or PV and energy 

storage providing responses to load matching during a solar resource shortage, electrical 

demand peaks or at night. 

4. Analyses of Load Matching and Grid Interaction: relevant Load Matching and Grid Interaction 

(LMGI) indicators should be quantified in order to assess the local use of generated electricity 

and the resulting electrical interaction between the building and the power grid. Grid 

interaction analyses include the assessment of the potential impacts of solar power 

penetration into the grid, including the risks associated with the electricity injected into the 

grid during PV peak production periods. 

5. PV system performance and system losses assessment: relevant PV performance 

parameters and system losses should be researched, such as Performance Ratio (PR), 

Reference Yield (YR), Final yield (YF), PV Capacity Factor (CFPV), capture losses (LC) and 

system losses (LS) under distinct PV arrays and locations. The use of appropriate PV 

performance parameters is required to characterize the PV system performance under 

expected (location dependent) operation conditions. 

6. Analysis of modified electricity flows, load matching and grid impacts: in this phase, the 

electricity flows arising from the combination of intelligent energy management strategies 

must be analyzed. This entails: 

- Investigation and proposal of Demand-Side Management (DSM) techniques: the PV system 

allied with Demand-Side Management (DSM) strategies should be researched in order to 

increase the load matching rates in different periods of time and to reduce electricity costs. 

DSM could also improve the interaction with the power grid in a distributed generation context. 

As the highest electricity demand of the buildings analysed occurs during different periods of 

the day (i.e., commercial buildings have higher demand during solar generation periods; 

residential buildings demand is more related to the users consumption habits), different 
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strategies for energy management with the presence of a PV solar system and energy storage 

should be researched. In this way, load demand supply, grid impacts with PV-DG should be 

analysed with Demand-Side Management (DSM) strategies, such as:  

a) Load shifting: moving loads to solar generation periods using preference time intervals in 

response to local climatic conditions, user preferences and external conditions coming from 

the grid in order to increase the load matching rates, to reduce the grid impacts and the 

electricity costs. 

b) Peak Pricing Curtailment (PPC): PPC DSM strategies should reduce the energy purchased 

from the grid by using the battery during specific periods of the day. In this case, the battery 

must supply the electrical demand of the building researched on the peak pricing periods 

(highest prices), allowing a reduction in the energy charge on bills. 

c) Seasonal Electricity Curtailment (SEC): SEC DSM strategies can be evaluated, divided into 

two DSM methods: peak shaving and energy cutback. Peak shaving aims to minimize grid 

power peaks by controlling the highest power peaks by means of battery discharge in order 

to reduce the power demand of the building researched and the capacity charge on bills. As 

a second method, energy cutback should be applied during strategic periods of the year with 

the aim of reducing the electricity purchased from the grid and the energy charge on bills. 

- Assessment of modified LMGI indicators: computational simulations considering an energy 

storage facility should be made in accordance with the behaviour of the PV system operation 

and the load electrical demand. In this way, the modified LMGI indicators should be evaluated 

in the presence of storage. The work should propose a battery bank sizing in order to achieve 

desired levels of reliability, grid operation security and self-consumption capability towards 

the objectives of NZEB. 

7. Economic assessment: economic analyses should be carried out in order to determine the 

investment profitability of the system. The analyses should include cost analyses of PV 

electrical energy production (Levelized Cost of Electricity - LCOE) compared with the utility 

tariffs in order to research the economic consequences of the proposed solutions and 

strategies (PV + local electricity storage + DSM strategies) in different scenarios, including 

grid parity and payback time. 

The methodology has been validated in three different buildings under different climatic conditions 

in Brazil and in Spain. Each building case study provides different design perspectives taking into 

account the local conditions, such as the electricity consumption profile, solar resource, local 

electricity tariffs, user behaviour and distributed generation regulation frameworks. Table 2.6 

introduces a general overview of the building case studies and a technical summary of each case. 

In order to evaluate the results of Load Matching and Grid Interaction (LMGI) indicators in 

buildings under different consumption profiles, as well as economic approaches, a decision to 

include different buildings type was made. As can be seen, a residential building is researched in 

Brazil in distinct locations in the country, and two commercial buildings are evaluated (one in 

Madrid, Spain and one in Florianópolis in Brazil). The work performed to validate the methodology 

is based on the analysis of available high-resolution data (mainly sub-hourly) from both simulated 
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and measured data. The influence of time resolution is an aspect that must be taken into account 

in PV generation and PV performance parameters, load consumption profile, grid electricity 

exchanges, LMGI indicators and economic analyses. Grid interaction indicators are based at the 

peak values (e.g. grid power peaks). Thus, differences between peak values measured in an 

hourly and sub-hourly timeframe can be significant. If a detailed grid interaction analysis at the 

individual building level is required, one should consider going for a detailed sub-hourly analysis 

in the timeframe of 1–5 minutes. Higher data time intervals (i.e., 5 minutes, 15 minutes or 1 hour) 

seem appropriate for deriving load match indicators, which describe the correlation between 

demand and on-site supply of electricity. 

Table 2.6. Technical summary of the buildings under study. 

Building case 
study/Location 

PV nominal 
installed 
capacity 
(PNomPV) 

PV power 
density 

Battery 
nominal 
capacity 

(CBat) 

Grid 
connection 

capacity 
(PGCC) 

Voltage    
supply 

Time 
resolution 

Ekó House 
(Residential) 

Brazil 

From        
3.22 kWp to 

4.14 kWp 

From      
66.15 W/m2 

to           
74.45 W/m2 

5 kWh From 3 kW 
to 6 kW 

127/220 V 
(Low voltage) 

1 min and     
5 min 

Gomendio 
(Commercial) 

Spain 

120 kWp 110 250 kWh (> 15 kW) 
120 kW 

 

(< 1kV: 
380/230 V 

(Low voltage) 

1 min and     
5 min 

Eletrosul 
(Commercial) 

Brazil 

1 MWp 40 5 MWh  1.2 MW 2.3 kV 
(High 

voltage) 

5 min 

 

In all of the building cases analyzed, the framework of national Distributed Generation (DG) 

regulations existing in Brazil and Spain have been taken into account, which has conditioned both 

the size of the PV hybrid systems and the grid interaction parameters, as explained in detail in 

Chapters 3, 4 and 5. 
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3. RESIDENTIAL BUILDING: EKÓ HOUSE 

 

3.1 Justification and objectives 

In this chapter, the methodology presented in Chapter 2 to evaluate energy refurbishment aspects 

of buildings, with the presence of a PV hybrid system, is validated in a residential building in the 

Brazilian context.  

This chapter performs energetic and economic investigations. In particular, a Net Plus-energy 

residential Building (NPEB) study case is considered, which was built by the Brazilian Universities 

team for the Solar Decathlon competition of 2012, named Ekó House (Sánchez, 2013). This 

house can be used as reference for energy refurbishment of certain Brazilian residential buildings 

because it adopts energy efficiency strategies and local renewable energy sources, as follows: 

 Built area and equipped with typical Brazilian household appliances. 

 Passive design strategies for energy efficiency and improved thermal performance (cross-

ventilation, daylighting, adoption of shading devices and thermal insulation), use of efficient 

electrical systems (lighting system, domestic appliances and air-conditioning system), 

following the principles of new generation of energy efficient buildings (Marszal et al., 2011; 

Deng et al., 2014). 

 High efficient grid-connected photovoltaic system on the building’s roof. 

3.2 Methodology 

This chapter applies the general methodology proposed in Chapter 2 to the particular case of a 

residential building (Ekó House) located in Brazil. The first part of this chapter evaluates the 

energy performance of the Ekó House provided with a roof-top PV system (no batteries and 

demand-side management are used) operating in four Brazilian State capitals, with different 

climatic conditions and power utility tariffs (different tax levels over the Brazilian states).  

Application of the proposed methodology has entailed the following analyses: 

1. Energy performance modeling of the building: the model of the house used to determine the 

load electricity consumption and the PV solar generation has been done modeling the building 

and the electrical systems in EnergyPlus: building envelope and construction materials, 

domestic appliances, lighting system, cooling & heating system, Domestic Hot Water (DWH) 

and PV solar system. EnergyPlus is a building energy modeling tool based on the best 

features of DOE-2 and BLAST (Building Loads Analysis and System Thermodynamics), 

which conducts annual building energy simulations under realistic weather conditions. 

Simulation capabilities include extensive daylighting, more robust HVAC equipment models 

and photovoltaic simulation. Moreover, the EnergyPlus program integrates several modules 

that work together to calculate the energy required to heat or cool a building using a variety 

of systems and energy sources enabling simulations under different operational and 
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environmental conditions. The simulation validations are based on comparisons with other 

programs through the methods of the BESTest (Building Energy Simulation Test) and on the 

methods of international standards (Energyplus, 2017a). The Energyplus models have been 

based on typical electricity consumption of Brazilian domestic consumers, as well as a PV 

generator advanced model has been used to supply electricity to the house. 

Firstly, the climatic conditions of the Brazilian State capitals and analyses about the weather 

data used in the simulations are presented in Section 3.3.1. The building characteristics are 

presented in Section 3.3.2. Descriptions about the building simulations are given in Section 

3.3.3, where the simulation virtual model is introduced; Section 3.3.4 describes the simulation 

procedures of the end-use electricity consumption taking into account the influence of the 

climatic conditions of each investigated location; Section 3.3.5 describes the simulation 

method of the PV solar system.  

2. Data acquisition: this analysis could not be performed, as the Ekó House is not an operational 

building. 

3. Analyses of electricity flows in the topology of the building: starting from the simulated data in 

different scenarios researched (i.e., a scenario with only a PV system or a scenario 

considering energy storage allied with DSM), the electricity flows within the building and 

between the building and the power grid have been identified and analyzed in order to 

characterize electrical performance and net electrical balance of the building. Annual, 

monthly, hourly and/or sub-hourly evaluation periods have been considered in order to 

analyze aspects such as load supply, grid exports/imports and grid power peak effects. Daily 

electricity flows have been also researched within the presence of PV or PV and energy 

storage, providing responses to load matching during a solar resource shortage, electrical 

demand peaks or at night. 

4. Analyses of Load Matching and Grid Interaction: relevant Load Matching and Grid Interaction 

(LMGI) indicators have been quantified in order to assess the local use of generated electricity 

and the resulting electrical interaction between the building and the power grid. 

5. PV system performance and system losses assessment: relevant PV performance 

parameters and system losses have been investigated, such as Performance Ratio (PR), 

Reference Yield (YR), Final yield (YF), PV Capacity Factor (CFPV), capture losses (LC) and 

system losses (LS) under distinct PV arrays and locations. 

The evaluation equations concerning the electricity flows between the PV system, the load and 

the power grid, as well as the definitions and equations of the LMGI parameters considering a PV 

system (no storage is used) can be found in Section 3.3.6 (Evaluation Equations – Part 1). Section 

3.3.6 presents the PV system performance parameters, such as the solar resource (YR), the 

photovoltaic final yield (YF) and the Performance Ratio (PR). 

6. Analysis of modified electricity flows, load matching and grid impacts: the second part of this 

chapter evaluates the Ekó House operation in two Brazilian cities (São Paulo, with humid 

subtropical climate and Brasília, with dry tropical climate), as presented in Section 3.7. The 

study investigates the energy provision possibilities using PV hybrid systems (PV system 
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combined with small-scale energy storage system and Demand-Side Management - DSM), 

in order to optimize the self-consumption of the generated electricity. Keeping these aspects 

in mind, the LMGI parameters analysed in this chapter lead to the proper characterization of 

the interaction between the PV system (with or without storage) combined with load shifting 

DSM strategy and the building level; and between the building and the electricity distribution 

grid, in order to find optimization design criteria for the PV hybrid system. Firstly, a method to 

determine the building demand and assessment methods of the load shifting DSM based on 

deferrable and non-deferrable loads are presented in Section 3.7.1. The deferrable loads 

consumption data have been based on real measurements in order to bring the study as 

closer as possible to a real case. Due to the lack of computational programs that perform 

building load shifting DSM combined with PV hybrid systems, the support of a simulation 

platform developed in the Instituto de Energía Solar (IES) has been utilized. This platform, 

named GridSim (Castillo-Cagigal et al., 2010; Matallanas et al., 2011) is a high-level controller 

that monitors the electricity flows between the power supply units (PV system and batteries), 

the load and the power grid and actuates to inject electricity from the storage system to the 

load when the PV generation is lower than the load consumption or when the Sun goes down. 

The controller still considers efficiency losses with respect to the battery inverter and 

electrochemical battery. The simulation method of the PV hybrid system and the description 

of the battery controller are presented in Section 3.7.2.  

The evaluation equations concerning the electricity flows between the PV system, the load, the 

power grid and the Battery Energy Storage System (BESS), as well as definitions and equations 

of new investigated LMGI parameters, in this case considering energy storage, is given in Section 

3.7.3 (Evaluation Equations – Part 2).  

7. Economic assessment: economic analyses have been carried out in order to research the PV 

system installation profitability under currently applicable Brazilian Distributed Generation 

regulation (net-metering), taking into account different scenarios of PV system costs and 

discount rates. Likewise, the economic analyses have been performed considering the 

Brazilian market financial conditions (modules and inverters prices and Balance of the System 

- BoS costs), the local electricity tariffs and the discount rates applied in each location 

researched. The assessment methods of the economic criteria are given in Section 3.3.7. 

The profitability of installing a storage system is not a straightforward aspect because the 

associated economy strongly depends on the electricity regulatory framework and the market 

conditions. In most cases, PV hybrid systems are not currently profitable when the Levelized 

Cost of Electricity (LCOE) and the payback time are taken into account. However, as the 

battery costs decrease over the years (World Energy Council, 2016), new modes of coupling 

have been investigated. Taking this matter into account, an economic analysis has been 

made considering a battery system. In this case, different scenarios of PV hybrid system costs 

and discount rates have been considered. In addition, in order to determine the lifetime of the 

battery, which influences the calculation of the LCOE and the payback time, simulations have 

been carried out in the free, publically-available System Advisor Model (SAM) program (SAM, 
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2017). Methodology concerning the economic assessment with a battery system is given in 

Section 3.7.3. 

3.3 Building study without demand-side management 

3.3.1 Climate and weather data 

Brazil is a low-latitude country characterized by a high availability and uniformity of solar radiation 

(Cronemberger et al., 2012). Both hot/dry and hot/humid climates from Brazilian state capitals 

were considered in the study. In particular, the analyses were performed for four cities with 

different solar resources, located at approximately every 5° of latitude and representative of the 

country climatic diversity: Brasília (Lat. 15.7°S), Belo Horizonte (Lat. 19.9°S), São Paulo (Lat. 

23.5◦S) and Florianópolis (Lat. 27°S). Figure 3.1 introduces monthly statistics corresponding to 

the daily average values of Global Horizontal solar Irradiation (GHI) (left) and dry bulb temperature 

and relative humidity (right) for the cities under study: 

 Brasília is characterized by tropical climate with dry season in the winter and hot summer with 

annual mean temperature of 21 °C. 

 Belo Horizonte has humid temperate climate with dry winter and hot summer, with mean 

temperatures above 18 °C in the coldest month, and above 22 °C in the hottest month. 

 São Paulo has a humid subtropical climate, with four well-defined seasons, characterized by 

hot and usually humid summers, but with temperatures increasing by the effect of pollution 

and concentration of buildings, and mild to cool winters with annual mean temperature of    

19.5 °C. 

 Florianópolis has typical humid subtropical climate of the southern Brazilian coast, presents 

four well-defined seasons, hot summers, tendency of rainfall concentration, and with daily 

mean relative humidity above 80% in the summer months. 

 

Figure 3.1. Monthly distribution profile of daily average of GHI (left) and dry bulb temperature (continuous 

lines) and relative humidity (dashed lines) (right) for locations under investigation. 
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For the state capitals the Typical Meteorological Year (TMY) weather data used for the 

simulations studies were taken from SWERA13 database (SWERA, 2015). The daily average of 

GHI in Brazil is higher in Brasília and Belo Horizonte and Florianópolis, a city located in the south, 

has the lowest values in the country. The daily annual average of solar resource of the considered 

state capitals ranges from 4.52 kWh/m2
 to 5.38 kWh/m2.  

3.3.2 Building characteristics 

The Ekó house (Fig. 3.2) project was created by the Brazilian Universities team with the aim of 

promoting scientific research in buildings of low energy consumption. The proposal of this house 

was to encourage the construction of buildings which make use of renewable energy to reduce 

dependence on fossil fuels and to find alternatives to innovate technological systems in order to 

make them more economical and functional. The Ekó house was designed to be built quickly due 

to the need to transport it from Brazil to the Solar Decathlon competition in Spain. The project 

proposal also aims at low cost, reduced labor in the construction process and ease in operation 

and maintenance. The Ekó house is a prefabricated building (modular home) that makes use of 

several energy efficiency strategies. The strategies aim to reduce the overall energy consumption 

and improve indoor thermal comfort, such as thermal insulation, glasses with solar control, natural 

cross-ventilation and efficient air conditioning system. The house was designed to the Brazilian 

climatology and adapted to the competition with some changes in technical issues (i.e., PV 

modules inclination and orientation). 

 

Figure 3.2. The Ekó house designed by the Brazilian Team for Solar Decathlon Europe 2012: General view 

(left). Internal space (right).  

It was employed structural independent modules (three independent modules) as an architectural 

concept, using solid lumber wood components, processed wood and lattice structure. It is possible 

to observe in Fig. 3.3 the process of assembling the ceiling of the second module. The team 

project considered the use of sustainable materials such as 5.4 m3 of Cumaru hardwood applied 

internally, Oriented Strand Board (OSB), and fiber cement board. The house with 55.62 m2 of net 

area, 21.9 m2 of glazing area and with a conditioned volume of 183 m3 was designed for two 

                                                           
13 The ‘‘Solar and Wind Energy Resource Assessment’’ (SWERA) project was an international project financed by 
GEF/UNEP, which aimed at providing a consistent and accessible database to foster the insertion of renewable energies 
on the energy matrix of developing countries (Martins et al., 2008). 
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people consisting of living room, dining room, kitchen, bedroom, bathroom, verandas and service 

area. 

 

 

Figure 3.3. Ekó house: Prefabricated building. 

 

According to Figure 3.2, the house model also incorporates vertical bamboos as a shading 

construction element on the South, East and West façades. In order to add a shading element in 

EnergyPlus, the Window Property: Shading Control object was used. The effect of the shading 

device depends on the position of the device (inside, outside or between the glasses), its thermal 

transmittance and solar reflectance (EnergyPlus Engineering Reference, 2013). 

The thermal insulation was designed for both cold and warm climates. The use of building 

materials with higher thermal capacity, as in the case of glass wool and aerogel, reduces the 

amplitude of the indoor temperature in relation to the outdoor temperature and the temperature 

peak verified externally is not perceived internally. The external walls were coated with aerogel 

insulation. The aerogel is a thermal and acoustic insulating material with high thermal and 

mechanical resistance, by which supports temperatures in the order of 1,200 ºC. Due to its low 

thermal conductivity (0.014 W/m.K at standard temperature conditions), the aerogel is an 

attractive material for wall construction with high thermal performance (Reim et al., 2002). 

However, the aerogel is vulnerable to stress, traction and humidity, and can be deteriorated if 

vapor or water come into contact with the material. On the other hand, the raw material for aerogel 

manufacturing is abundant, but the manufacturing process is quite expensive.  

 

 

Figure 3.4. Thermal insulation during house construction phase: Aerogel (Left). Glass wool (Right). 
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Figure 3.4 (left) shows an external wall block with aerogel during the house construction process. 

Internally, the house is incorporated with a 60 mm layer of glass wool insulation. Just like the 

aerogel, the glass wool is a good thermal and acoustic insulator, but with a much lower thermal 

performance. Its thermal conductivity is between 0.32 and 0.44 W/m.K (Sellé, 2011). The glass 

wool is made by means of interlaced glass fibers, forming a flexible and robust material with wooly 

consistency. Figure 3.4 (right) shows the introduction of glass wool on the floor in one of the 

prefabricated modules of the house.  

The house adopted low-e double glazed windows with visible transmittance of 0.47 and aluminum 

frame. Table 3.1 presents the main building envelope characteristics and materials thicknesses. 

The U-values demonstrate the house acts as a passive house with high degree of thermal 

insulation. For example, recent reports on EU countries governmental strategy indicate the 

objective U-values of walls are 0.18 W/m2.K in Sweden and Norway and 0.25 W/m2.K in the UK 

(Cuce et al., 2014) that is of special interest to reduce energy consumption levels of buildings and 

to decrease CO2 emissions. Although, the intended U-values depend greatly on the climatic 

conditions of each country and the main interest of using high insulation materials in Brazil is 

clearly to reduce cooling load. Table 3.2 presents thermophysical properties of the building 

materials used to model the building. 

 

Table 3.1. Building characteristics (envelope). 

Envelop Elements 
 

Area (m2) Material description and thickness (From exterior to 
interior) 

U-value 
(W/m2.K) 

Walls 100 Fiber cement board (10 mm), Aerogel (60 mm),  
OSB (18 mm), Glass wool (60 mm), OSB (18 mm),  

Air (42 mm), Fiber cement board (10 mm) 

0.15 

Glazing 34.05 Glass with metal oxide thin film (6 mm), Argon air 
chamber (12 mm), Glass (6 mm) 

1.32 

Ground floor 55.62 Wood flooring (20 mm), OSB (18 mm),  
Glass wool (60 mm), OSB (18 mm) 

0.16 

Roof and ceiling 55.62 PV modules (46 mm), Air space (240 mm), Aluminum 
tile (8 mm), OSB (18 mm), Glass wool (60 mm),  

OSB (18 mm) 

0.10 

 

Table 3.2. Thermophysical properties of building materials. 

Material Density (kg/m3) Thermal conductivity (W/m.K) Specific heat (J/kg.K) 

Fiber cement 
Aerogel 

OSB 
Air 

Glass wool 
PV module 

Aluminum tile 

1,400 
3 - 150 

650 
1,000 

20 
2,700 
7,800 

0.65 
0.014 
0.13 

0.026 
0.38 
0.78 
45 

0.84 
0.99 
0.13 
0.10 
0.67 
0.84 
0.46 

 

3.3.3 Building simulations 

Energy modeling of the house, including domestic appliances, lights, space cooling, electric boiler 

for DHW, and PV system was done in EnergyPlus environment (version 8.1). The three-

dimensional model was generated in the 3D modeling program SketchUp (Fig. 3.5) and the legacy 

OpenStudio Plugin for SketchUp has been used to create an EnergyPlus input file based on 
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defined construction material properties, boundary conditions and other parameters. To perform 

the simulations in the Brazilian state capitals the PV modules were oriented to the north and the 

tilt angles were approached to the latitude of each location to maximize the annual PV output. 

Similar results based on simulations for different tilt angles for 78 Brazilian cities were also 

proposed by Cronemberger et al. (2012). 

 

Figure 3.5. Simulation virtual model used in the simulations. 

 

The simulations assumed the use of the house by two occupants with a 30% radiant fraction. 

Occupancy activity level was assumed to have an internal heat production rate of 132 W per 

person. The occupancy schedule was determined with one person staying at home all the time 

while the second goes out during office hours, but lunches and dines at home. Other internal heat 

gains were set for home appliances (30% radiant fraction) and lighting system (20% radiant 

fraction and 20% visible fraction). The maximum flow rate expected from outdoor environment 

into the thermal zone was set to 4 m3/s and the infiltration air change was assumed 0.15 ACH. 

3.3.4 End-use electricity consumption 

The electricity consumption of the Ekó House has been simulated to represent a typical residential 

consumer in Brazil. Electricity consumption simulations of typical household appliances has been 

based in the house model developed by the Brazilian team during Solar Decathlon, according to 

Tab. 3.3. 

Table 3.3. Household appliances electricity consumption. 

Electric load Days 
per 

month 

Time 
per day 

Nominal 
Power 

(kW) 

Monthly mean 
consumption (kWh) 

Cooktop 30 1 h 2.3 69 

Electric oven 20 1 h 0.8 16 

Dishwasher 30 40 min 1.5 30 

Fridge 30 14 h 0.13 55 

Notebook 30 5 h 0.18 2.7 

Television 32’ LED 30 5 h 0.14 21 

Washing machine 12 1 h 0.5 6 

Tumble dryer 12 1 h 1.0 8 

Blender 15 10 min 0.3 0.75 

Total   6.68 208 

 

The fixed appliances has been simulated but not controlled: cooling and fans, electric boiler, 

lighting system and appliances, which includes the fridge, cooking appliances, laundry appliances 
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and entertainment appliances. The cooktop and dishwasher are the appliances which have the 

highest power demand (2.3 kW and 1.5 kW, respectively). According to the load operation 

schedules programmed in EnergyPlus throughout the year it has been generated an annual 

consumption profile according to the occupants activities as previously described. 

The lighting system simulations considered LED bulbs (Light-Emitting Diode) as that used in the 

house during Solar Decathlon competition: LED bulbs Philips eW Cove Powercore with 4.5 W, 

30.7 lm/W of luminous efficiency and 4,200 K of color temperature. The Lighting Power Density 

(LPD) of LED bulbs are very low when compared to other lighting technologies due to its 

efficiency, thus demanding a reduced power. In addition, the LED bulbs lifetime is very high: 

approximately 50,000 hours with 25ºC, as typical incandescent bulbs last 1,000 to 2,000 hours. 

The cooling & heating system considered in the simulations consists of a Variable-Air-Volume 

(VAV) heat pump. It mainly consists of a Direct Expansion (DX)-oriented Outdoor Air Processing 

(OAP) unit, VAV boxes (terminal unit), supply fan, dumper and air duct. The advantages of VAV 

compared to other air systems include more precise control of temperature and air flow rate and 

lower power consumption. The outdoor air conditioned by the OAP unit is supplied to the building 

by the supply fan (either draw-through) through the VAV boxes. The VAV box regulates the 

conditioned outdoor air flow based on demand-controlled ventilation strategy corresponding to 

CO2 contaminant concentration for maintaining indoor air quality (IAQ) (Zhu et al., 2015). In VAV 

systems, the supply air temperature and the supply air flow depend on the heat gains or losses 

within the thermal zone served and the zone air temperature. A room controller controls the air 

flow to the room by measuring the zone air temperature and the supply air flow. The amount of 

cooling is matched to the load by dampers in the supply air duct that vary the air volume flow rate 

of being supplied to the zone, while maintaining a constant supply air temperature (12.8 ºC 

setpoint for cooling coil) until the zone comfort temperature is reached. When heating is required, 

the VAV system becomes a constant volume flow rate system with a variable supply air 

temperature. In order to reduce HVAC load, the indoor air temperature was kept between            

22.5 ºC and 25.5 ºC in the summer and from 21 ºC to 23.5 ºC in the winter, based on ASHRAE 

comfort zone (ASHRAE Standard 55, 2013). Two speed DX cooling coil was set employing a 

separate single speed model at high speed (full load) and low speed (minimum load) and 

interpolates between these two states to obtain the needed cooling output (EnergyPlus 

Engineering Reference, 2013). The model considered a supply fan total efficiency of 70% and 

outdoor air flow rate of 34 m3/h per person.  

The electricity for Domestic Hot Water (DHW) represents a high portion on residential buildings 

demand and the “electric shower” in Brazil (afternoon and evening showers using electrical power 

are commonly used) has great impact on the monthly consumption. By profiting the high degree 

of on-site generation allied with low house electricity consumption and to represent a typical 

Brazilian residential building, an electrical boiler of 2 kW nominal operating capacity was modeled 

with nominal thermal efficiency of 90%. The water temperature setpoint was set to 42 ºC. 

Figure 3.6 displays typical daily end-use power consumption of building loads based on a 

simulations campaign performed in EnergyPlus. When looking at the figure, it is clear that the 
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electric boiler and household appliances present the highest electricity demand. In this example, 

the boiler maximum demand is around 1.6 kW. However, the loads power demand depends on 

each analyzed location due to the variations in the ambient temperature and solar radiation in the 

country. The lighting system power demand is usually very low due to the high efficiency and low 

LPD of the LED bulbs.  

 

Figure 3.6. Typical loads consumption based on simulations campaign. 

 

 

Figure 3.7. Electric loads use schedule in Brasília in a typical summer day. 

Figure 3.7 displays a typical load use schedule in Brasília during summer, determining that the 

cooling demand does not represent a high electricity consumption when compared to the other 

appliances, however the cooling space and fans are highly requested over the year in Brazil as 

can be seen in this example. The light system consumption is increased after 6 p.m. when the 
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occupancy increases and the household appliances consumption are increased mostly during 

lunch time and dinner time when the cooking appliances are used. 

A summary of the annual end-use electricity consumption of the house loads is displayed in Fig. 

3.8. Lighting and household appliances represent together around 60% of the house electricity 

consumption. The total electricity consumption in São Paulo represents the highest annual 

amount (4,330 kWh) among the investigated locations, mainly due to the influence of the electrical 

boiler consumption (the boiler represents 23% of the total electrical consumption, equivalent to 

996 kWh). The cooling space consumption is higher in the hottest Brazilian cities, for example, 

the cooling electrical consumption corresponds to 24% of the total consumption in Belo Horizonte 

(equivalent to 850 kWh) against 19% in São Paulo (equivalent to 705 kWh). 

 

Figure 3.8. Total annual electrical load consumption in the locations under investigation. 

3.3.5 Solar photovoltaic system 

The PV array covers the entire roof and it was built with 11.04 kWp (61 m2 of monocrystalline 

silicon PV modules of 230 W nominal power each and 18.5% efficiency) focused on high energy 

generation, considering that surplus should power at least one additional family (Sánchez, 2013). 

The possibility of installation of PV modules in the house façade was studied in the first project 

stage, but the integration of the modules on the roof was chosen as a better alternative since the 

roof has the greater irradiation on the building envelope. By virtue of the limitations of PV installed 

power with respect to the grid connection capacity, according to the Brazilian DG regulation, and 

taking into account the house annual electrical demand and the associated LCOE and payback 

time, different PV array capacities were analysed, as explained in Section 3.4.1. The PV generator 

is expressed by a mathematical model of Sandia from EnergyPlus software (EnergyPlus 

Engineering Reference, 2013; King et al., 2003; Barker, 2003). The Sandia model consists of a 

series of empirical relationships with coefficients and involves I-V curves adjustment to define 



3. Residential building: Ekó House 

72 

polynomial equations that describe the PV array behaviour according to temperature and solar 

radiation. Electrical, thermal, solar spectral and optical effects for PV modules are included in the 

model. To determine the house electricity distribution the “Track electrical” scheme was used, 

where the PV generator tries to meet all building electrical demand. However, electricity is 

imported from the grid when generation is not able to supply the load. On the other hand, energy 

is exported to the grid when the generation is greater than the load consumption. The inverter 

was simulated with Look Up Table model, where efficiency is interpolated using a look up table 

and the power production is normalized by the inverter input power in DC. It was assumed that 

the house was not surrounded by any object that can provide shading in the façade or in the solar 

modules on the roof area. This assumption is realistic in urban environments in Brazil where are 

dominated by single-family houses that have low height and which are not significantly affected 

by shading acquired from other buildings. 

3.3.6 Evaluation equations – Part 1 

In order to evaluate the electrical energy performance, several equations were employed to 

determine the electricity flows in the house electrical system, as well as Load Matching and Grid 

Interaction (LMGI) indicators. New parameters were also defined to characterize the interaction 

between the NPEB and the power grid. Figure 3.9 shows the house electrical system topology 

under investigation. In this configuration, the PV system is considered to be connected in “self-

consumption” mode, that is, inside the building electrical installation. The building is connected to 

the power grid by means of a single feeder where bidirectional power flows can occur. It should 

be noted that, although such possibility is often not applied in countries with “net-metering” billing 

schemes, it provides the highest energy efficiency (on-site generation being closest to local 

demand) and should be considered the most desirable connection mode in future, increasingly 

smart and sustainable electricity systems. It should be also considered that, even under the 

alternative mode, where the PV system is connected to the power distribution grid through a 

dedicated feeder independent from the building electrical installation one, the results presented 

in this work remain valid, due to the physical proximity between both feeders. 

 

 

Figure 3.9. Ekó House electrical system topology under investigation. 

 

Figure 3.9 summarizes an electrical diagram of the system with an overview of relevant 

nomenclature: PPV is the PV generation electricity and PLoad is the electricity used to supply the 
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consumption; PGrid > 0 or PImp is the imported electricity from the power grid when the solar 

generator power is not sufficient to supply the load demand and PGrid < 0 or PExp is the exported 

electricity to the grid. The electricity balances are the integral of the measured power flows during 

the period of time typically found in readings of electricity meters: EPV, ELoad, EGrid (EImp or EExp). 

The electricity consumption (ELoad) can be calculated according to Equation 1, in which, EPV→L is 

the electricity produced by the PV system and directly consumed by the load: 

ELoad =  EPV→L + EImp  (1) 

When the PV generator produces enough power to supply the loads, there is no grid requirement, 

and the surplus electricity is considered to be exported to the grid. Thus, the grid behaves as a 

backup for the system and the electricity injected into the grid is credited for the building. This 

means that, the electricity generated by the PV system (EPV) can be decomposed into two 

dependent variables of solar generation concerning load supply and electricity exported to the 

grid: 

EPV =  EPV→L + EExp  (2) 

The electricity exported to the grid (EExp) can be expressed as the sum of two terms of interest 

under typical “net-metering” regulatory schemes (Bojić et al., 2011): 

EExp =  EComp + ESurplus  (3) 

Where Ecomp is the electricity feed-in to the grid to offset the electricity imported from the grid when 

the solar PV system is not available and ESurplus is the electricity excess produced by the PV 

system over the building demand.  

In order to analyze the utilization degree of the on-site PV generation related to the local building 

demand the following load matching indicators are proposed: 

 The Self-Sufficiency factor, also known as Load Cover Factor, ƺL, defined by Castillo-Cagigal 

et al. (2011), represents the percentage of the electrical demand covered by the PV system. 

It is evident that ƺL = 0 implies that there is no local generation, and with ƺL closer or equal to 

one the local generation matches the local consumption.  

 The Self-Consumption factor, also known as Supply Cover Factor, ƺG, described in 

Matallanas et al. (2012), is related to the fraction of PV-generated electricity that supplies the 

loads with respect to the total generated electricity. A system operating with ƺG values closer 

to unit is a system that does not export large amounts of energy to the grid and the correlation 

between PPV and PLoad (PPV-PLoad correlation) is suitable to improve the self-consumption 

capability. 

ƺL =
EPV→L

ELoad

  (4)  

ƺG =
EPV→L

EPV

  (5)  
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In this sense, the Behavior Ratio (BR) represents the ability of a PV system to match in real-time 

the consumption. For low values of BR either the building holds a large excess of PV electricity, 

the consumption is too high for the PV installed peak power or the consumption does not match 

the generated electricity (Matallanas, et al., 2012). 

BR = ƺL. ƺG   (6) 

In addition to the parameters previously described, it is necessary to add to the analysis new 

variables that bring information about the electrical exchanges with the external power grid, the 

so-called grid interaction. Grid interaction parameters take into account the unmatched parts of 

generated or load profiles (e.g. peak powers injected into power grid) (Salom et al., 2011). The 

Dimensioning Rate (DR) is defined as the peak power exchange over the connection capacity 

(Verbruggen et al., 2011). This parameter gives information about the daily highest peak, without 

detailing the amount of peaks or the duration of the peaks. Under the assumption of “self-

consumption” connection mode, it is useful to define an imports Dimensioning Rate as the 

maximum value of net imported electricity from the grid (DRImp). When considering the PV excess 

electricity over the grid connection capacity, an exports Dimensioning Rate is also useful (DRExp), 

defined as the minimum value of the net exported electricity into the grid. The net values of DRImp 

and DRExp should never exceed the unit for a “grid-friendly” operation. 

DRImp =
max(|PImp|)

PGCC

, PImp > 0 (7) 

DRExp =
max(|PExp|)

PGCC

 , PExp < 0   (8) 

Where, PGCC is the power of grid connection capacity representing the nominal connection 

capacity between the building and the power grid considered the same for imports and exports. 

To assess the bi-directional usage of the Point of Common Coupling (PCC) (see  

Figure 3.9), two different capacity factors are used. The Capacity Factor (CF) is generally used 

to quantify the value of electricity generation plants (i.e., hydroelectric sources). For building 

applications, CF is a relevant parameter to analyze the total grid exchange of a building with local 

generation over the nominal connection capacity (Verbruggen et al., 2011). The capacity factor 

of imported electricity (CFImp) and capacity factor of exported electricity (CFExp) measure the 

magnitude of the imported energy and the exported energy with the grid, respectively, evaluated 

under a period T and normalized with respect to the nominal grid connection capacity (PGCC) 

between the building and the power grid: 

CFImp =
|EImp|

PGCC . T
 , EImp > 0 (9)  

   CFExp =
|EExp|

PGCC . T
 , EExp < 0  (10)  
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The grid interaction indexes describe the mean grid stress using the standard deviation of the grid 

interaction over a given period (Voss et al., 2010). The grid interaction index of imported electricity 

(fGrid,Imp) indicates the variability of the imported electricity from the grid within a year normalized 

on the maximum absolute value within an annual cycle. The grid interaction index of exported 

electricity (fGrid,Exp) gives the ratio of the exported electricity into the grid compared to the maximum 

value over a year. High values of fGrid,Exp means large amount of surplus electricity not used by 

the building and high values of fGrid,Imp means the building strictly depends on the power grid 

performance. 

fGrid,Imp = STD (
|PImp|

max(|PImp|)
) (11) 

fGrid,Exp = STD (
|PExp|

max(|PExp|)
) (12) 

In addition, two grid interaction indicators are proposed: the Power Grid Imports Factor (FImp) and 

the Power Grid Exports Factor (FExp), that represent the imported power from the grid and the 

exported power to the grid, respectively, expressed as a function of the nominal connection 

capacity: 

FImp =
PImp

PGCC

 , PImp > 0 (13)  

FExp =
PExp

PGCC

 , PExp < 0 (14) 

The reasoning in defining these parameters is the possibility to compare power flows with the grid 

with available PV electricity in normalized terms (equivalent hours of rated power grid use). If FImp 

is larger than one, the building has exceeded the limits of the grid imports connection capacity 

and in most cases a penalty is imposed by the power utility. If FExp is smaller than - 1, the power 

exported is larger than the maximum allowed limit which can lead to undesirable voltage rise in 

the point of common coupling (PCC) between the PV array and the power grid.  

In addition, in this research the evaluation of the effective PV system performance was conducted 

by calculating the overall system performance indexes over reference periods as defined by the 

IEC Standard 61724-1 (2017). The Final Yield (YF) is defined as the annual, monthly or daily net 

PV electricity output in AC (EPV) divided by the PV nominal installed capacity (PNomPV) at standard 

test conditions (STC) of 1,000 W/m2 solar irradiance and 25 ºC cell temperature. 

YF =
EPV [kWhAC]

PNomPV [kWDC]
  (15) 

The PV array Yield (YA) is defined as the annual, monthly or daily net PV array energy output in 

DC (EPV-DC) divided by the PV installed capacity (PNomPV) at standard test conditions (STC) of 

1,000 W/m2 solar irradiance and 25 ºC cell temperature: 

YA =
EPV−DC [kWhDC]

PNomPV [kWDC]
  (16) 
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The Reference Yield (YR) is the total in-plane solar irradiation Ht (kWh/m2) divided by the reference 

irradiance (1 kW/m2); therefore, the reference yield measures the solar resource of the location. 

YR =
Ht [kWh/m2]

1 kW/m2
  (17) 

The Performance Ratio (PR) represents the total losses of the PV system, including losses on 

the DC-AC conversion, soiling, module degradation, cabling losses, inverter inefficiency, 

mismatch losses, system failure or shutdown. 

PR =
YF

YR

   (18) 

The PV Capacity Factor (CFPV) is defined as the ratio of the actual annual energy output to the 

amount of energy the PV array would produce if it operated at full rated installed power for 24 h 

per day for a year (Kymakis et al., 2009). 

CFPV =
YF

8760
=

EPV,anual [kWhAC]

P0 [kWDC] .  8760
   (19)    

From some of the previous parameters relevant PV system losses can be calculated: 

 Capture Losses (LC) quantify PV generator losses caused, e.g., by the attenuation of the 

incoming light, temperature dependence, electrical mismatching, parasitic resistances in PV 

modules and imperfect maximum power point (MPP) tracking (Woyta et al., 2013). 

LC = YR − YA  (20) 

 System losses (LS) are caused, e.g., by wiring, inverter and transformer conversion losses 

(Woyta et al., 2013). 

LS = YA − YF  (21) 

3.3.7 Economic assessment criteria 

The Levelized Cost of Electricity (LCOE) of a PV system is the cost of generating electricity at the 

point of connection to a load or electricity grid during the PV system’s lifetime and covers all 

system initial investments and Operation and Maintenance costs (O&M), including the 

replacement of PV system components when necessary (Briano et al., 2015). The analysis of 

LCOE allows comparing generation costs in PV systems differing in size, solar cell technology 

and location. Typically, PV solar systems have large capital investment costs (CAPEX) and low 

operating costs (CO&M). Thus, the CAPEX of the system is usually the dominant expense, and the 

method used to characterize this expense has a large impact on the average cost of energy. The 

LCOE is given by the Eq. 22:  

LCOE = CAPEX × (CRF + CO&M ) × (CRF × ∑
Et

(1 + 𝜌𝑡)t

T

t=1

)

−1

 (22) 
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Where, CRF is the Capital Recovery Factor in the year t and represents the amortization cost of 

the system, Et is the energy produced in the tth year and 𝜌𝑡 is the annual discount rate. In this 

study, the annual net present electricity cost was assumed during 30 years period, which 

represents the expected PV system’s lifetime (T) currently considered in profitability analyses 

(Briano at al., 2015). The annual discount rate (𝜌𝑡) is related to a return required from investing in 

a PV system, which reflects the perception of the investor on the risk of investing in a particular 

market/country (Briano et al., 2016). Risk plays a major role in the value of the discount rate since 

returns are much less assured when no policy support exists, demonstrating how strongly the 

policies influence the project viability (Oliveira e Silva and Hendrick, 2016).  

The economic viability is frequently evaluated through metrics such as the payback time or the 

Net Present Value (NPV), which permits a fair comparison between different technologies and 

scenarios. The NPV is the most widely used parameter to estimate the profitability of an 

investment and it is the optimal method to deduce the time at which the initial investment begins 

to generate economic benefits (payback time)(Mitscher and Rüther, 2012): 

NPV =  ∑
Rt

(1 + 𝜌𝑡)t
− I0

T

t=1

 (23) 

Where Rt is the net cash flow and I0 is the initial investment. From the equation it is easily 

understood that the discount rate has strong influence on the result of the equation. Another point 

of criticism is the implicit assumption that earned revenues can be reinvested yielding a return 

equal to the assumed cost of capital acquisition (Mitscher and Rüther, 2012). To calculate the 

NPV, it was considered as annual incomes the savings that the building achieves using PV energy 

compensation system (net-metering) compared to the savings without PV, including expenses for 

O&M.  

In Brazil, residential consumers (Group B1) only pays for the energy charge and the taxes (ICMS, 

PIS/COFINS). In this way, the electricity bill costs without PV (α′) is obtained as follows: 

α′ = μ′ + Taxes (24) 

Where μ′ is the energy charge without PV system. 

In turn, the electricity bill costs with PV (α) is obtained as follows: 

α = μ + Taxes − RevenuesNet−metering (25) 

Where μ is the energy charge with PV system. Note that the revenues earned by the PV excess 

electricity injected into the grid that is rewarded in the net-metering system are discounted from 

the electricity bill payment with PV system. 

Finally, the annual operational billing savings (∅) allow to determine the effectiveness of the 

proposed RES compared to the billing costs without PV, including expenses for O&M: 

∅ = 100 − [
(α − β).100

α′
] (%)  (26) 
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Where β represents the revenue earned by the PV excess electricity rewarded in the spot market 

at pool prices. In this work, under the Brazilian net-metering system the revenues earned by the 

PV excess electricity rewarded in the spot market are not considered (β = 0). 

3.4 Simulation results 

3.4.1 PV system performance 

By virtue of the limitation of PV installed power with respect to the grid connection capacity, 

according to Brazilian regulations (ANEEL, 2015b), the PV capacity at each location was 

designed equal to the maximum annual load demand (PLoad,Max), considering a margin of 20% for 

cases where the load power exceeds the maximum values assigned by the simulations. Taking 

into account the load profiles in the Brazilian capitals, two scenarios were defined based on the 

same PV module type: 3.68 kWp for Brasília and Belo Horizonte and 4.14 kWp for São Paulo and 

Florianópolis. The modules were simulated with the actual electrical characteristics installed in 

the house. The grid connection capacity PGCC is equal to the inverter AC rated power that 

represents the maximum power that could be injected into the grid during periods of solar 

generation above the local demand, as indicated in Tab. 3.4.  

 

Figure 3.10. Monthly daily mean distribution profile for Performance Ratio (PR) (left) and Reference and 

Final yields (right). 

Belo Horizonte and Brasília are the cities that need less nominal connection capacity due to lower 

annual consumption and high levels of solar generation, and São Paulo and Florianópolis demand 

more electricity from the grid. 

PV performance parameters for Brazilian state capitals are depicted in Fig. 3.10, including the 

solar resource, PV Final Yield and Performance Ratio (respectively YR, YF and PR) (IEC 61724-

1, 2017). Analysis of the performance results shows that: 

 The monthly daily mean Reference Yield (YR) is minimum in July in Florianópolis (3.6 h/d) 

and maximum in September in Brasília (6.26 h/d). The annual daily mean YR is higher in 

Brasília and Belo Horizonte (5.6 h/d) than in São Paulo and Florianópolis (4.85 h/d).  

 The PV final yield (YF) suffers a significant influence of the daily solar resource and ambient 

temperature and, as indicated in Fig. 3.10, the best cases of YF are in August and September 
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in Belo Horizonte and Brasilia reaching values from 4.95 to 5.0 h/d. São Paulo and 

Florianópolis show better results for YF during the summer from November to March.  

 The Performance Ratio (PR) shows the total effect of system losses and failures and may be 

used to identify operational problems. In this study, PR can be used as straightforward 

indicator to compare the PV system operation in different locations with different designed 

PV system capacities. The temperature has great influence on PR because increases losses 

on the PV modules output. In warmer climates, as in the case of Brasília and Belo Horizonte, 

PR is lower when compared to cooler climates such as São Paulo and Florianópolis. In the 

investigated locations, PR values range from 78.5 to 85.5%, which is comparable with well-

engineered systems (IEA, 2014). 

Table 3.4 summarises the annual simulation results of energy indicators and power demand for 

the Brazilian State Capitals. Brasília is the city that feeds into the grid more amount of electricity, 

and in São Paulo the house requests more electricity from the grid to meet the demand for DHW 

due to lower temperatures throughout the year. In the reviewed of annual simulations the results 

show that the balance among EExp and EImp is always positive (EExp > EImp) for the studied locations 

and in this way the house performs as a Net Positive-Energy Building (NPEB).  

 

Table 3.4. Annual simulation results of energy indicators for Brazilian State Capitals. 

Annual simulations Brasília Belo Horiz. São Paulo Florianóp. 

PV nominal installed power, PNomPV 3.68 kWp 3.68 kWp 4.14 kWp 4.14 kWp 

Inverter AC rated power 3.68 kW 3.68 kW 4.0 kW  4.0 kW 

PV electricity, EPV 6,088 kWh 5,979 kWh 6,010 kWh 6,021 kWh 

Imported electricity, EImp 1,958 kWh 1,920 kWh 2,535 kWh 2,386 kWh 

Exported electricity, EExp 4,393 kWh 4,322 kWh 4,216 kWh 4,289 kWh 

Electrical load electricity, ELoad 3,653 kWh 3,576 kWh 4,330 kWh 4,118 kWh 

PV-electricity consumed by the house, EPV→L 1,695 kWh 1,657 kWh 1,795 kWh 1,732 kWh 

 

Table 3.5. Annual mean PV system performance parameters and losses analysed in the study. 

Annual simulations Brasília Belo Horiz. São Paulo Florianópolis 

Reference yield, YR 5.60 h/d 5.57 h/d 4.85 h/d 4.85 h/d 

Final yield, YF 4.53 h/d 4.45 h/d 3.98 h/d 4.0 h/d 

Performance Ratio, PR 80.85 % 79.90 % 82.00 % 82.15 % 

Capture losses, Lc 0.79 h/d 0.84 h/d 0.64 h/d 0.62 h/d 

System losses, Ls 0.24 h/d 0.25 h/d 0.22 h/d 0.24 h/d 

Inverter thermal losses 332 kWh 328 kWh 340 kWh 338 kWh 

PV Capacity factor (CFPV)  18.88% 18.55% 17.15% 17.20% 

 

Table 3.5 shows the annual daily mean PV system performance parameters and losses in the 

system for the studied locations. The results show that in the Brazilian territory, annual values of 

PR are around 80% and the PV capacity factor (CFPV) values are around 17-18%. The capture 

losses (LC) range from 0.62 to 0.84 h/d being superior in the locations with higher annual mean 

dry bulb temperature (see Fig. 3.1), as well as LS is only around 0.25 h/d in these locations, 
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demonstrating the PV array production does not face any technical problems (i.e., shading on the 

PV modules or system malfunctions). The inverter thermal losses corresponds to the difference 

between the yearly PV array DC energy and the PV energy output in AC after inverter conversion. 

3.4.2 Load matching and Grid Interaction parameters 

This study performs analyses of Load Matching parameters considering a typical electricity 

consumption of residential consumers in Brazil. It has been considered weather file 

meteorological data of each location to simulate the electrical consumption of HVAC system and 

electrical boiler. The contribution of domestic appliances and lighting over load consumption was 

simulated through an annual schedule representing the operation hours of these loads. The 

simulations have been performed for complete years using 5 min time step interval: 

 Figure 3.11 (a,b) presents the electricity flows in the house on a typical summer day in São 

Paulo and Brasília (summer season from 21st December to 21st March) with space cooling 

as the main influence on electricity demand. The highest imported electricity request starts at 

6 p.m. and accounts for the operation of the HVAC system, appliances and lighting. The 4.14 

kWp PV system easily covers the demand of space cooling, appliances and lighting from 6:35 

a.m. to 5:30 p.m. In Brasília city, cooling consumption is greater than in São Paulo in the 

afternoon due to higher temperatures and thus more percentage of the demand is covered 

by the PV: the daily self-sufficiency factor (ƺL) is 51% in Brasília and 47% in São Paulo. This 

effect is also pronounced by the self-consusmption factor (ƺG) parameter where the daily 

mean generated electricity that is directly consumed by the loads is in general greater in 

Brasília. The surplus electricity fed into the power grid and not used by the load is converted 

in energy credits (kWh) to be used by the building, reducing substantially the purchased 

electricity from the grid.  

 A typical winter day (winter season from 21st June to 23rd September) is depicted in Fig. 3.11 

(c,d). In Brazilian climate, heating request is very low and the space heating does not account 

for a significant demand. There is a peak energy demand of the boiler from 6 to 7 a.m. that 

the PV array does not supply and São Paulo needs more power to reach water setpoint 

temperature. From 5 to 6 p.m. a peak demand of appliances occurs, and in São Paulo, for a 

short period at night the boiler demands electricity to keep water warm. From 7:30 a.m. to 

4:25 p.m. the consumption of appliances and lighting is completely supplied by the PV system 

and thereafter the house requires electricity from the grid since the local generation drops to 

zero. By virtue of the reduction of cooling consumption in Brasília winter, associated with 

higher PV generation, ƺL increases (ƺL = 44% compared to 36% in São Paulo) and 

consequently the PPV-PLoad correlation gets smaller (< ƺG). In São Paulo, the on-site 

generation gets smaller, the PPV-PLoad correlation is slightly better (ƺG grows from 22 to 26%) 

and there is less excess of PV electricity. During summer, there are around two hours more 

Sun than winter and the Sun path is higher across the sky. In this way, the PV generator 
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surface captures more solar energy, the PV system covers more percentage of daily total 

demand and ƺL grows 11% in São Paulo and 7% in Brasília. 

 

Figure 3.11. Ekó house electricity flows in São Paulo (PNomPV = 4.14 kWp) and Brasília (PNomPV = 3.68 kWp) 

for summer and winter typical days. 

Figure 3.12 shows the monthly average daily results of self-sufficiency factor (ƺL) and self-

consumption factor (ƺG) for the Brazilian state capitals, which range from 29 to 51% and from 24 

to 36%, respectively. 

 

Figure 3.12. Monthly average daily values of self-sufficiency factor (left) and self-consumption factor (right) 

for four Brazilian state capitals. 

There are significant seasonal variations of ƺL and ƺG for the studied locations. These variations 

are more pronounced in the winter where the electricity consumption profiles change due to 

different temperatures in the Brazilian territory. In Florianópolis and São Paulo, from April to July 

less PV electricity is produced, cooling load decreases, boiler demands power before sunset and 

there is around two hours less of Sun. In this way, ƺL decreases to below 40% because the PV 
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array supplies less percentage of daily electrical demand. On these periods the self-consumption 

factor ƺG increases up to 10% in São Paulo and up to 6% in Florianópolis because the on-site 

generation gets smaller and the house profits more PV electricity during the day. On the contrary, 

from September to March, when there is highest need for electricity in the summer of Brasília and 

Belo Horizonte due to space cooling needs, the PV generation is high. Consequently, the PV 

system covers more percentage of electricity demand, less amount of electricity is fed into the 

grid and ƺL and ƺG rates present highest annual levels. The results for ƺG evidence that the load 

and generation profiles are not well correlated, there is a great excess of electricity and BR should 

be increased to improve self-consumption rates. 

Table 3.6. Annual simulation results of Load Matching and Grid Interaction indicators for Brazilian State 

Capitals. 

Annual simulations Brasília Belo Horiz. São Paulo Florianóp. 

Self-sufficiency factor, ƺL 46% 46% 41% 42% 

Self-consumption factor, ƺG  28% 28% 30% 29% 

Dimensioning Rate of imported electricity, DRImp 0.50 0.45 0.65 0.55 

Dimensioning Rate of exported electricity DRExp 0.77 0.72 0.73 0.75 

Capacity Factor of imported electricity, CFImp 6% 6% 7% 7% 

Capacity factor of exported electricity, CFExp 13.6% 13.5% 12% 12.5% 

Grid interaction index of imported electricity, fGrid,Imp 14% 16.5% 14.5% 15% 

Grid interaction index of exported electricity, fGrid,Exp  24% 26.5% 25% 25% 

 

Finally, annual daily mean results of self-sufficiency factor (ƺL) and self-consumption factor (ƺG) 

for the Brazilian state capitals range respectively, from 41 to 46% and from 28 to 30%, as 

displayed in Tab. 3.6. The previous results show that the house performs as a NPEB on an annual 

basis, however it should be kept in mind that the evaluations are aggregated values over a year 

and the time of demand and supply do not necessarily match. As shown in Figures 3.11 and 3.12, 

ƺL factor is typically below 50% due to the fact that no specific plan on the demand or energy 

management were considered. In this sense, one way to improve load-generation matching is to 

include an energy storage system allied with load management strategies that would be able to 

enhance the house self-consumption potential, to reduce power grid requirements and also to 

complement PV electricity during low irradiance periods (Castillo-Cagigal et al., 2011). 

In order to assess the use of the grid interconnection interface, results of monthly average values 

of the daily net exported power (DRExp) and Dimensioning Rate of net imported power (DRImp) are 

shown in Fig. 3.13, considering the PGCC values equal to inverter AC power as displayed in Table 

3.4.  For the sake of convenience - DRExp variable is represented in the figure. As can be seen, 

the peak effects of exported and imported power vary fairly with the seasons for each studied 

location. The plot results show that for sunny peridos in Brazil (mostly from November to March) 

the PV system feeds into the grid most of the generated power and as a result the DRExp 

parameter is high (annual mean DRExp is around 0.7 in the analyzed locations, as detailed in Tab. 

3.6). Citing two locations as examples: (1) for the system operating in Florianópolis the peak 

effects of exported energy are notably significant in October and December with DRExp close to 

unit; (2) the PV system operating in Brasília shows higher peaks in the summer (notably in 
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January, February and April) and for seven months DRExp values are around 0.8 due to the 

favorable solar conditions. In this sense, considering large-scale DG penetration situations into 

the grid, taking into account exported power peaks to the grid, reverse power flows in the 

distribution lines could appear, which are a matter of concern for distribution utilities and the main 

reasons for limiting the capacity (active power) of non-dispatchable DG that can be connected to 

the power grid, such as photovoltaics.  

The lower temperatures in São Paulo from May to November bring on significant increases of 

imported power due to DHW needs, and then on these periods DRImp varies between 0.74 and 

0.81. In Florianópolis, the ambient temperature rises from September to December, the DHW 

load is reduced, the PV increases production and then DRImp decreases from 0.8 to 0.4. By virtue 

of the PV contribution on the afternoon cooling power peaks, DRImp is in general smaller in Brasília 

and Belo Horizonte, thus in the sunniest months DRImp is only 0.4. On the other hand, in the 

absence of PV system PImp corresponds to PLoad and the imported peaks are remarkable. For 

example, in Florianópolis during December DRImp decreases from 0.37 (with PV system) to 0.80 

(without PV) by virtue of PImp is not mitigated by PPV. Finally, annual results of DRImp for the 

Brazilian state capitals range from 0.45 to 0.65, as shown in Tab. 3.6. These results shown the 

PGCC designed according to the maximum annual electrical demand ensures a safety fraction of 

an equivalent nominal connection capacity and the grid connection does not exceed the allowed 

limit (DRImp < 1). 

To conclude, the dimensioning rate provides useful information about the expected peak power 

over the grid for different solar energy distributions. The existence of PV-DG integrated in 

buildings introduce the advantage that the grid connection capacity can be reduced, and 

consequently the power purchased from the grid. 

 

Figure 3.13. Dimensioning rate of net imported electricity (DRImp) and net exported electricity (DRExp) for the 

Brazilian State Capitals. 

A summary of the indexes researched are detailed in Tab. 3.6. The magnitude of the imported 

energy normalized with respect to the nominal grid connection capacity (CFImp) indicates only 

around 6-7% of the equivalent energy use of the grid connection is used in the studied locations 

due to the influence of the PV system in reducing the imported power from the grid, also influenced 
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by the designed grid connection capacity (PGCC). In turn, the magnitude of the normalized 

exported energy with the grid (CFExp) is around 12-13% in the analysed cities, higher than the 

magnitude of the normalized imported energy due to the fact the building exports more electricity 

than imports in annual terms when no energy storage or energy management is considered (i.e., 

in Brasília the annual exported electricity, EExp, is 55% higher than the annual imported electricity, 

EImp, as shown in Tab. 3.4). The low variability of the imported electricity from the grid within a 

year normalized on the maximum absolute value, expressed by the fGrid,Imp index (ranges from 

14% to 16.5% in the studied locations) means the PV system performs in a positive manner on 

the grid imported power fluctuations (an almost constant import instead of high fluctuations) and 

on the grid stress. In turn, the ratio of the exported electricity into the grid compared to the 

maximum value over a year is higher than the ratio of the imported electricity (fGrid,Exp ranges from 

24% to 26.5%) meaning a considerable amount of PV surplus electricity exported to the grid that 

is not used by the load. 

 

Figure 3.14. Grid impact factors performed in São Paulo: (a) 4.14 kWp PV installed capacity and 4 kW grid 

connection capacity. (b) 5.52 kWp PV installed capacity and 5 kW grid connection capacity. 
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The results for São Paulo of the annual distribution of FImp and FExp presented in Fig. 3.14 show 

the magnitude of rated power grid use. Fig. 3.14-a displays simulations with 4.14 kWp PV installed 

capacity connected to an inverter of 4 kW (PGCC = 4 kW), in accordance with the annual building 

demand. It can be seen the power grid exports factor (FExp) presents seasonal variations with less 

exported power magnitude from May to August. From January to April it exhibits intermittent 

values of - 0.7 and in some spring and summer days can surpass - 0.8 scale, indicating the PV 

surplus does not surpass the connection capacity limits. The results of power grid imports factor 

(FImp) show that the imported power represents a quite constant fraction of an equivalent nominal 

connection capacity and the grid connection does not exceed the allowed limit. The demand 

associated to space cooling in summer generates FImp close to 0.4. Due to the early morning load 

demand in the winter associated to DHW demand, when no or little PV generation is available 

(see Fig. 3.11), FImp factor can reach down to 0.8.  

In order to verify the grid interaction with different connection capacities, as an example, the Fig. 

3.14-b displays simulations for São Paulo with 5.52 kWp PV installed capacity connected to an 

inverter of 5 kW (PGCC = 5 kW). In this case, the exported power magnitude grows and FExp 

surpasses - 0.8 in around 10h of the year (equivalent to 0.11% of the yearly simulation interval) 

and the new grid connection capacity decreases FImp to below 0.6. This is due to the fact that the 

grid connection capacity is now considerably higher than the house peak demand and the new 

profile of PV system generation is able to mitigate the imported power with higher levels than the 

previous case. 

3.4.3 Economic analysis 

Table 3.7 displays a summary of the PV system and economic parameters considered as an 

investment in Brazil considered in the economic analyses under the current Brazilian net-metering 

scheme: the excess PV electricity injected into the grid is rewarded in terms of energy credits that 

reduce the electricity bill payments. Assuming the net-metering system, the accumulated energy 

credits remain valid for 60 months. 

Table 3.7. Economic analyses in Brazil: cost structure, investment assumptions and results. 

Application Residential building 

PV system lifetime 30 years 

Annual PV yield decay 0.5% 

PV cost 7.32 R$/Wp 

Operation and Maintenance costs, 𝐂𝐎&𝐌 5 R$/kWp 

Corporate Tax Rate, TR 34% 

Inverter replacement 15 years 

Inverter replacement cost 27 ¢R$/Wp 

Nominal discount rate (𝝆𝒕) 8.4% (Briano et al., 2015) 

Annual increase in electricity prices 3% 

Electricity pricesa Brasília: 0.85 R$/kWh, Belo Horizonte: 0.86 R$/kWh 
São Paulo: 0.52 R$/kWh, Florianópolis: 0.61 R$/kWh 

Levelized Cost of Electricity, LCOE Brasília: 0.49 R$/kWh, Belo Horizonte: 0.5 R$/kWh 
São Paulo: 0.56 R$/kWh, Florianópolis: 0.55 R$/kWh 

Payback time (years) Brasília: 15 years, Belo Horizonte: 15 years 
São Paulo: above 30 years, Florian.: 26 years 

a Including federal taxes and tax levels among Federal States in Brazil. 
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The current investment cost considering added taxes and national taxes the investment cost is 

7.32 R$ per Watt peak installed (equivalent to 1.87 €/Wp): 34% for the PV modules, 21% for the 

inverter and 45% for the Balancing of System (BOS) costs (system project and installation, metal 

structure and electrical components) which represents the average price per unit of the rated 

output power (Instituto Ideal, 2017). The considered annual cost of operation and maintenance 

(CO&M) is 1% and the PV yield decay caused by crystalline silicon solar cells efficiency losses is 

– 0.5% per year (Jordan and Kurtz, 2013).  

Figure 3.15 presents results of the Levelized Cost of Electricity (LCOE) as a function of the 

discount rate variations of each state capital indicating when the LCOE is comparable to the 

electricity tariff in order to achieve grid parity. The distinct locations cover a range of solar radiation 

levels, PV capacity factors (CFPV), discount rates (𝜌𝑡) and full power utility tariffs for the residential 

sector. The power utility tariffs include different tax levels among Federal States in Brazil, which 

have contributed to the existing regional tariff disparities (Mitscher and Rüther, 2012). In the last 

years, a 10% discount rate represented a mature market in Brazil. However, the rates can vary a 

lot, depending on variations in compound discount rates offered by Brazilian banks to private 

individuals for the acquisition of goods. The results show the investment on PV can be attractive 

in Brazil for low annual discount rates. The discount rate must be around 8% in São Paulo and 

10% in Florianópolis, for the PV system to be profitable under the current residential buildings 

tariffs. In Belo Horizonte and Brasília, where the electricity tariffs are higher, the scenario changes, 

and at a value of the discount rate of up to around 17% the system achieves grid parity. 

 

 

Figure 3.15. Levelized cost of solar energy generation (LCOE) and grid parity achievement. 

By adopting the current financial conditions in Brazil, according to Tab. 3.7, the LCOE is                   

0.49 R$/kWh in Brasília, 0.5 R$/kWh in Belo Horizonte, 0.56 R$/kWh in São Paulo and 0.55 

R$/kWh in Florianópolis. In these assumptions, grid parity is achieved in Brasília and in Belo 

Horizonte by a margin of 0.35 R$/kWh, and in Florianópolis by a margin of 0.06 R$/kWh, as a 
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consequence of the higher electricity tariffs which implies in greater billing savings. In São Paulo, 

grid parity is not achieved by a margin of 0.04 R$/kWh, due to the low applied tariff, not providing 

significant billing savings.  

For each Brazilian state, the annual savings obtained using energy credits produced by the PV 

surplus electricity injected into the grid, is directly related to the power utility tariffs and the financial 

incentives. In addition, the higher the credits and utility tariffs are, the higher the annual savings 

will be, leading to shorter return of the PV investment. Whereas the discount rate is a variable 

difficult to predict, the price of PV technology is in constant reduction. This suggests the 

convenience to perform simulations to assess the NPV with 𝜌𝑡 ranging from 2% to 12% and 

CAPEX ranging between 4 R$/Wp and 8 R$/Wp (from 1.03 to 2.06 €/Wp), assuming a moderate 

increase in the average annual electricity tariff of 3% as given in Fig. 3.16. Figure 3.16 shows how 

the best situations for payback time are in scenarios with lower CAPEX and lower discount rates. 

 

 

 
Figure 3.16. Payback time for the Brazilian State Capitals as a function of the discount rate for different 

investment costs of residential PV systems. 

 

Considering the current investment costs of 7.32 R$/Wp (1.87 €/Wp), the payback range from 13 

to 31 years in Florianópolis, but adopting an optimistic scenario with CAPEX of 4 R$/Wp                    

(1.03 €/Wp) the return on investment ranges from 8 to 13 years. Assuming the São Paulo utility 

tariff, which is lower than in the other capitals, the annual savings are smaller and the payback is 

larger. In this scenario, for discount rates of up to 6% and high CAPEX (> 7 R$/Wp), the payback 

approaches or is above the PV system lifetime, which means that it would only be profitable to 

invest in scenarios with low 𝜌𝑡 and low CAPEX. It can be noted that the cities of Belo Horizonte 

and Brasilia, having similarities in PV generation, exported electricity to the grid and electricity 

tariff, present coincident responses of return on investment. With higher electricity tariffs, lower 
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PV capacity considered (lower initial investment) and more potential for PV generation (> CFPV), 

the payback time is shorter in these locations, because the prosumer saves more money (arising 

from PV generation locally consumed and the excess exported to the grid) than in the other cities. 

For example, adopting 6% of discount rate, the payback time varies from 6 to 14 years according 

to CAPEX variations. Considering the same previous financial conditions (𝜌𝑡  = 6% and annual 

tariff increment = 3%), with actual CAPEX of 7.32 R$/Wp, the Net Present Value (NPV) at the end 

of PV lifetime can reach around R$ 25,000 in these locations. 

The payback time perspective under actual financial conditions in Brazil can be seen in Tab. 3.7. 

The results show the system is not economic for PV installations in São Paulo (31 years payback 

time) and in Florianópolis the payback time of 26 years approaches the PV system lifetime, 

suggesting a decrease on the PV costs is needed for the system to become profitable. In the 

other locations, the payback time is 15 years and the PV investment becomes more attractive, 

therefore with PV costs decreasing the trend of these scenarios is promising. 

Results concerning the energy credits and electricity billing calculations in the first project year 

considering the Brazilian net-metering system under two different locations are shown in Tab. 3.8 

and Tab. 3.9. It was calculated to each consumer unit the monthly PV surplus electricity that is 

injected into the grid (EExp) and the monthly accumulated credits in order to determine the billing 

costs with the PV system and the operational billing savings (∅).  

 
Table 3.8. Energy credits, electricity bill calculation and operational billing savings within Brazilian energy 

compensation system (net-metering). Location: Brasília. Electricity tariff: 0.85 R$/kWh. 

Month PV 

Energy 

(kWh) 

Local 

consumption 

(kWh) 

Injected 

(kWh) 

Accumulated 

credit  (kWh) 

Billing 

without PV 

(R$) 

Billing 

with PV 

(R$) 

Operational 

Billing 

savings, ∅  

(%) 

Jan 505.69 293.57 358.58 65.00 249.54 25.50 89.78 

Feb 476.91 265.18 345.00 144.72 225.40 25.50 88.69 

Mar 513.21 296.16 364.53 213.09 251.74 25.50 89.87 

Apr 497.93 287.39 359.00 284.70 244.28 25.50 89.56 

May 479.19 312.69 341.05 313.05 265.80 25.50 90.41 

Jun 505.43 345.71 369.30 336.64 293.86 25.50 91.32 

Jul 534.44 360.35 388.55 364.84 306.30 25.50 91.67 

Aug 554.53 338.48 413.25 439.62 287.70 25.50 91.14 

Sep 547.50 286.64 412.06 565.04 243.64 25.50 89.53 

Oct 532.51 288.92 386.90 663.02 245.58 25.50 89.62 

Nov 465.77 283.80 326.33 705.56 241.23 25.50 89.43 

Dec 474.39 294.11 328.28 740.00 250.00 25.50 89.80 

Total 6,087 3,653 4,392 4,835 3,105 306 90 (Avg) 

 
Table 3.8 displays the net-metering scheme calculations referring to a unit consumer in Brasília. 

In January, the injected electricity is superior to the local consumption, allowing to the consumer 
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only to pay for the cost of electricity availability (CEA)14, which is equivalent to R$ 25.50. As a 

difference between the injected and the local consumption electricity, it is generated an 

accumulated credit of 65 kWh. In February, the injected electricity is superior to the local 

consumption, and then an accumulated credit of 80 kWh is generated plus the energy credits of 

the previous month, totalizing an accumulated credit of 144 kWh. In the other months of the year, 

the injected electricity is higher than the local consumption and then the consumer only pays for 

the CEA. In this example, at the end of the year the accumulated credits are 740 kWh, therefore 

they can also be used in the next year. According to this example, the energy savings are high 

when considering net-metering (the annual mean billing savings are 90%) by virtue of the high 

levels of exported electricity to the grid which are rewarded as energy credits. 

 

Table 3.9. Energy credits, electricity bill calculation and operational billing savings within Brazilian energy 

compensation system (net-metering). Location: São Paulo. Electricity tariff: 0.52 R$/kWh. 

Month PV 

Energy 

(kWh) 

Local 

consumption 

(kWh) 

Injected 

(kWh) 

Accumulated 

credit  (kWh) 

Billing 

without PV 

(R$) 

Billing 

with PV 

(R$) 

Operational 

Billing 

savings, ∅ 

(%) 

Jan 535.79 323.71 382.13 58.42 168.33 15.60 90.73 

Feb 488.26 281.97 352.69 129.14 146.62 15.60 89.36 

Mar 518.76 307.92 375.45 196.67 160.12 15.60 90.26 

Apr 498.17 299.85 365.30 262.12 155.92 15.60 90.00 

May 445.48 404.01 294.96 153.06 210.10 15.60 92.57 

Jun 429.82 428.17 275.08 0 223.70 15.60 93.03 

Jul 461.48 492.24 293.78 0 255.96 103.20 59.70 

Aug 522.98 465.14 363.90 0 241.87 52.65 78.25 

Sep 510.90 406.28 345.21 0 211.25 31.75 85.00 

Oct 522.34 337.86 375.49 37.63 175.70 15.60 91.12 

Nov 526.83 277.37 391.59 151.85 144.23 15.60 89.18 

Dec 549.96 304.03 400.21 248.04 158.10 15.60 90.13 

Total 6,010 4,330 4,215 1,236 2,252 328 86.6 (Avg) 

 

In a given month, if the local consumption is superior to the injected electricity, the accumulated 

credits can be used to reduce the local consumption and the purchased electricity from the utility. 

As example of this approach, results for São Paulo shown in Tab. 3.9 indicate that during the 

winter months (from June to September) the local consumption is higher than the injected 

electricity and no credits are used. In June, the accumulated credits of the previous month and 

the credits produced by PV excess are used at the present period. In this way, the consumption 

is totally compensated and the prosumer only pays the CEA. However, in July, any accumulated 

credit from the previous months can be discounted and the billing charge is the difference among 

                                                           
14 For consumers connected in low voltage (Group B), if the energy injected into the grid plus the accumulated credits of 
the previous months (if there is any) is higher than the local consumption, the consumer pays only for the Cost of Electricity 
Availability (CEA) – value in Brazilian Real (R$) equivalent to 30 kWh (CEA = 30 kWh x Tariff). 
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the local consumption and the PV excess electricity injected into the grid. As can be seen, the 

annual mean operational billing savings (∅) in São Paulo are reduced to 86.6%. 

3.5 Discussion of the results 

The previous case study has analyzed the performance of a residential building in terms of PV 

system operation, Load Matching and Grid Interaction (LMGI) indicators and economic 

assessment in four Brazilian cities. In this research, nearly 20 performance parameters were 

identified and the work made a major contribution finding the advantages of applying analyzed 

indexes, indicating which cities of Brazil are most suitable for. Monthly daily mean variations of 

the indexes have been presented highlighting the effectiveness in providing realistic simulations 

analysis. The first analyses indicated higher Reference Yield (YR) and Final Yield (YF) in the zones 

with hottest climate and higher daily mean solar resource, noticeably in Brasília and Belo 

Horizonte (i.e., the annual daily mean YR in Brasília and in Belo Horizonte is 5.6 h/d compared to 

4.85 h/d in São Paulo and in Florianópolis). Although, these locations presented higher losses 

assigned by the temperature effect on the PV modules power output (i.e., the annual mean 

capture losses, LC, is 0.80 h/d in Brasília compared to 0.64 h/d in São Paulo). Furthermore, the 

results have shown the annual values of the Performance Ratio (PR) and the PV capacity factor 

(CFPV) are around 80% and 17-18%, respectively, in the locations researched. 

This study considered the importance of studying LMGI parameters to design PV arrays and 

electrical installations towards to self-sufficient houses. The analyses of daily electricity flows in 

the house has shown the interaction between the building and the power grid in two cities, 

indicating there are no general rules for self-consumption because it depends generally of 

decoupled factors, if no specific demand-side management strategies are adopted.  

The results showed the PV system installed in Brasília and Belo Horizonte have more potential 

to cover the demand, expressed by self-sufficiency factor (ƺL), by virtue of the higher reference 

yield (YR) allied with higher cooling load requirement in summer, when the PV production is higher, 

and lower consumption in the winter, when PV production is lower. According to the analyzed 

consumption profile, the statistics of the self-consumption factor (ƺG) showed the smaller the on-

site generation was more PV electricity was used by the house and less excess of PV-origin 

electricity was noted, according to the results of São Paulo and Florianópolis, and the PPV-PLoad 

correlation grew with cooling load increases, according to the summer of Brasília and Belo 

Horizonte. 

The study indicated the building injects high power peaks over the grid and thus the margins of 

the Dimensioning Rate of exported electricity (DRExp) are high in Brazil, with annual mean DRExp 

around 0.7 in the locations researched. It was noticed in Brasília summer the DRExp values are 

around 0.8 in seven months of the year due to the favourable solar conditions. The Dimensioning 

Rate of imported electricity (DRImp) has provided significant information about the expected peak 

power over the grid for different solar energy distributions. As an example, in Florianópolis the 

ambient temperature rises from September to December, the Domestic Hot Water (DHW) load is 

reduced, the PV increases production and then DRImp decreases from 0.8 to 0.4. Furthermore, by 
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virtue of the PV contribution on the afternoon cooling power peaks, DRImp is in general smaller in 

Brasília and Belo Horizonte, thus in the sunniest months DRImp is only 0.4. The results 

demonstrated the net imported power and the grid connection capacity can be reduced with a 

building integrated PV system and the imported peak effects were more pronounced in the lowest 

solar radiation periods or in the periods the PV was not able to mitigate the load consumption, as 

the early morning boiler power peaks exhibited in São Paulo. 

The magnitude of the imported energy normalized with respect to the nominal grid connection 

capacity (CFImp) have indicated only around 6-7% of the equivalent energy use of the grid 

connection is used in the studied locations due to the influence of the PV system in reducing the 

imported power from the grid, also influenced by the designed grid connection capacity (PGCC). In 

turn, the magnitude of the normalized exported energy with the grid (CFExp) is around 12-13% in 

the analysed cities, higher than the magnitude of the normalized imported energy due to the fact 

the building exports more electricity than imports in annual terms. The low variability of the 

imported electricity from the grid, expressed by the fGrid,Imp index (ranges from 14% to 16.5% in 

the studied locations) means the PV system performs in a positive manner on the grid imported 

power fluctuations (an almost constant import instead of high fluctuations) and on the grid stress. 

In turn, the ratio of the exported electricity into the grid fGrid,Exp is higher than the ratio of the 

imported electricity (fGrid,Exp ranges from 24% to 26.5%) meaning a considerable amount of PV 

surplus electricity exported to the grid that is not used by the load. 

The seasonal variations of peak effects for each location was investigated. By growing the PV 

capacity from 4.14 kWp to 5.52 kWp (5 kW grid connection capacity, PGCC) the magnitude of the 

exported power increases, as expressed in Fig. 3.14: the highest peaks of the power grid exports 

factor (FExp) surpass a - 0.8 scale compared to a - 0.7 scale of the previous case with a reduced 

PV capacity (4.14 kWp). However, the highest peaks of the power grid imports factor (FImp) 

decreases to below 0.6 compared to a 0.8 scale when the smaller PV capacity is considered. This 

is due to the fact the designed grid connection capacity (PGCC = 5 kW) is considerably higher than 

the house power peak demand (~ 4 kW) and the new profile of PV system generation is able to 

mitigate the imported power with higher levels than the previous case. 

Stimulated by increasing electricity tariffs imposed by distribution utilities, at a profitable Levelized 

Cost of Electricity, the proposed Net Plus-Energy Building has demonstrated to achieve grid parity 

in the state capitals from discount rates of up to 8% in São Paulo, up to 10% in Florianópolis and 

up to 17% in Brasília and Belo Horizonte. 

Under current financial conditions in Brazil, the payback time showed to be shorter in Brasília and 

Belo Horizonte (15 years compared to 26 years in Florianópolis and 30 years in São Paulo) due 

to higher electricity tariffs combined with the high PV Capacity Factor (CFPV). Moreover, it has 

been observed the cities of Brasília and Belo Horizonte having similarities in PV generation, 

exported electricity to the grid and electricity tariffs, present coincident responses of return on 

investment, as detailed in Fig. 3.16. Assuming São Paulo utility tariff (0.52 R$/kWh), which is 

lower than the other locations researched, the annual savings are smaller and the payback time 

is larger. The study demonstrated the economic scenarios vary from each location, depending on 
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the electricity tariffs and applicable discount rates. The results showed the Brazilian PV electricity 

compensation system is remarkably profitable for prosumers in Brazil, however low initial 

investment (CAPEX) and low discount rates are required in order to reduce the payback time.  

Assuming the current financial conditions in Brazil, the payback time can be achieved earlier in 

Brasília and Belo Horizonte due to the lower PV capacity considered (lower initial investment) and 

also due to the higher tariffs and billing savings that can be obtained through the accumulated 

energy credits arising from the applicable Brazilian regulation. Additionally, results presented in 

Tables 3.8 and 3.9 have shown high annual operational billing savings: ∅ is 90% in the best case 

(Brasília) and 86.6% in the worst case (São Paulo) by virtue of the high levels of exported 

electricity to the grid, which are rewarded as energy credits.  

3.6 Conclusions 

In this Chapter, a methodology to evaluate the energy performance of a net plus-energy 

residential building with grid-connected PV system under Brazilian climatic conditions has been 

proposed and validated. The analyses include the Photovoltaic (PV) performance parameters and 

the Load Matching and Grid Interaction indicators (LMGI). New grid impact indicators have been 

defined in order to study the impacts of Distributed Generation (DG) in the power grid. In the 

second stage, the work investigates economic aspects under net-metering supporting. According 

to the work results, it seems that the influence of the climatic conditions of each location influence 

the results of load consumption (mostly cooling load) and PV generation, while showing 

differences in the analysed parameters. The yearly results of the load matching parameters have 

shown typical values for residential buildings without energy management plans: in the studied 

locations, the monthly daily mean of the self-sufficiency factor (ƺL) and the self-consumption factor 

(ƺG) range from 29 to 51% and from 24 to 36%, respectively. In this assumption, one way to 

improve load-generation matching and the global energy performance of the building is including 

an energy storage system allied with Demand-Side Management strategies, aspects that are 

considered in the analyses presented in Section 3.7 - Building study with demand-side 

management.  

One other relevant conclusion is that the levels of exported electricity into the grid are high in 

Brazil (an annual mean Dimensioning Rate of exported electricity - DRExp of around 0.7 in the 

locations researched with maximum values of around 0.8) due to the low correlation between PV 

production and load consumption that exists in PV power peaks periods allied high levels of solar 

radiation in the country. Furthermore, the Dimensioning Rate of imported electricity (DRImp) has 

provided significant information about the expected peak power over the grid for different solar 

energy distributions. The existence of PV-DG integrated in buildings introduces the advantage 

that the grid connection capacity can be reduced, and consequently the power purchased from 

the grid. 

The seasonal variations of peak effects for each location researched was investigated through 

the power grid imports factor (FImp) and the power grid exports factor (FExp). Significant results 

have shown by increasing the PV capacity from 4.14 kWp to 5.52 kWp the magnitude of the 
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exported power increases: the highest peaks of FExp surpass a - 0.8 scale compared to a - 0.7 

scale of the previous case with a reduced PV capacity. However, the highest peaks of FImp 

decreases to below 0.6 compared to a 0.8 scale when the smaller PV capacity is considered     

(4.14 kWp). This is due to the designed grid connection capacity (PGCC = 5 kW) is considerably 

higher than the house power peak demand (~ 4 kW) and the new profile of PV system generation 

is able to mitigate the imported power with higher levels than the previous case. 

The proposed Net Plus-Energy Building has demonstrated to achieve grid parity in the state 

capitals from discount rates of up to 8% in São Paulo, up to 10% in Florianópolis and up to 17% 

in Brasília and Belo Horizonte. Moreover, high annual operational billing savings (∅ = 90%) can 

be achieve in the best case (Brasília) by virtue of the high levels of exported electricity to the grid 

which are rewarded as energy credits. 

Finally, the economic analysis have indicated the feasibility of the investment evidenced to be 

promising considering the applicable Brazilian net-metering system, mostly in the locations with 

higher electricity tariffs and energy credits that generates higher electricity bill savings. However, 

it should be kept financial incentives in correspondence with low initial investment (CAPEX) and 

low discount rates in order to the system to become profitable. 

3.7 Building study with demand-side management 

3.7.1 The demand and its management 

In the study of the Ekó House with demand-side management, simulations were carried out in 

EnergyPlus using two simulation models, looking at the building operation in São Paulo, with a 

humid subtropical climate and in Brasília, with a dry tropical climate. The simulations were carried 

out with a different consumption profile from that of the previous analysis (house without DSM) in 

order to consider a more realistic energy management approach. Electricity consumption includes 

typical loads of a house with a high electricity consumption provided with on-site generation.  

 

Figure 3.17. Power consumption based on an experimental campaign on a typical day without DSM 

(ROBOLABO, 2016). 
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Demand-side management involves a load shifting strategy in order to control the time-of-use of 

the deferrable loads, preferably to solar periods where the load can be supplied by PV electricity. 

Deferrable loads are appliances that can be displaced throughout the day and the user or an 

automated system can control the time-of-use of the appliances. The consumption of deferrable 

loads (washing machine, tumble dryer and dishwasher) and fridge were based on experimental 

data taken from real appliances and measured by a wattmeter (ROBOLABO, 2016) in order to 

improve the accuracy and robustness of the investigations, as can be seen in Fig. 3.17. When 

load shifting DSM is not considered, the deferrable loads are allocated mostly in the after-work 

hours (7 p.m.) when the occupants carry domestic activities, as detailed in Fig. 3.17. 

Non-deferrable loads represent those that cannot be displaced due to the operation and use 

characteristics. The consumption of non-deferrable loads (except the fridge) were based on 

simulations carried out in EnergyPlus: the lighting system, cooking appliances, electric 

boiler/water pump, entertainment appliances and HVAC system. The models and electricity 

consumption of the HVAC system (heat pump model based on Variable-Air-Volume (VAV)), 

Domestic Hot Water - DHW (electric boiler and water pump) and the lighting system were 

obtained from those presented in Section 3.3.4.  

Table 3.10. Annual electricity consumption for the test case study. 

Load Consumption (kWh/y) Share of total (%) 

Brasília São Paulo Brasília São Paulo 
Deferrable     

Washing machine 122 122 2.6 2.3 
Tumble dryer 150 150 3.2 2.9 
Dishwasher 253 253 5.3 4.8 

   Non-deferrable 
Lighting system 690 690 14.6 13.1 

Fridge 637 637 13.4 12.0 
Boiler/Pump 353 883 8.1 19.0 

Enter. appliances 392 392 8.3 7.5 
HVAC system 979 898 20.6 17.0 

Cooking appliances 
Of which: Cooktop 

Electric oven 
Microwave 

1,131 
840 
166 
110 

1,131 
840 
166 
110 

23.9 21.5 

Blender 15.7 15.7   
Total 4,707 5,156 100 100 

 

Table 3.10 summarises the annual electricity consumption of the loads considered in the 

analyses. The HVAC system (cooling space) and cooking appliances appear to be the main 

consumers of electricity based on the energy use in each location and in São Paulo the 

consumption of the electrical boiler is high due to the lower temperatures in the southeast of 

Brazil. The annual maximum electricity demand of the building is around 6 kW in both locations. 

The work analysis considers four scenarios (S1, S2, S3 and S4) as illustrated in Fig. 3.18: 

 S1 Scenario: the PV system itself is able to supply the load during daylight periods, however 

the electrical load matching is made by means of the natural correlation between PPV and 

PLoad (building case presented in Section 3.4). 
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 S2 Scenario: the deferrable loads are displaced to the solar power peak periods, increasing 

the ability to supply the electricity consumed daily; 

 S3 Scenario: the energy storage is used to complement the PV solar generation in periods of 

low irradiance or at night when PPV = 0 and no load shifting is used. The batteries are only 

used to store PV surplus electricity (PPV > PLoad) and no power exchanges between the BESS 

and the grid is allowed. 

 S4 Scenario: in this scenario the self-consumption of the house is optimized, due to the fact 

that the deferrable loads are displaced to be mitigated with solar PV electricity. Furthermore, 

the battery is discharged when the load consumption is higher than the PV generation, 

increasing the load supplying capability. The batteries are only used to store PV surplus 

electricity (PPV > PLoad) and no power exchanges between the BESS and the grid is allowed. 

 

 

Figure 3.18. Conceptual examples of the scenarios analysed considered in the study. 

 

Table 3.11 shows a summary of the deferrable load operation schedule used in the study. It was 

considered the washing machine and tumble dryer were used three times a week and the drying 

the clothes is done immediately after the washing process. The dishwasher runs every day of the 

week after dinner. With DSM, the deferrable loads are rescheduled to solar generation peak 

periods in the southern hemisphere (from 11 a.m. to 2 p.m.). The time schedule of the dishwasher 

is based in one washing cycle, according to Fig. 3.17-c. 

 

Table 3.11. Deferrable loads operation schedule. 

Load Without DSM With DSM 

Washing machine 7 p.m. – 8 p.m. (Mo, We, Fr) 12 a.m. – 1 p.m. (Mo, We, Fr) 

Tumble dryer 8 p.m. - 9 p.m. (Mo, We, Fr) 1 p.m. - 2 p.m. (Mo, We, Fr) 

Dishwasher 9 p.m. – 9:40 p.m. (All days) 11 a.m. – 11:40 a.m. (All days) 

Legend: Monday: Mo, Wednesday: We, Friday: Fr. 
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A typical consumption scenario with DSM in daily distribution can be seen in Fig. 3.19. The lights 

are switched on when required during different periods of the day and the cooking appliances are 

switched on at 7 p.m. when the two occupants are at home. There is a load of 2.8 kWh between 

8 and 9 p.m, which accounts for the consumption of the electric oven, the cooktop, cooling space, 

lights and entertainment appliances. The deferrable loads are rescheduled to the strategic periods 

corresponding to a daily consumption of around 0.7 kWh (dishwasher and washing machine) and 

1.1 kWh (tumble dryer), representing 13% and 10% of the total load respectively. Finally, the daily 

consumption distribution of the non-deferrable loads is given as follows: 3.4 kWh for cooking 

appliances, 2.6 kWh for cooling, 1.4 kWh for lights and 1 kWh for entertainment appliances (TV, 

DVD and notebook), representing 31%, 24%, 13% and 9% of the total load respectively. 

 

 

Figure 3.19. Daily distribution of electricity consumption in a typical day with load shifting DSM. 

3.7.2 Photovoltaic hybrid system and battery controller 

The PV hybrid system block diagram and technical characteristics used in the dynamic 

simulations are presented in Fig. 3.20 and Tab. 3.12.  

 

Figure 3.20. PV Hybrid system topology for residential building under investigation. 

a) Dishwasher 

b) Washing machine 

c) Tumble dryer 
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The PV generator model, PV inverter model, tilt angle and orientation of the PV modules were 

assumed to be the same as those previously used in the EnergyPlus simulations given in Section 

3.3. Monocrystalline silicon PV modules of 230 W and 18.5% efficiency were again considered. 

The PV modules were oriented to the north and the tilt angles were approached to the latitude of 

each location to maximize the annual PV output. Here, different scenarios of installed PV output 

(from 1.15 kWp to 10.35 kWp) were researched in order to evaluate an optimized system capacity.  

An electricity storage system was investigated in order to optimize the self-consumption and the 

degree of self-sufficiency of the house. Research was carried out with Valve-Regulated Lead Acid 

(VRLA) Gel batteries due to higher efficiency between all available lead-acid batteries and low 

costs (see Chapter 2, Section 2.8.2). VRLA batteries coupled with PV generators have the main 

advantage of providing higher levels of self-consumption, to reduce the net exported energy and 

the current issues with PV-grid interaction.  

Table 3.12. The main technical characteristics of the photovoltaic hybrid system. 

Grid connection capacity, PGCC 6 kW 

PV module nominal power 230 W 

PV module efficiency 18.5% 

PV module tilt angle 15º (Brasília), 25º (São Paulo) 

PV nominal installed capacity, PNomPV From 1.15 kWp to 10.35 kWp 

PV inverter AC rated output From 1 kW to 10 kW 

PV inverter efficiency 96% 

Battery technology VRLA Gel 

Battery bank voltage 48 V 

Normalized battery apacity From 0.17 to 1.22 days of autonomy 

Minimum state-of-charge, SoCmin 20% 

Maximum state-of-charge, SoCmax 100% 

Battery Depth-of-Discharge, DoD 80% 

Battery inverter power 6 kW 

 

The nominal battery capacity (CBat) was normalized according to the daily load consumption (11 

kWh/day) as a “virtual” autonomy15, as typically done in stand-alone PV systems, according to 

related studies (Castillo-Cagigal et al., 2011). Thus, the simulations were carried out with a 

normalized battery capacity ranging from 0.17 to 1.22 days of autonomy (equivalent to a nominal 

battery capacity ranging from 1.92 kWh to 13.44 kWh) which represents viable sizes for residential 

Net Zero-Energy Buildings. 

In order to increase the load supply arising from the battery system and the load matching rates 

a larger depth-of-discharge than usual is recommended technically (see Tab. 2.4 in Section 2.8.2) 

is considered in the simulations (DoD = 80%). A similar methodology was applied in other works 

(Castillo-Cagigal et al., 2011). In this assumption, the technical lifetime of the battery is reduced 

depending on the battery technology and maximum number of cycles specified by each battery 

manufacturer. As an example, deep-cycle or long-life VRLA batteries used for home energy 

storage have thicker plates which allow for a larger depth-of-discharge offering longer lifecycles 

(Oliveira e Silva and Hendrick, 2016; Victron Energy, 2018a). The battery inverter was designed 

according to the building power demand corresponding to a battery inverter of 6 kW AC rated 

                                                           
15 In practical terms, it would be a virtual autonomy since the building never disconnects from the power grid. 
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power with 95% efficiency. In this way, the grid connection capacity (PGCC), not less than the PV 

installed capacity power in accordance with Brazilian regulations, was designed according to the 

maximum annual building demand. 

Figure 3.20 summarizes an electrical diagram of the system with an overview of the relevant 

nomenclature: PPV is the PV generation electricity and PLoad is the load consumption electricity; 

PGrid > 0 or PImp is the electricity imported from the power grid and PGrid < 0 or PExp is the electricity 

exported to the grid; PBat is the power exchanged with the BESS: PBat < 0 or PDisc when the battery 

is discharged and PBat > 0 or PChar when the battery is charged. 

In the second step of the study, the energy storage system coupled with the PV system and a 

local power grid were simulated in the GridSim program (ROBOLABO, 2016). GridSim represents 

a high-level battery controller which incorporates electricity consumption profiles with grid-

connected PV system and BESS. The objective of this controller is to maximize the self-

consumption without compromising the battery lifetime. A virtual battery inverter implements the 

current conversion and controls the power flows in the house. As a strategy, the batteries can be 

only charged with PV surplus electricity since the first priority is to supply the load with PV 

electricity, as the PV hybrid system never disconnects from the grid.  

 

Figure 3.21. Switching between states of the battery controller (Castillo-Cagigal, 2014). 

 

The controller actuates to inject electricity from the storage system to the load when the PV 

generation is lower than the load consumption or when the Sun goes down. In addition, the battery 

State-of-Charge (SoC) is monitored to preserve the lifetime of the battery. The controller operates 

between two states (overdischarge and self-consumption). For SoC < 20% the controller operates 

in the overdischarge state and for midcharge (25% ≤ SoC ≤ 95%) the controller operates in the 

self-consumption state with no exchange of energy with the grid. The switching between states 

depends on the State-of-Charge minimum (SoCmin) and maximum (SoCmax) of the batteries, as 

shown in Fig. 3.21 where the x-axis is the SoC and the y-axis the state of the battery controller. 

Note that there is a hysteresis area between SoCmin and SoCmax in which the previous state is 

maintained. The operation states of the controller are described below: 

1. Self-consumption: in this state, the PV hybrid system is virtually isolated from the grid but that 

could have the same effect as a physical grid disconnection. The PV surplus electricity is 

stored in the batteries and the consumption that cannot be supplied by the PV is supplied by 

the battery discharge electricity, maximizing the self-consumption of the building.  

The equations governing the power flows in this charge state are given as follows: 
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PGrid = 0 

If PLoad ≤ PPV → PBat = PLoad − PPV ; PPV→L = PLoad  

If PLoad > PPV → PBat = PLoad − PPV ; PPV→L = PPV  (27) 

Where PGrid is the power exchanged with the grid and PBat is the power exchanged with the battery. 

2. Overdischarge: in this state, the batteries are preserved against overdischarge. The electricity 

consumption that is not supplied by the PV hybrid system is supplied by the grid. Thus, the 

battery is not discharged, maitaining its SoC. On another hand, if there is an excess of PV 

electricity, it is used to charge the battery until it reaches the required SoC to switch to the 

self-consumption mode. 

If PLoad ≤ PPV → PGrid = 0 ; PBat = PLoad − PPV ; PPV→L = PLoad  

If PLoad > PPV → PGrid = PPV − PLoad ; PBat = 0 ; PPV→L = PPV  (28) 

In areas of sudden changes, power flows unmarked by the equations described appear, normally 

due to the delay between reading the power flows and the reaction of the battery inverter. 

However, these non-ideal flows are of short duration and energetically do not represent a 

significant fraction. It was considered that the internal control of the battery inverter performs the 

overcharge control, thus analysis of this battery controller operation state was not considered. 

The total losses of the battery storage system (LBat) modelled in GridSim are divided into losses 

brought about by the battery float charge (EFloat - losses for high-capacity levels) and the losses 

with regard to battery efficiency (EBat,eff), as follows (Castillo-Cagigal et al., 2011): 

LBat = EBat,eff + EFloat (29) 

The losses with regard to battery efficiency (LBat,eff) represent the energy lost due to the efficiency 

of the battery inverter conversion and that of the electro-chemical battery efficiency (Faradic 

losses). They are involved in the technology used and their values increase as the storage use 

grows: 

LBat,eff = (1 − 𝜌𝑖). EChar +
(1 − 𝜌𝑜)

𝜌𝑜

. EDisc (30) 

Where, 𝜌𝑖 is the charge efficiency, EChar is the energy stored in the batteries, 𝜌𝑜 is the discharge 

efficiency and EDisc is the energy drawn from the batteries to the AC bus. 

3.7.3 Evaluation equations – Part 2 

As detailed in the PV hybrid system block diagram in Fig. 3.20 the electricity balances are the 

integral of the power flows measured during the period of time typically found in electricity meter 

readings: EPV, ELoad, EGrid (EImp or EExp) and EBat (EChar or EDisc). 

The load consumption, ELoad can be determined as follows: 

ELoad =  EPV→L + EDisc + EImp (31) 

Where EPV→L is the electricity generated consumed directly by the load.  
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The electricity generated by the PV system, EPV, can be decomposed into three dependent 

variables: load supply, electricity stored in the batteries and electricity exported to the grid: 

EPV =  EPV→L + EChar + EExp (32) 

The PV electricity stored in the batteries, EChar is: 

EChar =  EDisc + EBat(SoC) − EBat(SoC,0) (33) 

Where, EBat,Load is the electricity drawn from the batteries to the load, EBat(SoC)  is the electricity 

stored at the end of the period analysed (function of the batteries State-of-Charge, SoC) and 

EBat(SoC,0)  is the electricity stored at the beginning of the period. 

When considering electricity storage as an additional source that supplies the load, the equations 

of the self-sufficiency factor or self-sufficiency factor (ƺL) and the self-consumption factor or self-

consumption factor (ƺG) are given as follows: 

ƺL =
EPV→L + EDisc

ELoad

  (34)  

ƺG =
EPV→L + EDisc

EPV

  (35) 

The Behavior Ratio (BR) is given by Equation 6. 

The Loss of Load Probability (LOLP) represents the fraction of time that the local generation does 

not cover the building demand (Verbruggen and Driesen, 2014). With LOLP analysis it is possible 

to access the energy autonomy of the building (Ab) as the fraction of time when 100% of the load 

can be matched by PV-origin (Salom et al., 2014). 

LOLP =
∫ f(t)

τ2
τ1

T
 {

f(t) = 1, if PNet  < 0

f(t) = 0, if PNet  ≥ 0
  (36) 

Ab = 1 − LOLP  (37) 

Where T is the evaluation period, τ is the time interval and PNet is net exported power which 

corresponds to the difference between the exported and imported electricity. 

PNet = |PExp| − |PImp|  (38) 

The Levelized Cost of Electricity (LCOE) is the cost of generating electricity delivered to the load 

or power grid during the lifetime of the PV hybrid system (T) and covers all system investments, 

and operation and maintenance costs (CO&M). The LCOE is given by Eq. 39 (Briano et al., 2015), 

where 𝜌𝑡 is the annual discount rate. The investment cost (CAPEX) is given by Eq. 40, where I0 

is the initial investment, CInverter and CBattery are the replacement costs of inverter and batteries 

respectively. 

LCOE =
CAPEX + ∑

CO&M t
(1 + 𝜌𝑡)t

T
t=1

∑
(EPV)t 

(1 + 𝜌t)t
T
t=1

  (39) 
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CAPEX =  Io +  CInverter +  CBattery  (40) 

Lastly, in order to determine the lifetime of the battery which influences the calculation of the 

LCOE and the payback time, simulations have been carried out in the free, publically-available 

System Advisor Model (SAM) program (SAM, 2017). SAM was developed by the National 

Renewable Energy Laboratory (NREL) of the United States and the models are validated through 

experimental data or compared with other programs (DiOrio et al., 2015a; Rudié et al., 2014; 

Freeman et al., 2014). For this purpose, the simulations consider Valve-Regulated Lead Acid 

(VRLA) Gel battery technology. The SAM battery lifetime model can be found in DiOrio at al. 

(2015b). The battery bank is replaced when the maximum capacity goes down to 70% of the 

original value (DiOrio et al., 2015a). The battery cycling information has been used from the 

datasheet specifications of a battery manufacturer, similar to Sonnenschein A600 Solar – VRLA 

Gel battery technology (Sonnenschein, 2012). According to the manufacturer specifications, the 

expected battery lifetime is about 1,800 cycles at 80% DoD, however it depends on the battery 

cycling used which directly affects the degradation of the battery. 

3.8 Simulation results 

3.8.1 Technical analysis (load matching and grid interaction) 

Figure 3.22 shows monthly results of the PV generation output in DC and AC mode and the PV 

inverter conversion losses. The PV system installed capacity is 3.22 kWp, according to the 

designed capacity considered in the study. The total annual PV generation electricity in DC is 

6,140 kWh in Brasília and 5,692 kWh in São Paulo, however the AC PV electricity is decreased 

due to thermal losses in the inverter. The total annual inverter conversion losses are around          

270 kWh in both locations. 

 

Figure 3.22. Monthly PV generation profile and PV inverter energy losses: (a) São Paulo. (b) Brasília. PV 

installed capacity (PNomPV): 3.22 kWp. 

Figure 3.23 shows seasonal variations for the Loss of Load Probability (LOLP), energy autonomy 

(Ab), capacity factor of imported electricity (CFImp) and exported electricity (CFExp) in different 

months and for different values of PV inverter AC rated output in the scenario with PV system 
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(S1). As can be seen, the LOLP decreases with respect to the growth of the PV installed capacity 

and a PV installed capacity of up to 5 kW contributes more to the decrease in losses (see Fig. 

3.23-a). 

 
Figure 3.23. Seasonal variations of LMGI indexes in the S1 scenario (only PV system): (a) Loss of Load 

Probability (LOLP) with continuous lines and Energy autonomy (Ab) with dashed lines. (b) Capacity Factor 

of imported electricity (CFImp) with continuous lines and exported electricity (CFExp) with dashed lines. 

Location: São Paulo. 

The percentage of time that the local generation does not cover the load demand is greater in 

July, reaching 80% in the worst case with 1 kW and 65% in the best case with 10 kW. The losses 

decrease significantly in the summer (i.e., January) because the solar potential increases and the 

PV can cover the load more efficiently. In terms of energy autonomy, the lower the LOLP, the 

higher the energy autonomy, according to its definition, permitting the electrical load matching to 

be improved. Like the results of LOLP, PV installed capacities of up to 5 kW generally contribute 

more to the increase in Ab (between 37 and 50% in monthly terms). 

Figure 3.23-b shows the degree of use of the grid connection in different months by means of 

Capacity Factor (CF) indexes. It can be seen that the decrease in the capacity factor of imported 
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electricity (CFImp) is more pronounced between 1 kW and 2 kW, and for values higher than 5 kW 

it seems to saturate when CFImp decreases from 8% to 4%. The electrical demand for water 

heating rises in the winter and the dependency on the grid increases. For this reason, in the winter 

months the PV system uses more connection capacity than in the summer months (> CFImp) and 

the smaller the PV capacities, the greater the differences between seasons.  

With more PV capacity available for the load profile considered, more excess electricity will 

appear at the point of common coupling (PCC). The exported electricity over the connection 

capacity (CFExp) increases directly with the PV capacity, and the index is higher in the periods in 

which the solar radiation and the PV surplus electricity increase (i.e., January and October). The 

daily annual mean CFExp varies from 10% to around 15% in the PV sizes considered.  

The variation in both PV and battery system characteristics modifies the electrical load matching 

and the interaction with the power grid. Thus, keeping a constant building electrical consumption, 

multiple simulations were carried out for São Paulo city by varying the inverter AC rated output 

(PV system capacity) from 1 kW to 10 kW and normalized battery capacity ranging from 0.17 to 

1.22 days of autonomy (equivalent to 1.92 kWh to 13.44 kWh). 

A combination of annual simulation results of Load Matching (LM) indexes in the S4 scenario (PV, 

BESS and DSM) are summarized from Fig. 3.24 to Fig. 3.26.  

 

Figure 3.24. Annual mean of self-sufficiency factor as a function of the size of the inverter and normalized 

battery capacity in S4 (PV, BESS and DSM). 

As can be seen, the self-sufficiency factor (ξL) and the energy autonomy (Ab) are not linear with 

respect to the battery capacity. The self-sufficiency factor and the energy autonomy indexes range 

from 30 to 90% and from 30 to 80%, respectively, in the scenarios of PV hybrid sizing analysed. 

The results show the bigger the PV system and the battery bank, the higher ξL and Ab will be.  

The self-sufficiency factor here illustrates the annual daily mean percentage of electrical demand 

provided by the PV and the BESS. It can be noted that in order to reach high values of electrical 

load matching, for example, a ξL = 88% and Ab = 80%, the PV capacity should be 10 kW and the 

battery capacity should be at least 1.05 days of autonomy (equivalent to 11.52 kWh). For small 
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PV capacities, for example, considering a typical residential PV size of 3 kW, in order to get a 

high level of electrical load matching, an increase in the storage capacity to 1.05 days of autonomy 

would be required to reach a ξL of 70% and an energy autonomy Ab of about 55%. 

 

Figure 3.25. Annual mean energy autonomy as a function of the size of the inverter and normalized battery 

capacity in S4 (PV, BESS and DSM). 

Considering a larger PV system (i.e., 5 kW), a ξL of 80% and an energy autonomy Ab of 72% 

could be reached with the same battery capacity. Finally, 1.05 days of autonomy (11.52 kWh) 

provides a high degree of energy autonomy (maximum of 80%) due to the battery supplies night-

time loads over a large time interval.  

Conversely, the self-consumption factor (ξG) decreases when the PV capacity increases since the         

PPV-PLoad correlation decreases when increasing PV generation under a fixed consumption 

pattern. The small PV sizes present the higher values of ξG, however the index grows with the 

battery capacity growth due to the increase in daily demand that is covered by battery electricity, 

according to Fig. 3.26. 

 

Figure 3.26. Annual mean self-consumption factor as a function of the size of the inverter and normalized 

battery capacity in S4 (PV, BESS and DSM). 
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The quite constant electrical consumption that occurs during the day, representing the non-

deferrable loads (refrigerator, HVAC and lights), allied with low levels of PV generation improve 

the PPV-PLoad correlation and consequently ξG is increased. As an example, by using a PV capacity 

of 1 kW almost all daily PV generation is utilized by the load (ξG = 95%) due to the quite small 

generation compared to the load magnitude. For larger PV system capacities ξG is reduced. For 

example, for a PV capacity of 5 kW, the self-consumption index ranges from 35% to 65%. 

A combination of annual simulation results of Grid Interaction (GI) indexes as a function of the 

inverter AC rated output and the battery capacity in São Paulo in the S4 scenario (PV, BESS and 

DSM) are summarized from Fig. 3.27 to Fig. 3.30. In agreement with the previously shown load 

matching indicators, the capacity factor (CF) and grid interaction indexes (fGrid) are not linear with 

respect to the battery capacity, except for small values in the sizes of PV systems the curve 

variations of CFExp and fGrid,Exp are almost linear (see Fig. 3.28 and Fig. 3.30). In order to quantify 

the grid impacts caused by individual buildings in DG, taking into account the grid connection 

(point of common coupling) outlook, different sized PV systems and BESS were researched. 

Different sizing scenarios can statistically quantify the grid connection impacts brought about by 

the PV and the influence of the designed grid connection capacity (PGCC).  

The annual mean development of the Capacity Factors (CFImp and CFExp) are shown in Fig. 3.27 

and Fig. 3.28. In general, in the case of individual buildings, enough connection capacity is 

available and CFImp presents values of up to 10%. It is evident that the application of PV and 

battery systems reduce the grid import levels, that is, the capacity factor of imported electricity 

(CFImp) is decreased with the growth of the size of PV hybrid systems. A PV system bigger than 

3 kW generally contributes less to this reduction in the index, and for PV sizes of up to 2 kW, 

increases in battery capacity do not reduce significantly CFImp, as seen in Fig. 3.27.  

 

Figure 3.27. Annual mean capacity factor of imported electricity as a function of the size of the inverter and 

normalized battery capacity in S4 (PV, BESS and DSM). 

Considering bigger PV hybrid system sizes for the load profile considered, for example, for a PV 

system of 8 kW and a battery capacity of 0.87 days of autonomy (equivalent to 9.6 kWh) the CFImp 

index is only 3% as the PV hybrid system supports the electricity requirements of the building 
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efficiently and the grid is not required that often. In turn, the growth in the PV installed capacity 

increases the grid exports levels and the increase in the battery capacity implies a reduction in 

the capacity factor of exported electricity (CFExp). As seen in Fig. 3.28, the maximum CFExp is 

down to 25% which means the PV surplus electricity is effectively stored into the batteries. For 

small PV hybrid systems (i.e., for PV capacities of up to 2 kW), the use of the grid connection in 

export terms is near to zero as the PV electricity is almost totally used to supply the load demand. 

As seen in the results of the CF, the grid connection capacity designed according to the maximum 

annual building demand (PGCC = 6 kW) means suitable CFImp and CFExp margins, otherwise, due 

to the definition of the CF index, lowering the PGCC could lead to higher levels of electricity 

exchanges with the grid. 

 

Figure 3.28. Annual mean capacity factor of exported electricity as a function of the size of the inverter and 

normalized battery capacity in S4 (PV, BESS and DSM). 

 

The results of grid interaction indexes of imported electricity (fGrid,Imp) and exported electricity 

(fGrid,Exp) are given in Fig. 3.29 and Fig. 3.30. It is important to emphasize that these indexes 

describe the fluctuation in the electricity exchanged with the grid, but not the amount of electricity 

exchanged (Voss et al., 2010). The results of fGrid,Imp shows that the index declines by increasing 

PV and storage capacities as the building self-sufficiency grows with PV, BESS and DSM 

facilities. 

Even in the lowest scenarios of PV hybrid capacities, the maximum imported power fluctuation is 

only 14% due to the effect of the storage in supplying the load demand, leading to low margins of 

fGrid,Imp. In the highest scenarios of the designed capacities, the grid stress can be drastically 

reduced by up to 5% by reducing the power imported from the grid.  

On the other hand, the variability of the power exported to the grid grows by increasing the size 

of the PV but decreases by increasing the storage capacity. As long as a high PV capacity is 

combined with a small battery bank, the batteries do not have enough capacity to store the surplus 

PV electricity on sunny days over the local electrical demand, so that fGrid,Exp can reach up to about 

24%. In this sense, small-sized PV are more technically effective in terms of excess PV electricity 
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injected into the grid, thus reducing the grid impacts (fGrid,Exp just 4% in the best case). Considering 

an optimistic scenario with a moderate PV capacity (i.e., 3 kW) and 0.52 of a day of autonomy 

(equivalent to 5.76 kWh) the fGrid,Exp rate is about 8%. 

 

Figure 3.29. Annual mean grid interaction index of imported electricity (fGrid,Imp) as a function of the size of 

the inverter and normalized battery capacity in S4 (PV, BESS and DSM). 

 

Figure 3.30. Annual mean grid interaction index of exported electricity (fGrid,Exp) as a function of the size of 

the inverter and normalized battery capacity in S4 (PV, BESS and DSM). 

Figure 3.31 presents the annual self-sufficiency factor (ξL) according to different inverter AC 

output rated values in São Paulo in the scenario without battery (S1) and in the scenario with PV, 

BESS and DSM (S4) for different battery capacities. The maximum self-sufficiency factor 

increases substantially from the S1 scenario to the S4 scenario: 22% with a battery capacity of 

0.52 of a day of autonomy (equivalent to 5.76 kWh) and 45% with a battery capacity of 1.05 days 

of autonomy (equivalent to 11.52 kWh). It is evident that the increase in the PV capacity implies 

an increase in the daily percentage of the electrical demand covered by on-site electricity 

generation (ξL increases). When computing the self-sufficiency factor, it is possible to research 
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the influence of different strategies and measures of load modulation, e.g. Demand-Side 

Management. In the optimized S4 scenario, the PV electricity directly consumed by the loads is 

increased with the displacement of deferrable loads to the solar periods and in addition, the 

surplus electricity stored in the batteries is utilized to match the night-time loads, thus increasing 

the self-sufficiency of the building. As seen in Fig. 3.31, PV capacities of more than 3 kW 

contribute less to the growth in the self-sufficiency of the building, prior to curve saturation. 

However, the blue line shows that the curve saturation tendency occurs at the 4 kW level because 

a more robust battery requires more PV electricity to be charged. 

 

 
Figure 3.31. Annual mean self-sufficiency factor versus inverter AC rated output in the S1 Scenario (without 

battery-DSM) and S4 (PV, BESS and DSM). Location: São Paulo. 

Figure 3.32 shows the annual self-consumption factor (ξG) according to different inverter AC 

output rated values in São Paulo in the scenarios researched. The electrical load matching varies 

considerably between scenarios, being superior as much as the PV hybrid system combined with 

DSM strategy supplies efficiently the load. The self-consumption factor increases substantially in 

the scenarios with PV and PV hybrid system combined with DSM, with a maximum of 96% in S4 

(PV system, BESS and DSM), 95% in S3 (PV system and BESS), 64% in S2 (PV system and 

DSM) and 56% in S1 (only PV system). As previously mentioned, the self-consumption factor (ξG) 

decreases when increasing the PV capacity as the PPV-PLoad correlation decreases when the PV 

production grows under a fixed consumption pattern. Thus, the percentage of on-site generation 

that is used by the building is reduced (< ξG). Like the previous load matching results provided by 

ξL and Ab, for PV capacities of more than 3 kW there is a tendency for a curve saturation of ξG. 

However, in the scenarios with storage (S3 and S4) the curve decline of ξG are more pronounced 

and the saturation will occur for higher PV capacities.  
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Figure 3.32. Annual self-consumption factor (ξG) under different PV system topologies. Battery capacity: 

0.52 of a day of autonomy (5.76 kWh). 

 

Figure 3.33. Annual Behavior Ratio (BR) under different PV system topologies. Battery capacity: 0.52 of a 

day of autonomy (5.76 kWh). 

Figure 3.33 presents the annual mean Behavior Ratio (BR) according to the inverter AC rated 

output deviations in São Paulo. The BR variations between the scenarios researched are well 

pronounced: 4%-10% in S1, 6%-13% in S2, 13%-30% in S3 and 18%-42% in S4. There is an 

increase in the excess PV electricity with the increase in the installed PV capacity, decreasing BR 

proportionally as the self-consumption factor is decreased (see Fig. 3.26 and Fig. 3.32). 

As can be seen, BR is superior in the cases with RES, especially in S4 with BESS. The behavior 

ratio achieves its maximum between the PV capacities of 1 kW and 2 kW due to the influence of 

ξG. Nevertheless, in order to increase the self-sufficiency of the building (ξL), the PV capacity must 

be as high as possible, certainly depending on the roof area of the building available to the 

installation of PV modules. However, PV capacities of more than 3 kW – 4 kW contribute less to 

the growth in BR, as can be seen in the curve-saturation tendency in Fig. 3.33.  
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Based on the previous results of the load matching rates under different PV capacity sizes, as 

shown by the curve-saturation tendency from Fig. 3.31 to Fig. 3.33, in this study a PV installed 

capacity of 3.22 kWp was selected (3 kW inverter AC rated output, corresponding to 9 modules in 

series of 2 strings in parallel with 230 W solar modules). 

In order to find an optimal battery bank size in order to increase the electrical load matching of 

the building, Fig. 3.34 presents variations in the self-sufficiency factor (ξL) as a function of the 

battery capacity. Small-scale battery sizing up to 0.52 of a day of functional autonomy contributes 

more to the growth of ξL, as can be seen in the curve saturation tendency. In the transition 

between 0.52 and 1.05 days of autonomy lies a maximum ξL and a battery capacity of more than 

around 1 day of autonomy should be avoided since it contributes less to the growth of ξL.  

 

 

Figure 3.34. Sizing of the battery bank as a function of the self-sufficiency factor in S3 (PV and BESS) and 

S4 (PV, BESS and DSM). PNomPV: 3.22 kWp. 

Based on the results of Fig. 3.34, a battery capacity of 0.52 of a day of autonomy (equivalent to 

5.76 kWh) was selected, which combined with a PV installed capacity of 3.22 kWp results in a ξL 

of 55%, a ξG of 70% and an energy autonomy Ab of around 40%, as also shown in the carpet plot 

results from Fig. 3.24 to Fig. 3.26. In this case, the house has a large potential to consume the 

generated local electricity but it losses in energy autonomy when compared to the larger installed 

capacities. Therefore, the usable battery capacity corresponds to 4.6 kWh (80% DoD). The 

battery bank is divided into four batteries, each battery has a capacity of 120 Ah (C1016) and a 

voltage of 12 V; therefore, the total battery bank voltage is 48 V. The BESS is provided by a 

battery inverter of 6 kW AC rated power. The storage system has a bidirectional battery inverter 

because the battery operates in DC and all electricity exchanges are produced through the AC 

bus. The battery inverter does not only implement the current conversion, but allows the power 

flows in the house to be controlled. 

Figure 3.35 indicates results of daily electricity flows in a typical day with PV and BESS in São 

                                                           
16 Capacity for 10-hour discharge cycles. 
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Paulo with a battery capacity of 0.52 of a day of autonomy (equivalent to 5.76 kWh). 

 

Figure 3.35. Electricity flows and battery SoC on a typical day: (a) Scenario without DSM (S3): ξL: 51%, ξG: 

44%, Ab: 40%. (b) Scenario with DSM (S4): ξL: 70%, ξG: 70%, Ab: 45%. The building is equipped with a PV 

generator and batteries designed as follows: PNomPV: 3.22 kWp. Battery capacity: 0.52 of a day of autonomy 

(5.76 kWh). 

 

Without DSM (S3 scenario) the deferrable loads are allocated when the house occupants get 

home after work (6 p.m.). According to the plot results shown in Fig. 3.35-a, the battery is 100% 

charged with PV excess electricity at midday; however the battery is not discharged until 5 p.m. 

because the PV itself covers the load demand. From 6 p.m., the PV-battery electricity reduces 

PGrid reaching the minimum SoC (SoCmin = 20%) at 7 p.m. After that, the house requires electricity 

from the grid until the next solar cycle. It is possible to note the benefits of displacing the deferrable 

loads to solar periods because the consumption is very low in the afternoon when the PV 

generation is available. Considering the load shifting DSM (S4 scenario), as detailed in Fig. 3.35-

b, the PV generation is not able to supply the highest load peaks from 11:15 a.m. to 1:40 p.m., 

and then the battery electricity is required. In both scenarios researched, the imported power from 

the grid is reduced with the operation of the PV hybrid system; hence, the daily demand that is 

covered by the PV hybrid system is 51% in S3 and significantly 70% in S4 with the battery 

providing almost half a day of autonomy (around 45% in both cases). The hourly self-consumption 

factor (ξG) is a good indicator of when and how much of the on-site supply is self-consumed, and 

thus indicates the periods when building acts as an electricity supplier (Salom et al., 2013). The 

ξG index grows 26% from the scenario without DSM (S3) to the scenario with DSM (S4), 

demonstrating that the DSM strategy is able to enhance the daily percentage of electrical demand 

covered by the PV hybrid system. 

Simulations with a battery capacity of 1.05 day of autonomy (equivalent to 11.52 kWh) were 

carried out in order to analyze the differences in the daily load supply and in the load matching 

indexes, as displayed in Fig. 3.36. In this case, the power imported from the grid is considerably 
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reduced; hence, the daily demand that is covered by the PV hybrid system is fairly high (80% in 

S3 and 84% in S4), furthermore the energy autonomy is increased by around 10% compared to 

the previous case detailed in Fig. 3.35. The more the battery operation works in the self-

consumption mode, the more the self-consumption factor (ξG) increases. Thus, taking into 

account the battery capacity used for the load consumption profile considered, ξG is 70% in S3 

and relatively high in S4 (88%), as the load shifting strategy redistributes the daily load 

consumption and enables the load coverage to be carried out by PV electricity either directly or 

indirectly. It is clear that when less electrical demand is allocated at night due to the deferrable 

load displacement, the BESS supplies the demand for a longer period than the scenario without 

DSM (load supplying with the PV hybrid system takes place from 6 a.m. to 9 p.m. in S3 and from 

6 a.m. until almost 10 p.m. in S4). 

 

Figure 3.36. Electricity flows and battery SoC on a typical day: (a) Scenario without DSM (S3): ξL: 80%, ξG: 

70%, Ab: 52%. (b) Scenario with DSM (S4): ξL: 84%, ξG: 88%, Ab: 58%. The building is equipped with a PV 

generator and batteries designed as follows: PNomPV: 3.22 kWp. Battery capacity: 1.05 day of autonomy 

(equivalent to 11.52 kWh). 

 

Figure 3.37 emphasizes the monthly variations in ξL and ξG for the two locations researched. The 

monthly daily mean ξL ranges from 20 to 30% in S1 (only PV system) and from 25 to 35% in S2 

(PV system and DSM). With batteries, it has shown major improvements and thus ξL ranges from 

45 to 60% in S3 (PV system and BESS) and from 47 to 67% in the optimized scenario S4 (PV 

system, BESS and DSM). In addition, the DSM application increases ξL, as seen in Fig. 3.37-a. 

The seasonal variations are more pronounced in the winter, where the electricity consumption 

profile changes because of the different temperatures in the country. From May to August less 

PV electricity is produced, the cooling load decreases, the boiler demands electricity before 

sunset and there are around two hours less of Sun, thus decreasing ξL. In Brasília, this effect is 

not pronounced because it presents better potential for solar energy and even the consumption 
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for DHW is lower than in São Paulo. Otherwise, PV production increases in the summer, battery 

charging potential increases and ξL reaches the highest values, up to about 70% in São Paulo 

and 60% in Brasília. In São Paulo, ξG grows significantly in the winter months because the on-site 

generation gets smaller and the PPV-PLoad correlation is improved, achieving around 80% in S4 

(see Fig. 3.37-b). A similar effect is observed in Brasília through the increasing of cooling space 

consumption in the summer, making ξG higher than in the rest of the year. The disparities in the 

ξL rates between the locations studied may be explained by the differences in electricity 

consumption of each case, as previously described. The other reason is the differences in 

geographic location, which varies the sunrise and sunset times. For example, in the Brazilian 

winter solstice (21/06) there are 10 hours and 39 minutes of Sun in São Paulo and in Brasília 

there are 11 hours and 10 min, which generically enhances the daily percentage of load demand 

covered by the PV. 

 
Figure 3.37. Monthly Load Matching indicators: (a) Annual daily mean self-sufficiency factor (ξL). (b) Annual 

daily mean self-consumption factor (ξG). Continuous lines: São Paulo. Dashed lines: Brasília. 

 

 

 
Figure 3.38. Duration curve for electricity exchanges with the power grid. Negative axis: electricity imported 

from the grid. Positive axis: electricity exported to the grid. 

The duration curve in Fig. 3.38 represents the period in which the building imports or exports 
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electricity, indicating the power levels at which the building exchanges electricity with the grid over 

the year. The imported electricity was plotted as negative values and the exported electricity as 

positive values. The duration of purchased electricity and imported power peaks are reduced with 

the effect of energy storage and DSM (S4 scenario) in both locations. In a general context, it can 

be seen that the duration of the curves of the imported electricity from the grid from 6 kW up to 2 

kW are lower compared to 1 kW or less where the house demands electricity from the grid for a 

longer time interval. In fact, this power range represents the night-time demand that the storage 

system is not able to supply. As detailed in Fig. 3.38, there are no exchanges between the building 

and the grid in S4 for a long time interval (approx. 2,800 h) and the annual duration of exported 

electricity is very short in both locations as the PV surplus electricity not used by the load is 

expected to charge the batteries. 

Table 3.13 highlights the annual results of Load Matching and Grid Interaction indicators 

determined for the two locations studied in the scenario with only PV system (S1) compared to 

the optimized scenario with PV, BESS and DSM (S4) when using a battery capacity of 0.52 of a 

day of autonomy (5.76 kWh). The results for ξL show an increase of 30-35% from the S1 to S4 

scenarios and up to 60% of the load requirements can be met in Brasília by local generation with 

respect to the designed system capacity. The self-consumption factor (ξG) can be increased even 

more, as can be deduced when comparing S4 with S1 (40% in São Paulo and 48% in Brasília), 

showing that up to 70% of the PV electricity is directly used by the loads. The high annual values 

of ξG in S4 demonstrate that the load and generation profiles are well correlated and the building 

takes advantage of the locally generated electricity efficiently, thus improving the self-

consumption capability. 

The scenario with demand-side management is able to reduce the losses brought about by 

impossibilities to cover the demand by the local RES (Loss of Load Probability - LOLP rates), 

increasing the Ab rates. The LOLP indicates that around 60% of the time the PV does not cover 

the load and thus the building must purchase power from the grid. The smallest LOLP occurs in 

the case S4 in Brasília (50%) equivalent to an energy autonomy (Ab) of 50%. Accordingly, Ab 

increases by 10% in S4 compared to the scenario without a battery (S1). The Ab index constraint 

is associated to the sizing of the small-scale storage system and the limitation of the PV capacity 

in order to improve the load matching potential. However, work results have demonstrated that 

the growth in the size of the PV hybrid system improves this index. 

As regards the Grid Interaction parameters, the results of DRImp show that the PGCC designed 

according to the maximum annual electrical demand ensures a safety fraction of an equivalent 

nominal connection capacity and the grid connection does not exceed the allowed limit             

(DRImp < 1). As indicated by the DRImp factor variations, PGCC can be reduced by 6% in São Paulo 

and 8% in Brasília in the S4 scenario when compared with the base case S1. However, care must 

be taken in designing PGCC according to DR because the index does not provide responses on 

the amount of peaks, the length of the peaks or exchanged electricity (Verbruggen and Driesen, 

2014). The DRExp index resulting from the S4 scenario is smaller than the PV system without 

storage (S1) as the designed PV capacity of 3.22 kWp is far from the designed connection capacity 
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of 6 kW. Thus, DRExp is reduced by 10-15% while the power exported over the grid connection is 

reduced. The fGrid,Exp indicator is reduced from 25% in S1 to around 8% in S4 in both locations 

mainly due to the capability of the system to reduce grid exchange fluctuations carried out by the 

battery inverter. The low percentage of the ratio of the imported power metering normalized on 

the maximum absolute value (fGrid,Imp ranges from 10% to 13%) means the PV and battery 

discharge electricity performs in a positive manner on the grid imported power fluctuations (an 

almost constant import instead of high fluctuations) and on the grid stress. Furthermore, this 

reduces the expected peak demand from the grid. 

Through the comparison of the capacity factor of imported electricity (CFImp) it can be concluded 

that the effect of PV and BESS decreases the amount of electricity purchased and only around 

6% of the equivalent energy use of the grid connection is used. The results show that the capacity 

factor of exported electricity (CFExp) is nearly zero when applying energy storage by virtue of the 

efficiency in charging the batteries with PV surplus electricity. Also, with the displacement of 

deferrable loads the PV hybrid system supplies the loads more efficiently, decreasing the amount 

of feed-in electricity into the grid. 

Table 3.13. Annual results of Load Matching and Grid Interaction indicators for the locations studied.             

Battery capacity: 0.52 of a day of autonomy (5.76 kWh), PNomPV: 3.22 kWp and PGCC: 6 kW. 

 São Paulo Brasília 

 S1 S4 S1 S4 

Load Matching indicators 

Self-sufficiency factor, ƺL 24% 55% 25% 60% 

Self-consumption factor, ƺG  27% 68% 22% 70% 

Behavior Ratio, BR 6.5% 37% 5% 42% 

Loss of Load Probability, LOLP 65% 60% 60% 50% 

Energy Autonomy, Ab 36% 40% 40% 50% 

Grid Interaction indicators 

Dimensioning Rate of imported electricity, DRImp 0.99 0.93 0.95 0.87 

Dimensioning Rate of exported electricity DRExp 0.40 0.30 0.46 0.31 

Grid interaction index of exported electricity, fGrid,Exp 25.4% 7.8% 25.5% 7.39% 

Grid interaction index of imported electricity, fGrid,Imp 13% 10.23% 13.6% 12.82% 

Capacity Factor of imported electricity, CFImp 7.60% 5.75% 6.65% 5.60% 

Capacity factor of exported electricity, CFExp 6.45% 0.52% 7.80% 0.50% 

 

3.8.2 Economic analysis 

In this section, the economic viability of the PV hybrid system has been assessed considering a 

3.22 kWp PV array, a PV inverter of 3 kW AC-rated power, a battery system capacity of 5.76 kWh 

and a battery inverter of 6 kW AC rated power. With this aim, the best performing PV hybrid 

system for each Brazilian city has been compared to the case with only PV system (S1). The 

current investment costs (CAPEX) of the PV system available on the Brazilian market is                

7.32 R$/Wp (equivalent to 1.87 €/Wp), including national taxes (Instituto Ideal, 2017): 34% for the 

m-Si PV modules, 21% for the PV inverter and 45% for the Balancing of System (BOS) costs 

(system project and installation, metal structure and electrical components). Considering the 

costs of the BESS, the investment cost grows to 10.5 R$/Wp (equivalent to 2.70 €/Wp): 24% for 

the PV modules, 15% for the PV inverter, 31% for the Balancing of System (BOS) costs and 30% 
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for the BESS costs (VRLA batteries and battery inverter). The economic analyses were performed 

considering the current Brazilian net-metering system, allowing the consumer unit to get credits 

for the amount of active energy from the PV surplus fed into the grid that reduce the electricity bill 

payments. A PV system lifetime of 30 years was considered.   

Table 3.14 details a summary of the PV hybrid system and economic parameters considered as 

an investment in Brazil in the locations studied. The yearly operational billing savings (∅) were 

obtained by means of billing-cost calculations in the S1 scenario (PV system) and S4 (PV system 

plus BESS) compared to the base case (without PV). The results indicate annual operational 

billing savings of 85% in Brasília in S1; 10% higher than the savings obtained in São Paulo. This 

is because the excess PV electricity that is rewarded in the net-metering system is higher in 

Brasília, producing significant energy credits that compensate the electricity bill payments. Thus, 

the annual electricity bill is only R$ 306 in Brasília compared to R$ 610 in São Paulo. In turn, the 

operational billing savings with BESS (S4 scenario) is only 20% in Brasília and 25% in São Paulo 

because the PV hybrid system does not generate energy credits throughout the year (due to the 

electricity stored in the batteries the local consumption is always greater than the electricity fed 

into the grid). 

 

Table 3.14. Economic analysis in Brazil: cost structure, investment assumptions and results. 

Application Residential building 

PV system lifetime 30 years 

Annual PV yield decay 0.5 % 

PV costs Without storage (S1): 7.32 R$/Wp, With storage (S4): 10.5 R$/Wp 

Operation and Maintenance 

costs, 𝐂𝐎&𝐌 

5 R$/kWp 

Inverter replacement 15 years 

Battery replacement 6 years 

Nominal discount rate, 𝝆𝒕 8.4% (Briano et al., 2015) 

Annual increase in electricity 
prices 

3% 

Electricity pricea Brasília: 0.85 R$/kWh, São Paulo: 0.52 R$/kWh 

Yearly operational billing 
savings, ∅ 

Without storage (S1): Brasília: 85%, São Paulo: 75%, 
With storage (S4): Brasília: 20%, São Paulo: 25% 

Levelized Cost of Electricity, 
LCOE 

Without storage (S1): Brasília: 0.45 R$/kWh, São Paulo: 0.5 R$/kWh 
With storage (S4): Brasília: 0.95 R$/kWh, São Paulo: 1.05 R$/kWh 

Payback time Without storage (S1): Brasília: 13 years, São Paulo: 30 years 
With storage (S4): above PV system lifetime 

a Including federal taxes and tax levels among Federal States in Brazil. 

 

Simulation results carried out in SAM corresponding to the battery number of cycles for battery 

lifetime has determined, with 80% DoD, that the number of battery cycles is about 1,500 cycles, 

with battery replacement every 6 years in both locations, as detailed in Tab. 3.14. The lifetime of 

the battery is in accordance with the literature that estimates the lead-acid battery lifetime as 

ranging from 3 to 15 years (World Energy Council, 2016). 

In order to determine the system economically with the PV system operation in S1, it has been 

performed PV system costs ranging from 3 R$/Wp to 8 R$/Wp (from 0.77 €/Wp to 2.06 €/Wp) and 

discount rates (𝜌𝑡) ranging from 2 to 12%, assuming an increase in the annual mean electricity 

tariff of 3%, as shown in Fig. 3.39. The annual savings obtained using energy credits is directly 
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related to the power utility tariffs and the financial incentives. The payback time is shorter for low 

values of PV costs and discount rates and the higher the credits obtained by the net-metering 

support, the higher the annual savings will be, leading to shorter return on the investment. The 

payback time scenarios range from 7 to 30 years in São Paulo (Fig. 3.39-a) and from 4 to 26 

years in Brasília (Fig. 3.39-b). Considering the current investment cost of 7.32 R$/Wp (1.87 €/Wp) 

and an annual increase in electricity prices of 3%, the payback range from 9 to 18 years in Brasília 

(13 years assuming the current nominal discount rate of 8.4%), but adopting an optimistic 

scenario with CAPEX of 4 R$/Wp (1.03 €/Wp) the return on investment ranges from 5 to 7 years.  

Assuming the São Paulo utility tariff, which is lower than in Brasília, the annual savings are 

smaller, the payback is larger and the system would only be profitable in scenarios with low values 

of PV costs and discount rates, as can be seen in Fig. 3.39-b (i.e., the payback time is 9 years 

assuming a PV cost of 4 R$/Wp and a discount rate of 2%). Under current investment costs of 

7.32 R$/Wp, for discount rates of more than 6-7%, the payback approaches or is above the PV 

system lifetime, being it not profitable to invest in. 

 

 

Figure 3.39. Payback time perspective as a function of the discount rate and PV cost in the S1 scenario with 

a PV system: (a) Brasília. (b) São Paulo. 

 

In the scenario with PV and BESS (S4), even with the reduction in the electricity imported from 

the grid with PV and battery electricity (60% in annual terms compared to the scenario without a 

PV system) the electricity injected into the grid is quite low (264 kWh in annual terms) because 

the PV surplus electricity is used to charge the batteries. In this way, the savings achieved in the 

net-metering system is low in the locations analysed, as can be seen in Fig. 3.40. Work results 

have indicated the payback time is longer than the PV system lifetime (30 years) in both locations 

for ranges of the discount rates from 2 to 12% under current PV hybrid system costs of                   

10.5 R$/Wp. This is due to the influence of the high BESS costs, the short-term battery 

replacement (every 6 years), the equipment’s replacements costs (inverters) and the low energy 

credits achieved in the net-metering system. 
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Figure 3.40. Accumulated annual billing savings during the PV system’s lifetime in the locations studied. 

 

Considering the current financial conditions in Brazil (discount rate and investment costs detailed 

in Tab. 3.14), the payback is above the PV system’s lifetime (30 years) in São Paulo in both S1 

and S4 scenarios, due to the fact that: 

 S1 scenario: the electricity tariff is quite low and the savings achieved are correspondingly 

fairly low. Thus, the purely low electricity tariff reflects the importance of applying low discount 

rates for the investment to be profitable, otherwise the low savings obtained with the net-

metering system do not compensate the high initial investment. As seen in Fig. 3.40, the 

savings at the end of the PV system’s lifetime can reach R$ 3,558 in São Paulo. However, in 

Brasília where the electricity tariff is 40% higher, the savings at the end of the PV system’s 

lifetime increase to R$ 6,270. 

 S4 scenario: the high initial investment (CAPEX) with BESS reflects the perception of the 

larger payback time compared to the previous case. In addition, in order to charge the 

batteries the excess PV electricity and the associated savings are considerably reduced 

making this scenario less attractive in the context of Brazilian regulation. As can be seen in 

Fig. 3.40, the savings are very small compared to the S1 scenario and at the end of the PV 

system’s lifetime the savings achieved are only R$ 350.  

The investment is more profitable under the Brazilian net-metering scheme (S1) mainly for two 

reasons: (1) the lower initial investment (CAPEX); (2) due to the fact the building exports a larger 

amount of electricity into the grid, and getting credits from the PV excess electricity which 

compensates the grid electricity and reduces the electricity costs.  

Figure 3.41 details the Net Present Value (NPV) under the current financial conditions in Brazil 

and under different annual tariff increases in S1 (only PV system). The NPV represents the sum 

of the present value of annual net cash flows (revenues-expenses) generated by the project from 

the first year until the end of the system’s lifetime (30th year). As an example, with a 5% tariff 

increase, the NPV ranges – R$ 21,000 to R$ 24,300 in Brasília (see Fig. 3.41-a) and from                  
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– R$ 22,210 to R$ 3,035 in São Paulo (see Fig. 3.41-b). Figure 3.41-a determines the NPV 

perspectives in Brasília, indicating that the payback time can be reached according to the tariff 

increases: 1%: 15 years; 3%: 13 years; 5%: 11 years. As seen in Fig. 3.41-b, in São Paulo the 

tariff increase should be 5% so that the payback time can be reached in 25 years, however for 

tariff increases of 1% and 3% the payback time cannot be reached before the end of the system’s 

lifetime (30 years). The savings are more pronounced in Brasília, the payback time being shorter 

because the prosumer saves more money in this location by means of the high applied electricity 

tariffs and more potential for PV generation (> PV capacity factor) which influences the investment 

return period. 

 
Figure 3.41. Net Present Value (NPV) under different annual tariff increases during the PV system’s lifetime 

in the locations studied: (a) Brasília. (b) São Paulo. 

 

Figure 3.42 presents results of the Levelized Cost of Electricity (LCOE), considering discount 

rates (𝜌𝑡) ranging from 2% to 12% and PV costs ranging from between 3 R$/Wp to 8 R$/Wp in S1 

(only PV system) and assuming an increase in the annual mean electricity tariff of 3%. The 

analysis reports that low PV system prices combined with low 𝜌𝑡 can produce low derived 

generation costs. As can be seen in Fig. 3.42-a, it is easy to achieve grid parity in Brasília in all 

of the scenarios of 𝜌𝑡 and PV costs analysed, since the generation costs may be competitive with 

the high applied retail electricity prices (LCOE ranges from 0.10 to 0.63 R$/kWh and electricity 

tariff = 0.85 R$/kWh). However, in São Paulo, discount rates of up to 8% are required to achieve 

grid parity for PV costs ranging from 3 to 8 R$/Wp, discount rates of up to 10% are required for 

PV costs ranging from 3 to 6 R$/Wp and discount rates of up to 12% are needed for PV costs 

ranging from 3 to 5 R$/Wp, as shown in Fig. 3.42-b. Under the current financial conditions in Brazil 

(𝜌𝑡 = 8.4% and PV cost = 7.32 R$/Wp), grid parity is equally achieved in São Paulo (LCOE = 0.5 

R$/kWh against an electricity tariff = 0.52 R$/kWh). However, with the PV costs decreasing 

tendency that is projected for the next few years (IEA, 2016), this scenario can present further 

better economic perspectives. Comparing the LCOE results in both locations, it is clear that the 

LCOE is slightly higher in São Paulo (ranging from 0.11 to 0.72 R$/kWh) and could be explained 

by the differences in the annual PV generation of both locations (< CFPV in São Paulo). 
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Figure 3.42. Scenario with PV system only (S1): Levelized Cost of Electricity (LCOE) as a function of 

discount rates and PV cost deviations in the locations studied. (a) Brasília. (b) São Paulo. 

 

Figure 3.43 presents results of the LCOE in the scenario with PV and BESS (S4) considering 

discount rates (𝜌𝑡) ranging from 2% to 12%, PV hybrid costs ranging from between 5.5 R$/Wp to                 

10.5 R$/Wp and an increase in the annual mean electricity tariff of 3%.  

 

 

Figure 3.43. Scenario with PV and BESS (S4): Levelized Cost of Electricity (LCOE) as a function of discount 

rates and PV hybrid cost deviations in the locations studied. (a) Brasília. (b) São Paulo. 

 

As expected, the LCOE is higher in scenarios with battery due to the high initial investment when 

considering the costs of the battery system and battery/inverter replacement costs. The PV-

generated electricity costs range from 0.40 R$/kWh to 1.17 R$/kWh in Brasília and from 0.43 

R$/kWh to 1.27 R$/kWh in São Paulo. Due to the high local electricity tariff in Brasília, discount 

rates of up to 8% are required to achieve grid parity for PV hybrid system costs ranging from 5.5 

to 9.5 R$/Wp, discount rates of up to 10% are required for PV hybrid system costs ranging from 

5.5 to 7.5 R$/Wp and discount rates of up to 12% are needed for a PV hybrid system cost of         

5.5 R$/Wp, as shown in Fig. 3.43-a. In turn, by virtue of the low electricity tariff in São Paulo, low 

discount rates are required in order to achieve grid parity (𝜌𝑡 must be around 2-4%), as shown in 

Fig. 3.43-b. Assuming current financial conditions in Brazil (𝜌𝑡 = 8.4% and PV hybrid system        

cost = 10.5 R$/Wp), the LCOE is 0.95 R$/Wp in Brasília and 1.05 R$/Wp in São Paulo. In this way, 

grid parity is not achieved in Brasília by a margin of 0.10 R$/Wp and in São Paulo the PV 
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production costs are far from being competitive against retail electricity prices (grid parity is not 

achieved by a margin of 0.53 R$/Wp), suggesting that a decrease in the battery costs is needed 

for the PV hybrid system investment to be profitable. Refering to Fig. 3.43-a, in Brasília the 

discount rate must be reduced to around 7% in order to achieve grid parity under current financial 

conditions in Brazil. 

Despite relatively high irradiation levels, the PV LCOE is higher in Brazil than in other countries 

mainly due to higher installation prices caused by customs duties levied on PV equipment and by 

the immaturity of the PV market. While in São Paulo PV technology is still far from being 

competitive against the grid tariff (high payback time periods), in other Brazilian locations where 

the electricity tariffs and irradiation levels are relatively higher (i.e., in Brasília and Belo Horizonte) 

grid parity and payback time could be reached sooner. 

3.9 Discussions and Conclusions 

In this study, simulation results have shown that the Load Matching and Grid Interaction (LMGI) 

indicators present different responses with respect to four PV system configuration scenarios and 

the selection of suitable LMGI indicators has indicated the strengths and limitations of each one. 

The study has demonstrated that there is an increase in the electrical load matching with Demand-

Side Management (DSM) due to the high coincidence between the profile shape of the electricity 

load (peaks at noon and demand reduction at night effected by the load shifting DSM) and PV 

generation. In addition, the Battery Energy Storage System (BESS) is able to improve the load 

matching rates by discharging electricity when the PV is not able to cover the demand. Compared 

to the case with only PV (S1) work results showed that when applying DSM & electricity storage 

the maximum self-sufficiency factor (ξL), determined through PV capacity variations, can be 

improved by 20% (from 40 to 60%) with 0.52 of a day of battery autonomy and slightly more than 

45% (from 40 to 85%) with around one day of autonomy, as shown in Fig. 3.31.  

Seasonal variations in load matching parameters have shown that the Loss of Load Probability 

(LOLP) decreases during summer periods due to the best solar resource that increases the load 

supply, and installed PV capacities of up to 5 kW contribute more to the increase in building 

energy autonomy (Ab). Graphical representations in carpet plots have shown the self-sufficiency 

factor (ξL), the self-consumption factor (ξG), the energy autonomy (Ab), the capacity factor of 

imported and exported electricity (CFImp and CFExp) and the grid interaction indexes of imported 

and exported electricity (fGrid,Imp and fGrid,Exp) as a function of the battery capacity and inverter AC 

rated output (expressed from Fig. 3.24 to Fig. 3.30). These results can help to select the PV hybrid 

system size since they analyze the degree of electrical load matching and grid interaction in 

different scenarios of PV output and battery capacity. These results may therefore be useful for 

PV hybrid system designers (engineers and architects), professionals who design smart grid 

facilities and who work in the power grid maintenance. In general, by growing PV-battery capacity, 

load matching indexes tend to be improved due to the best potential in covering load consumption, 

as expressed by the ξL and Ab variations. According to the results, ξL and Ab range from 30 to 90% 

and from 30 to 80%, respectively, however the indexes variations are not linear. In contrast, the 
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self-consumption index (ξG) decreases when the PV size grows, because the PPV-PLoad correlation 

decreases when increasing the PV production, however the index grows with the increase in 

battery capacity due to the additional electricity supply with battery electricity.  

In grid interaction (GI) terms, key results have shown that the use of the grid connection in import 

terms (CFImp) increases in winter due to the increase in electrical water heating demand. In 

addition, the growth in the size of the PV hybrid system decreases the grid import levels, with a 

PV capacity of around 3 kW set as a tolerable limit in order to reduce the grid requirements 

suitably. On the other hand, the growth in the PV installed capacity increases the levels of 

electricity exported to the grid, as expressed by the CFExp parameter, and the index is higher 

during the periods in which the solar radiation and the PV surplus electricity grow (i.e., January 

and October). However, energy storage effectively minimizes these levels due to the electricity 

stored. The ratios of imported-exported electricity into the grid are reduced by increasing the 

storage capacity and the variability of exported power over the grid has indicated that small-sized 

PV are more technically effective in the terms of PV excess electricity injected into the grid, 

reducing the grid impacts. It has been shown that the curtailment of imported electricity with DSM 

and battery reduces fGrid,Imp to low and safety margins (6-14%), and for the designed system, as 

seen in Tab. 3.13 fGrid,Exp is satisfactorily reduced from 25% in S1 to 8% in S4. 

In comparison with the study of Ekó House without DSM, as presented in Section 3.3, by which 

the PV has been designed according to the maximum load power demand, in these analyses 

considering PV and DSM, the PV capacity has been designed according to the optimization 

criteria of electrical load matching. In this case, the results have determined that the DSM 

technique can reduce the PV installed capacity needed to achieve a certain degree of self-

consumption and self-sufficiency, and can increase the energy management possibilities, such 

as the use of energy storage to supply nigh-time electricity consumption. The annual results of 

the self-consumption factor ξG under the different scenarios analysed (S1, S2, S3 and S4) have 

shown ξG decreases when increasing PV capacity as the PPV-PLoad correlation decreases when 

the PV production grows under a fixed consumption pattern, as seen in Fig. 3.32. It has been 

demonstrated for a similar PV capacity, the degrees of the self-consumption (ξG) and the Behavior 

Ratio (BR) are quite higher when considering DSM or even higher when DSM and energy storage 

are admitted, as shown in Fig. 3.32 and Fig. 3.33. Furthermore, the variations in the battery 

capacity as a function of the self-sufficiency factor (ξL) have shown that the scenario with DSM 

(S4) can achieve higher degrees of ξL compared to the scenario without DSM (S3) and battery 

capacities of up to 0.52 of a day of functional autonomy (equivalent to 5.76 kWh) contributes more 

to the growth of ξL, as shown in Fig 3.34.  

Daily electricity flows analyzed in the house have complemented the technical analysis. This 

analysis is relevant when one aims to investigate the PV and battery operation (load supply), 

battery behaviour (State-of-Charge) and grid exchanges. By comparing two different scenarios 

(S3 with PV and BESS and S4 with PV, BESS and DSM), the daily results have shown great 

improvements in Load Matching (LM) indicators: 20%, 26% and 5% in ξL, ξG and Ab terms, 

respectively. When double the battery capacity is considered, high values of LM were verified: ξL 
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and ξG achieve a maximum of 84% and 88%, respectively, and compared to the previous case, 

Ab is increased by 10%. 

Monthly calculations of ξL and ξG indicated that there are no general rules for load matching as it 

depends on decoupled factors (i.e., electricity consumption, PV generation and ambient 

temperature). The advantage of the load matching indicators over electricity demand and 

production profiles researched is the possibility of taking into account the influence of electricity 

storage. The results have shown that ξL has more potential in Brasília most of the year due to the 

better solar conditions. However, the house potential in using on-site generation is mostly higher 

in São Paulo during the winter due to higher electricity consumption combined with lower PV 

production, which means less excess PV electricity.  

The duration curves provided useful information on PV-grid interaction, indicating that the duration 

of purchased electricity and power peaks over the grid connection are reduced in both locations 

when applying energy storage. The duration of exported electricity demonstrated it to be very 

short in S4 with PV, BESS and DSM, leading to the reduction in voltage rise associated with 

reverse power flows, contributing positively to the grid operation.  

When evaluating the flexibility of the house in terms of energy performance, it was necessary to 

compare extreme cases with different strategies. In this assumption, this study has compared 

different scenarios (i.e., without DSM and with DSM). The application of DSM and storage showed 

increases in the annual load matching and grid interaction indicators. The results of ξL, ξG and Ab 

in Brasília presented great improvement from S1 to S4: 30% for ξL, 40% for ξG and notably 10% 

for Ab. The proposed GI indicators (fGrid,Imp, CFImp, DRImp) have identified slight differences 

between the two test scenarios. The results of the CFImp index indicated that only around 6% of 

equivalent energy use of the grid connection was used and this information can be useful for both 

target groups, building and grid designers. Some indexes were reduced greatly due to the effects 

of DSM and storage, as expressed by DRExp, fGrid,Exp and CFExp. Notably, the normalized exported 

electricity (CFExp) decreased almost to zero due to system design improvements, and for high 

penetration situations of renewable energy sources into the grid this condition can be taken into 

account for a grid design perspective. 

In particular, the following conclusions have been drawn from the theoretical analysis made on 

the influence of the specific application (building electrical load supply) and the BESS control 

strategy on the fraction of local electricity used in terms of LMGI indicators and economics (i.e., 

Levelized Cost of Electricity - LCOE and billing savings). This behaviour implies that the optimal 

sizing of PV & BESS must be carried out in each case by taking into account both electricity and 

economic aspects. The economic results have demonstrated that the yearly operational billing 

savings (∅) are much higher when no energy storage is considered (i.e., in Brasília ∅ is 85% with 

only PV system compared to 20% when energy storage is considered) as the PV surplus 

electricity that is rewarded in the net-metering system is considerably reduced with energy 

storage. Other significant results have shown that under the current financial conditions in Brazil, 

the payback time in São Paulo is longer than the PV system’s lifetime (30 years) in both scenarios 

S1 and S4 due to the low electricity tariffs and billing savings, reflecting the importance in applying 
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low discount rates to the system’s profitability. When considering the battery system, the payback 

time is still large due to the high investment costs. 

The Net Present Value (NPV) plot results have shown that the payback time can be achieved 

sooner in Brasília in S1 (only PV), according to the tariff increases (i.e., 11 years with 5% tariff 

increase). This is mainly due to the higher electricity tariff and the higher PV capacity factor (CFPV) 

observed in the city. The LCOE plot results in S1 (only PV system) have determined that the grid 

parity condition is easy to achieve in Brasília in all of the discount-rate scenarios analysed (𝜌𝑡) 

and currently the payback time can be achieved conveniently in 13 years. The grid parity condition 

can also be achieved under current financial conditions in São Paulo in S1, however the payback 

time is still large, preventing PV projects development. 

In contrast, when considering the battery system costs (S4 scenario) under current financial 

conditions in Brazil, the PV generation costs are far from competitive against grid electricity in the 

residential segment. Discount rates must be around 2% in São Paulo to make the system 

profitable, far from a real market, highlighting the needs to reduce PV-battery costs in order to 

achieve a shorter payback time. In turn, in Brasília the discount rates must be reduced to around 

7% in order to achieve grid parity.  

In conclusion, the methodology proposed to evaluate energy refurbishment aspects with the 

presence of a PV hybrid system has been validated in a residential building in two Brazilian 

locations. The case study has shown that the use of intelligent energy management strategies 

(Demand-Side Management & PV hybrid system) is an advantageous option for energy 

refurbishment of the building. The load matching indexes researched are greatly influenced by 

the electricity load profile and the control strategy, according to the different investigated 

scenarios. Furthermore, the methodology proposed permits an optimal PV-battery system size to 

be designed with the interest of improving load matching and grid interaction rates, of special 

interest to building designers/operators and grid operators. 

The results have demonstrated the combination of load-shifting demand-side management and 

small-scale PV-battery capacities provide improvements on building self-consumption and on the 

effects on the grid.  

The economic study has indicated the building achieves better profitability under current Brazilian 

net-metering scheme in scenarios without a battery system, reducing the payback time and 

Levelized Cost of Electricity (LCOE). Moreover, the results have demonstrated the importance of 

reducing PV-battery costs and to promote financial incentives to the system to become profitable. 
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4. COMMERCIAL BUILDING: GOMENDIO 

 

4.1 Justification and objectives 

Office buildings are one of the most energy consuming building types (European Commission, 

2017) and consequently are in need of energy refurbishment actions. In 2014, a total of 226 TWh 

of electricity was consumed in Spain, where office buildings consumed about 10% (European 

Commission, 2017). In a typical office building, artificial lighting and Heating, Ventilation and Air 

Conditioning (HVAC) systems are considered as major contributors to the building’s energy 

consumption, making these loads the best targets for energy savings (Fasi and Budaiwi, 2015). 

In addition, recent studies showed that occupant’s behaviour significantly impacts the total 

amount of energy used in buildings (Fabi et al., 2012; Masoso and Grobler, 2010). Office buildings 

have the advantage that the electrical demand occurs mainly during the day, which means the 

load supply can also be performed by on-site photovoltaic solar systems.  

In the present context of electricity markets with an increasing penetration of Distributed 

Generation (DG), PV hybrid systems can play a major role in increasing electricity bill savings 

and the profitability of the associated investment by means of reducing peak power and electricity 

demand from the grid (Sehar, et al., 2016). In addition, coordinated control of building loads (i.e., 

daylight harvesting and dimming strategies), can provide energy consumption reductions, 

aggregating value to local Renewable Energy Sources (RES) as providers of buildings energy 

requirements.  

This chapter validates the energy refurbishment methodology proposed in this thesis in a building 

of the commercial sector, in which an energy refurbishment is proposed following the principles 

of Net Zero-Energy Buildings (NZEB) (Marszal et al., 2011) and aiming at: (1) reducing building 

electricity consumption by means of building energy efficiency techniques; (2) introducing an 

architectural integration of PV modules on the building’s roof (BIPV system); (3) increasing 

electricity bill savings through intelligent management of the PV hybrid system; and (4) improving 

the building energy performance in terms of load matching and grid interaction.  

It has been widely demonstrated that it is possible to increase electricity management possibilities 

actuating on the demand side. Due to the fact that DSM significantly improves the local energy 

performance, by integrating PV generation and energy storage with user demand patterns, it is 

possible to increase the load matching rates. However, it remains unclear what is the optimal 

technical configuration of the PV hybrid system, its economic viability when no support policies 

are considered, and the implications that the revenues valued under specific regulatory 

frameworks of electricity markets can affect cash flows, aspects that are taken into account in this 

work. Furthermore, the battery replacement calculations take into account the battery cycling 

which directly affects the battery degradation. 
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4.2 Methodology 

Taking in mind the previous paragraphs aspects, this chapter applies the general methodology 

proposed in Chapter 2 to the particular case of energy refurbishment of tertiary office buildings 

located in Spain.  

Application of the proposed methodology has entailed the following analyses: 

1. Energy performance modeling of the original and the refurbished building: in order to 

modeling the energy performance of the original and the refurbished building, the use of 

different calculation tools has been necessary. In other words, each phenomenon has been 

analysed using the most reliable tools in its field: the virtual model of the office building has 

been done modeling the building and the electrical systems in EnergyPlus/DesignBuilder 

software (EnergyPlus, 2017b): building construction elements, lighting system, plug loads, 

HVAC system, hot water and PV solar system. Simulations have been carried out for Central 

Spain climatology (Madrid) and Spanish commercial consumption patterns. Firstly, the 

reference office building characteristics and the local weather conditions are presented in 

Section 4.2.1. Section 4.2.2 describes the virtual model used to simulate the building 

electricity consumption, indicating the building components and electrical systems. A roof-

integrated solar PV pergola (BIPV system) designed to cover the energy needs of the building 

is also described in Section 4.2.2. Section 4.2.3 describes the building operation: lighting, 

plug loads and HVAC system schedules and occupancy patterns. Section 4.2.4 reports the 

simulated lighting system, based on a daylight control system with high efficient lights, proper 

to minimize the use of electricity. Section 4.2.5 reports the simulated HVAC system and 

provision of water. The components modelled of the grid-connected PV hybrid system and 

the topology of the system are given in Section 4.2.6.  

2. Data acquisition: this analysis has not be performed, as the analyses of the building have 

been made with simulated data. 

3. Analyses of electricity flows in the topology of the building: starting from the simulated data in 

different scenarios researched (i.e., a scenario with only a PV system or a scenario 

considering PV, energy storage and DSM), the electricity flows within the building and 

between the building and the power grid have been identified and analyzed in order to 

characterize electrical performance and net electrical balance of the building. Annual, 

monthly, hourly and/or sub-hourly evaluation periods have been considered in order to 

analyze aspects such as load supply, grid exports/imports and grid power peak effects. Daily 

electricity flows have been also researched within the presence of PV or PV and energy 

storage, providing responses to load matching during a solar resource shortage, electrical 

demand peaks or at night. 

4. Analyses of Load Matching and Grid Interaction: as a PV hybrid system is a useful solution 

that can improve building self-generation rates and can mitigate high PV penetrations on the 

local distribution grid, relevant Load Matching and Grid Interaction (LMGI) indicators have 

been evaluated to assess the effects of load management strategies. Moreover, through the 
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comparisons between cases with different strategies it is possible to assess the building 

flexibility derived from LMGI indicators responses. 

5. PV system performance and system losses assessment: relevant PV performance 

parameters and system losses have been investigated, such as Performance Ratio (PR), 

Reference Yield (YR), Final yield (YF), PV Capacity Factor (CFPV), capture losses (LC) and 

system losses (LS). 

The evaluation equations concerning the electricity flows between the PV system, the load, the 

power grid and the Battery Energy Storage System (BESS) are given in Section 3.7.3, as well as 

definitions and equations of the LMGI parameters researched are given in Sections 3.3.6 and 

3.7.3. The PV system performance parameters and system compound losses researched, such 

as the solar resource (YR), the photovoltaic final yield (YF) and the Performance Ratio (PR) are 

given in Section 3.3.6. 

6. Analysis of modified electricity flows, load matching and grid impacts: this chapter 

investigates the electricity provision possibilities using PV hybrid systems (PV system 

combined with a battery system and Demand-Side Management - DSM), in order to optimize 

the self-consumption of the generated electricity and to reduce grid impacts with PV-DG. In 

this way, the electricity flows arising from the combination of intelligent energy management 

strategies have been analyzed. Keeping these aspects in mind, the LMGI parameters 

analysed in this chapter lead to the proper characterization of the interaction between the PV 

system (with or without storage) combined with DSM strategies (Peak Pricing Curtailment - 

PPC and Seasonal Electricity Curtailment - SEC) and the building level; and between the 

building and the electricity distribution grid, in order to find optimization design criteria for the 

PV hybrid system. The proposed battery model for PV hybrid system and the DSM strategies 

(PPC and SEC) using MATLAB simulation platform (MATLAB, 2017) are described in Section 

4.2.7. Section 4.2.7 also reports the battery energy storage system’s main technical 

characteristics applied in the simulations. 

7. Economic assessment: taking into account the state of maturity of the new generation of 

energy storage devices and the economic impacts of their deployment, some questions are 

kept in mind: how could the refurbished buildings transformed by wider and better economic 

availability of PV and storage electricity solutions? Will the proposed PV hybrid production 

costs be competitive with retail electricity prices? How long might it take for the investment 

return expectations? Based on these hypotheses, this chapter examines the economic 

impacts on the PV technologies and BESS deployment on an individual office building level 

and the implications for the consumers. The aim of the analyses is to verify the profitability of 

the PV system and the battery use, considering the influence of the battery cycling, the PV-

battery costs and the electricity prices on the Levelized Costs of Electricity (LCOE), 

operational billing savings (∅) and the payback time calculations. The economic analyses 

have been developed under the current conditions of the Spanish Distributed Generation 
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regulation in order to access the benefits of DG and DSM. The assessment methods of the 

economic criteria are given in Section 4.2.8. 

4.2.1 Building characteristics and weather conditions 

The investigated reference office building (Fig. 4.1-a) consists of a cubic shape office building 

with three floors located in a business park in Alcobendas (Madrid) (Fig. 4.1-b) with a total area 

of 1,091 m2, 852 m2 of conditioned area, 392 m2 of gross roof area and 52% of gross Window-

Wall Ratio. The building was built in the late 1990’s with a total annual building electricity 

consumption of 122 MWh in 2016. The building has an energy efficiency labelling certified by the 

Building Technical Code (CTE-HE V.1) of the Ministry of Development (IDAE, 2017b) with 225 

kWh/m2y of primary energy consumption rating and 34.3 kg/m2y of CO2 emissions (class D). This 

code represents a set of regulations that guides to building’s energy efficiency and indoor 

environmental quality based on the building envelope, thermal installations, lighting system and 

renewable energies. 

The building was built with prefabricated systems and glass curtain wall covers part of the external 

envelope. Table 4.1 presents the main building envelope characteristics, including U-values of 

the envelope elements, material thickness, density and thermal conductivity. Glass wool thermal 

insulation promotes the ability to retain heat during the heating seasons and prevents the release 

of unwanted heat through the building envelope during the cooling seasons (Wang et al., 2009). 

The building is constructed with precast concrete planks in the walls, ground floor and roof. Due 

to the thermal performance of insulation materials, the U-value of the external walls and the roof 

are, respectively, 0.49 W/m2 K and 0.31 W/m2 K. The U-values requirements vary greatly from 

country to country due to the climatic conditions (i.e., the objective U-value of walls in Croatia is 

1.2 W/m2 K whereas is only 0.15 W/m2 K in Slovenia (Cuce et al., 2014)) and the main interest of 

using high insulation materials in Madrid is clearly to reduce air-conditioning electrical 

consumption in both, cooler and hotter seasons. The building adopts double glazed with body-

tinted glass type and the building entrance façade is facing Northwest with 111º deviation from 

the North. Further, the large modelled glazing area in the south façade implies in a yearly 

electricity reduction due to the heating load is generally lower in this orientation (Wang et al., 

2009). Due to the large façade glazing area the Window-to-Wall Ratio (WWR) is high (52%) in 

the building topology (Goia, 2016). However, according to Goia (2016) only south-oriented 

façades in very warm climates, as Madrid summer periods, require WWR values higher than 45% 

in order to reduce heating and lighting energy use. Table 4.2 displays a summary of the main 

characteristics of the reference building under investigation, indicating the energy use per area 

and water end use. 
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Figure 4.1. (a) Office reference building under investigation. (b) Building location in Business Park in Madrid. 

 

Table 4.1. Building envelope characteristics. 

External Walls 
U =  0.49 W/m2 K  

0.02 m Plasterboard (900 kg/m3, 0.25 W/m K), 0.06 m MW Glass wool (40 kg/m3, 0.04 
W/m K), 0.1 m Air gap (1,000 kg/m3, 0.026 W/m K), 0.12 m Precast concrete planks 
(1,700 kg/m3)  

Ground floor 
U = 0.96 W/m2 K 

0.03 m Wood board (480 kg/m3, 0.15 W/m K), 0.05 m Air gap, 0.25 m Precast concrete 
planks (1,580 kg/m3, 1.56 W/m K), 0.1 m Air gap 

Roof and ceiling  
U =  0.31 W/m2 K 

0.02 m Plasterboard, 0.1 m Air gap, 0.25 m Precast concrete planks, 0.1 m Levelling 
mortar (1,000 kg/m3, 0.41 W/m K), 0.002 m Bituminous membrane, 0.08 m XPS 
extruded polystyrene (38 kg/m3, 0.032W/m K), 0.1 m Gravel (1,450 kg/m3, 2.0 W/m K) 

Glazing  
U =  2.71 W/m2 K 

0.006 m SGG Parsol, 0.012 m Air gap, 0.006 m SGG Planilux, SHGC = 0.05 

 

Table 4. 2. Reference building main characteristics. 

Total Building Area 1,091 m2 

Conditioned Building Area 852 m2 

Gross roof area 392.04 m2 

Building entrance façade orientation Northwest 

Energy Per Total Building Area 84 kWh/m2 

Energy Per Conditioned Building Area 105 kWh/m2 

Water end use 41 m3 

Window-to-Wall Ratio (façade) North: 50%, East: 51% 
South: 55 %, West: 53% 

 

A roof mounted PV system of 65.78 kWp installed capacity is installed in the business park. Figure 

4.2 shows the PV modules installed on the roofing of another office building located in the 

proximity of the reference building in the business park. In this system, the PV array is arranged 

through two subsystems of 32.89 kWp distributed in two inverters of 30 kW nominal output power 

and 95.5% peak efficiency. The temperature losses account for an important reduction on the 

annual PV yield. Due to this fact, it was selected m-Si PV modules (235 Wp and 18% efficiency) 

with low temperature coefficient of voltage (temperature coefficient of VOC = - 0.37%/K) and 

current (temperature coefficient of ISC = 0.03%/K). Figure 4.3 displays monthly results of the PV 

system performance output (PV generation and PV yield - YF) for a reference year obtained 

through the inverters data acquisition system. The total annual PV generation is 97.7 MWh 

(annual mean of 8.14 MWh) and the annual mean PV yield is 124.6 kWh/kWp. 

a)  b)

()  
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Figure 4.2. Grid-connected PV system installed on the roofing of another office building located in the 

proximity of the reference building: Left: m-Si PV modules. Right: Top view of the PV modules installed on 

the roof. Installed PV power: 65.78 kWp. PV modules tilt angle: 30º. Location: Alcobendas (Madrid), Spain. 

 

Figure 4.3. Monthly inverter data acquisition system output: Left: accumulated values of PV generation. 

Right: PV final yield (YF). 

This chapter performs work analyses under Madrid weather conditions (Lat. 40.25ºN, Long. 

3.45ºW). Madrid has a semiarid cold climate of type BSk under Köppen-Geiger climate 

classification but many parts of the city presents highest annual rainfall and the weather changes 

to type Csa (Mediterranean climate). 

 

Figure 4.4. Monthly distribution profile of weather characteristics in Madrid, Spain from AMY weather file in 

2016: Left: Daily average of direct, diffuse and global irradiation on horizontal surface. Right: Daily average 

of dry bulb temperature and relative humidity. 

Figure 4.4 introduces monthly statistics corresponding to the daily average values of solar 

irradiation on horizontal surface (Fig. 4.4(left)) and dry bulb temperature and relative humidity 

(Fig. 4.4(right)). The differences of direct and global radiation (GHI) between winter and summer 

are noticeable, i.e. the global irradiation increases from 2 kWh/m2 in November and December to 
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around 8 kWh/m2 in August, as well as occurs to the dry bulb temperature (the daily mean 

temperature grows 25 ºC from the lowest to the highest annual mean value). According to the 

statistics, Madrid has mild to cool winters due to its altitude of 728 m above sea level, and dry and 

warm to hot summers. In Madrid, the daily annual average of solar resource (GHI) is 5.11 kWh/m2, 

the annual mean temperature and relative humidity are, respectively, 15 ºC and 54%. To perform 

building simulations it was used an Actual Meteorological Year (AMY) weather file from coincident 

year (2016) obtained from Weather Analytics (Weather Analytics, 2016). 

4.2.2 Office Building Modeling 

Modeling of plug loads, lighting system, HVAC system, office hot water and PV system were done 

in DesignBuilder/EnergyPlus environment (EnergyPlus Engineering Reference, 2013). The three-

dimensional model was generated in DesignBuilder platform (Fig. 4.5) used to create an 

EnergyPlus input file. The study performs electricity consumption simulations for the reference 

building. Due to the fact that a similar building (in terms of area, constructive characteristics and 

working schedule) is located at the north-east of the building under study (see Fig. 4.5, building 

No. 2), this study considers the electricity consumption of the entire facility assuming the 

consumption of the building No. 2 similar to that of the reference building. 

 

 

Figure 4.5. Virtual model of the entire facility with roof-integrated solar pergola. Solar pergola total area:        

1,231 m2. 

 

Taking into account the building required power and the high local solar radiation levels, the solar 

energy was selected as the most suitable renewable source. Furthermore, considering the 

location of the building within a business park, this enlarges the perspective of using PV from a 

single-building architectural scale to a wider scale (cluster of buildings) (Scognamiglio and 

Rostvik, 2012). Accordingly, the study proposes a roof-integrated solar PV pergola (BIPV system) 

that covers the two blocks with the aim of assessing the potential of PV hybrid systems to cover 

the energy needs of both buildings (see Fig. 4.5). The construction of the solar pergola can be 

made using the structure of the building itself and placing a complementary structure on the 

surrounding terrain. A solar pergola is a particularly interesting solution for commercial buildings 

in hot climates. In particular, nearly horizontal and low tilted roofs are commonly used in buildings 

located within ± 23.5° latitudes, due to the Sun position in most part of the year. 
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During the summer in Madrid, direct incident sunlight occurs more frequently over the west and 

northwest building’s façades from midday until sunset. Thus, the solar pergola was stretched 

beyond the roof perimeter to provide shadowing and to reduce solar heat gains through the curtain 

wall. The solar PV pergola area designed higher than the buildings footprint permits to install a 

larger number of PV modules. Additionally, the solar pergola performs as a building constructive 

system that reduces solar heat gains that match the internal zones through the roof, therefore 

reducing cooling loads, as well as it permits to generate electricity to supply building loads. 

The assessment of the building energy refurbishment concept proposed here compares four 

different cases, as described in Tab. 4.3. 

Table 4.3. Summary description of the cases considered in the study. 

Case Building energy refurbishment 

1 LED dimming control: the building electricity demand is modified by means of the reduction of 
LED power requirements, LED heating properties and LED dimming control, according to the 
daylighting illuminance that reaches the indoor environment. Renewable energy sources are not 
considered in the analysis. 

2 LED dimming control + Roof-integrated PV system (solar pergola): In addition to lighting 
performance, the solar pergola affects the air conditioning electrical consumption by providing 
shadowing on the roof and on the curtain walls. The PV system provides local electricity to supply 
directly the load, however the load supplying is effected by natural correlation between PV and 
load consumption (any DSM strategy is adopted to increase load matching rates). 

3 LED dimming control + Roof-integrated PV system (solar pergola) + BESS: Besides the building 
electricity reduction and local electricity supply with PV, this represents a case with energy 
storage and DSM. In Case 3, Peak Pricing Curtailment (PPC) DSM strategy is applied: the Time-
of-Use (TOU) battery discharge electricity is controlled to supply building demand on the peak 
pricing periods, in order to reduce both electrical energy from the grid and the billing energy 
charge. 

4 LED dimming control + Roof-integrated PV system (solar pergola) + BESS: Besides the building 
electricity reduction and local electricity supply with PV, this represents equally a case with energy 
storage and DSM. In Case 4, Seasonal Electricity Curtailment (SEC) DSM strategy is divided in 
two methods: peak shaving DSM is applied in strategic periods of the year, in order to reduce 
building power demand and the capacity charge. As a second method, energy cutback DSM is 
applied in strategic periods of the year, with the aim to reduce electrical energy from the grid and 
the billing energy charge. 

 

 Case 1: this case corresponds to building-level without RES, however a lighting system 

optimal model is accessed, by means of Light-Emitting Diode (LED) dimming control to 

improve building’s energy efficiency level.  

 Case 2: this case addresses the LED dimming control and the building-level with roof-

integrated PV system (solar pergola) in order to provide local renewable electricity and to 

increase building’s energy performance.  

The third and fourth cases addresses the two previous targets but with the influence of the DSM 

method that stores electricity in the batteries as a complementary energy source for load supply. 

Therefore, a coordinated battery control model has been proposed to improve the electrical load 

matching, the grid interaction and the electricity bill savings (see Section 4.2.7): 

 Case 3: this case applies the Peak Pricing Curtailment (PPC) through energy cutback DSM 

strategy. Energy cutback reduces energy purchased from the grid by using the battery during 

specific periods of the day. In this case, the battery supplies the building demand on the peak 

pricing periods (highest prices) in order to reduce the energy charge on bills.  
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 Case 4: this case also addresses PV system and energy storage, however Seasonal 

Electricity Curtailment (SEC) DSM strategy is applied. This strategy is divided in two DSM 

methods: peak shaving and energy cutback. Peak shaving aims to minimize grid power peaks 

by controlling the highest power peaks by means of battery discharge and energy cutback is 

applied in strategic periods of the year in order to reduce grid energy.  

The application of each technique depends on the load demand profile and the intermittency of 

the PV generation over the year (i.e., grid power peaks, load build-up with influence of a sum of 

loads and building activities), thus the study shall demonstrate which periods of the year each 

application is most suitable. Furthermore, grid signals are also taken into account, such as Time-

of-Use (TOU) electricity prices. Multi-objective simulations were carried out using 1 min-resolution 

over one year period. The building model characteristics used in the simulations and discussed 

in this thesis are shown in Table 4.4. 

 

Table 4.4. Input data for multi-objective simulations performed in the study. 

Modeled Office Building Description 

Building orientation 70° Southwest 

Gross Window-Wall 
Ratio (WWR) 

52% 

Modeled thermal 
zones 

10 (7 conditioned thermal zones) 

Occupancy 
16.6 m2 per person 

Radiant heat gain: 30% 

Infiltration 
Infiltration air change: 0.7 ACH (Li and Rezgui, 2017) 

Maximum infiltration flow rate: 0.75 m3/s 

Lighting system 

Luminaire type: recessed 
Light type - fluorescent (original reference building): 

Lighting power density (LPD): 21.6 W/m2 
Installed power: 23.57 kW 

Light type - LED with daylight control (refurbished reference 
building): 

LPD: 14.8 W/m2. Installed power: 16.10 kW 
Radiant heat: Fluorescent: 0.37, LED: 0 (Ahn et al., 2014) 
Visible light: Fluorescent: 0.18, LED: 0.2 (Ahn et al., 2014) 
Convective heat: Fluorescent: 0.42, LED: 0.75 (Ahn et al., 

2014) 

Plug loads 
Total power density: 7.15 W/m2 

Installed power: 7.8 kW 
Radiant heat gain: 30% 

HVAC system 

Maximum supply air temperature for heating: 35 °C 
Minimum supply air temperature for cooling: 12 °C 

Designed load: 5,736.8 W (cooling), 5,543.7 W (heating) 
Designed air flow rate: 0.7 m3/s (cooling), 0.55 m3/s (heating) 
Maximum humidity ratio of the hot supply air: 0.016 kg/DryAir 
Minimum humidity ratio of the cool supply air: 0.008 kg/DryAir 

Hot water 

Type: Instantaneous hot water (electricity) 
Supply temperature: 10 °C 

Temperature delivered to the building: 65 °C 
Consumption rate: 0.2 l/m2-day 

 

It was assumed a maximum of 16.6 m2 per person and the occupancy represents a fraction radiant 

heat gain of 30%. The electrical demand for the plug loads is 7.8 kW, the plug load power density 

is 7.15 W/m2 and the fraction radiant heat gain of plug loads was assumed 30%. However, for the 

larger zones, where more occupants are considered, higher number of office equipment’s were 
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accounted, deriving a higher power density. Finally, infiltration is the unintended flow of air from 

the outdoor environment directly into a thermal zone. The maximum flow rate of infiltration 

expected at design conditions was set to 0.75 m3/s. The next sections provide information about 

the simulation campaign concerning the building operation, lighting system, HVAC system and 

hot water. 

4.2.3 Building Operation 

The lighting, plug loads, HVAC system operation schedules and occupancy patterns on typical 

weekdays are shown in Fig. 4.6. 

 

Figure 4.6. Loads operation schedules in a typical weekdays: (a) Typical summer day. (b) Typical winter 

day. 

The HVAC system is “on” before occupants arrive to the building to bring the desired temperature 

to the space (Sehar et al., 2016) (at 5 a.m. without considering Daylighting Saving Time (DST) 
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and at 6 a.m. considering DST). In a typical summer day (Fig. 4.6-a), the building follows typical 

occupancy patterns of office buildings in Spain (Spanish summer working hours), with peak 

occupancy between 7 a.m. and 3 p.m. The occupancy and equipment’s fraction of peaks are 50% 

and the lighting fraction of peak is 60%, due to the coincidence with the vacation period; in such 

a way, the cooling space operates until 4 p.m. In a typical winter day (Fig. 4.6-b), the building 

occupancy starts to increase at 7 a.m. and reaches its maximum at about 8 a.m. The lighting and 

plug load operation start at 8 a.m. and at 1 p.m. their operation start to decrease gradually until 

lunchtime (2 p.m.), when the occupancy and plug load fractions are reduced to zero and the 

fraction of lighting is reduced to 75%. The HVAC system is activated one hour before occupants 

arrive at the building to bring the desired temperature to the space, reaching its maximum from 

about 8 a.m. to 6 p.m. 

 

Figure 4.7. (a) Annual occupancy schedule. (b) Annual office equipment’s schedule. 

The annual occupancy schedule can be visualized in Fig. 4.7-a. Most of the year, the occupancy 

peak fraction was assumed 100%, although with decreases at lunchtime, and during the 
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weekends the building is unoccupied. In June, the occupancy peak fraction is reduced to 90%, in 

July and August is reduced to 50% (even as in some days it is assumed a peak fraction of 90%) 

and in September the peak fraction is 90%. The annual equipment’s schedule, displayed in Fig. 

4.7-b, shows the influence of occupancy patterns throughout the year. In June, the equipment’s 

peak fraction is reduced to 75%, in July and August is reduced to 50% and in September the peak 

fraction increases again to 75%. In the other periods of the year, the peak fraction is 100% and 

during the weekends is zero. 

4.2.4 Lighting system 

Daylight is a lighting source that most closely matches the human visual response. Making 

daylight more available in office buildings can therefore lead to important electricity savings 

(Linhart and Scartezzini, 2010), as well as increases users’ lighting comfort and improves work 

productivity when it is used sufficiently and reasonably. The daylight illuminance level in a zone 

depends on many factors, including sky condition, sun position, glass transmittance of windows 

and reflectance of interior surfaces. A daylighting control with LED lighting was modeled on 

EnergyPlus in order to increase efficiency and therefore to reduce electricity consumption. In this 

strategy, the illuminance level is determined at each simulated zone at reference points (work 

plane). EnergyPlus integrates over the area of each exterior window in the zone to obtain the 

contribution of direct light from the window to the illuminance at reference points, and also the 

contribution of reflective light from the walls, floor and ceiling before reaching reference points 

(EnergyPlus Engineering Reference, 2013). Dividing daylight illuminance by exterior illuminance 

yields daylight factors. These factors are calculated for the hourly sun positions on sun-paths for 

representative days of the annual run period (EnergyPlus Engineering Reference, 2013).  

 

 

Figure 4.8. Continuous dimming control in EnergyPlus (EnergyPlus Engineering Reference, 2013). 

 

The electric lighting control system is simulated to determine the lighting energy needed to make 

up the difference between the daylighting illuminance level and the designed illuminance. The 

zone lighting electric reduction factor is passed to the thermal calculation, which uses this factor 

to reduce the heat gain from lights. The heat from lights that contributes to zone loads is divided 

into Fraction Radiant, Fraction Visible and Fraction Convected (EnergyPlus Input-Output 
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Reference, 2013). The heat that is convective becomes cooling load immediately, while thermal 

radiation is converted to cooling load over a period of time. Continuous lighting control type was 

used in the simulations, where the overhead lights dim continuously and linearly from (maximum 

electric power, maximum light output) to (minimum electric power, minimum light output) as the 

daylight illuminance increases, according to Fig. 4.8. The lights stay at the minimum point with 

further increase in the daylight illuminance (EnergyPlus Input-Output Reference, 2013).  

When lighting level at the reference points exceeds a set point, the lights are dimmed until the 

lighting set point is met and when there is enough daylight to maintain illumination levels all 

electric lights can shut down (Sehar et al., 2016). The light control operates as follows:  

 In each perimeter zones, which do not receive daylight, electric lights levels are reduced if 

the electric illuminance is greater than 700 Lux, according to the Spanish building code         

(500 Lux–1,000 Lux) (Ministry of Development, 2013). 

 If the daylight illuminance is less than 700 Lux, electric light levels are controlled in order to 

achieve the set point illuminance of 700 Lux (Sehar et al., 2016). 

 Electric lights are completely shut down if daylight illuminance exceeds 700 Lux. 

The fraction of heat from lights that goes into the zone as visible (short-wave) was assumed 18% 

(fluorescent bulbs) and 20% (LED bulbs); the fraction of thermal radiation from lights (long-wave) 

was set to 37% (fluorescent bulbs) and 0% (LED bulbs). Table 4.4 displays characteristics of the 

lighting system for both, fluorescent and LED bulbs. The annual lighting schedule can be 

visualized in Fig. 4.9. During the year, the lighting peak fraction is 100%, although with decreases 

at lunch times, and during the weekends the fraction of lighting is zero. In July and August, the 

lighting peak fraction is assumed 60% from 8 a.m. to 3 p.m. (see Fig. 4.6-a). 

 

 
Figure 4.9. Annual lighting system schedule. 

 

4.2.5 HVAC system and provision hot water 
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The HVAC system consists of a (multi) split system available in EnergyPlus through an Ideal Load 

Air System component by which it is not connected to a central air system, instead it supplies 

cooling or heating air to the zones in sufficient quantity to meet the zone load (EnergyPlus 

Engineering Reference, 2013). The Ideal Load Air System component can be thought as an ideal 

unit that mixes air at the zone exhaust condition and then adds or removes heat and moisture at 

high efficiency in order to produce a supply air stream at the specified conditions (EnergyPlus 

Input-Output Reference, 2013). This component is modeled as an ideal Variable-Air-Volume 

(VAV) terminal unit, which varies air volume supplied to the zones. The VAV system reduces the 

air flow rates in the zone and consequently lowers electricity consumption (Fasi and Budaiwi, 

2015). Based on European Standards of the comfort zone (CEN, 2007), the indoor operative 

temperature was kept at 21 °C to 23.5 °C in the winter and 22.5 °C to 25.5 °C in the summer. 

 

 

Figure 4.10. (a) Annual heating schedule. (b) Annual cooling schedule. 
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The maximum supply air temperature used for heating the zone was set to 35 ºC and the minimum 

supply air temperature used for cooling the zone was set to 12 ºC. Table 4.5 provides 

comparisons of HVAC operation between cooling and heating mode. 

The annual HVAC system schedule can be visualized in Fig. 4.10. During heating periods (from 

October to April), the heating peak fraction is 100%, according to Fig. 4.10-a, and during the 

weekends the heating peak fraction is zero. During cooling periods (from May to September), the 

cooling peak fraction is equally assumed 100%, according to Fig. 4.10-b, and during the 

weekends the cooling peak fraction is zero. 

An electric immersion water heater was employed by using hot water consumption rates based 

on the activity in each zone, with supply temperature of 10 ºC and temperature delivered to the 

building of 65 ºC. Table 4.4 displays the characteristics of the HVAC system and hot water used 

in the simulations. 

 

Table 4.5. HVAC sizing: annual mean of conditioned internal zone for the reference building. 

Mode Design 
Load 
[W] 

Design Load 
per Area 
[W/m2] 

Design Air 
Flow [m3/s] 

Indoor 
Temperature at 
Peak Load [ºC] 

Indoor Humidity Ratio at 
Peak Load [kg/DryAir] 

Cooling 5,736.8 60 0.7 22.6 0.008 

Heating 5,543.7 58 0.5 23 0.013 

 

4.2.6 On-site photovoltaic hybrid system 

A grid-connected PV system was modeled on EnergyPlus with a nominal installed capacity 

(PNomPV) of 120.32 kWp, covering 70% of the solar pergola. Due to the limitation of PV installed 

capacity with respect to the contracted power (PNomPV must be equal or lower than the contracted 

power, according to Spanish regulations), the PV capacity was designed equal to the maximum 

load demand (PLoad,Max = 120 kW). SolarWatt PV modules (m-Si) parameters have been used for 

modeling purposes. Each module has an active area of 1.66 m2 and the PV array granted area is 

850 m2.  

Table 4.6. Photovoltaic system simulation input data. 

PV modules tilt angle 5º 

PV modules azimuth angle 70º South 

PV modules 512 modules of 235 Wp 

PV modules nominal efficiency at STC 18% 

PV installed capacity 120.32 kWp 

Subsystems 2 subsystems of 256 modules 

Conf. Serie/paralell 16 strings of 16 modules in series by subsystem 

PV modules model Sandia model 

Inverters model Look Up Table 

Inverters 2 inverters of 60 kW AC rated output 

Inverter max. efficiency 96% 

 
The PV system is connected with 2 inverters of 60 kW AC rated output with 96% efficiency. The 

PV generator is expressed by a mathematical model of Sandia Laboratory from EnergyPlus 

(EnergyPlus Engineering Reference, 2013). The “Look Up Table” PV inverter model was 

selected. According to the building ground conditions, built in a business park with open areas 
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between buildings, the building is not surrounded by any structure or other buildings that can 

provide shade on the solar modules. The PV modules were oriented at a 70º deviation from the 

south towards the west and tilted 5º, which favours PV production during summer periods, 

enabling to supply cooling load peaks and minimizing wind load. Table 4.6 displays a summary 

of the model input data used to simulate the photovoltaic system. 

The analyzed system includes PV modules, PV power inverters (DC→AC), bidirectional battery 

inverter, bidirectional power meter, Valve Regulated Lead Acid (VRLA) Absorbed Glass Mat 

(AGM) batteries and a load profile representing the office building. VRLA battery type was 

selected due to higher efficiency between all available lead-acid batteries, low maintenance and 

low costs. Table 4.7 forward displays BESS technical characteristics. 

 

Figure 4.11. Grid-connected PV hybrid system components and topology. 

 
Figure 4.11 presents the PV hybrid system components, indicating the electricity flows with an 

overview of relevant nomenclature: PPV is the PV generation electricity, PLoad is the load 

consumption electricity, PGrid is the grid electricity (PGrid < 0 or PExp means that the building exports 

power to the grid, PGrid > 0 or PImp means the building imports power from the grid); in this case, 

the adopted battery electricity is: PBat < 0 or PChar when the battery is charged, PBat > 0 or PDisc 

when the battery is discharged. The corresponding energy balances are the integral to the related 

power flows during 1 min time resolution: EPV, ELoad, EGrid (EImp or EExp) and EBat (EChar or EDisc). In 

this configuration, the system is connected in self-consumption mode. 

The evaluation equations concerning the PV performance parameters analyzed in this study are 

done in Section 3.3.6 (Evaluation equations – Part 1). The assessment of electrical behaviour on 

the building topology (equations of the power flows between building loads, PV system, BESS 

and power grid) as well as the evaluation equations used to determine the Load Matching and 

Grid Interaction parameters (LMGI) are given in Section 3.7.3 (Evaluation equations – Part 2).  

4.2.7 Battery controller description and Demand-Side Management (DSM) 

MATLAB software tool (version 2015) was used to simulate the dynamic behaviour of a control 

system based on a battery controller previously developed in Castillo-Cagigal et al. (2011). In the 

control strategy (Fig. 4.12), the PV system first supplies the load in self-consumption mode, as 
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expressed by the PPV→L parameter. The batteries are only used to store PV surplus electricity     

(PPV > PLoad) and they are discharged to meet the load later on (no power exchanges between the 

BESS and the grid). The battery State-of-Charge (SoC) is restricted to a range between SoCmin 

and SoCmax of the nominal battery capacity to preserve battery lifetime, otherwise no energy is 

exchanged with the battery. In this study, battery lifetime is estimated according to a kinetic battery 

model developed in Schiffer et al. (2007), which calculates the useful lifetime of lead-acid batteries 

as a function of the battery size and particular usage. The model determines the capacity loss by 

corrosion and degradation. This model was considered due to the fact it provides the most realistic 

assessment of aging and degradation effects on battery performance (Solano et al., 2017). 

 

 

Figure 4.12. Proposed battery model for PV hybrid system. 

 

The DSM strategies for a local facility are analyzed for the refurbished building provided with 

BESS (Case 3 and Case 4). The battery controller simulates a local DSM mechanism taking into 

account the local weather conditions (hourly PV output) and the hourly load demand and manages 

the electricity stored or drawn-out of the energy storage system. The DSM strategies are focused 

on the self-consumption maximization of the locally generated electricity and on the project 

economy improvements, through the reduction of both power and energy from the grid. Two 

different Demand-side Management strategies are investigated: 

1. Seasonal Electricity Curtailment (SEC): this strategy involves both, peak shaving and energy 

cutback DSM applied for different periods of the year, depending of the building electrical 

demand, according to Fig. 4.13. In peak shaving mode, the battery comes into operation only 

to supply load powers that surpass a predetermined maximum power limit (Pmax). The limit 

Pmax is applied with the aim of reducing grid power peaks and eventually, the nominal grid 
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connection capacity (PGCC) and the associated electricity bill capacity charges, although Pmax 

and PGCC are not necessarily equivalents. The power limit Pmax and the TOU battery discharge 

must be determined throughout the year, according to the magnitude of the grid power peaks. 

In turn, the main purpose of the energy cutback DSM is to reduce electricity imports and, 

therefore, to reduce the electricity bill energy charges. Note that when energy cutback is 

applied Pmax = 0, allowing the battery to discharge when PPV < PLoad and SoC > SoCmin. If the 

SoCmax is reached, the PV surplus is fed into the grid. The equations of the BESS and the grid 

power flows (PGrid) involving Pmax can be seen in Figure 4.12. 

2. Peak Pricing Curtailment (PPC): this strategy involves energy cutback DSM with Pmax = 0. As 

displayed in Fig. 4.14, the batteries are charged during periods of high PV production, 

reducing the electricity fed into the grid. Furthermore, the strategy allows to discharge the 

batteries on the peak pricing periods (winter and summer billing periods) allowing to the 

reduction on the energy charge on bills.  

 

 

Figure 4.13. Conceptual example of Seasonal Electricity Curtailment (SEC) strategy. 

 

 

Figure 4.14. Conceptual example of Peak Pricing Curtailment (PPC) strategy. 

 

The battery controller implements a similar strategy of that of GridSim program (self-consumption 

and overdischarge controller operation states – see Equations 27-28 in Section 3.7.2). However, 

in this case an “Overcharge” battery controller operation state is considered when SoC > 95% 

with the aim to charge the battery in a controlled manner. This leads to achieving a battery state-

of-charge of 100% and the battery goes into fluctuation allowing to readjust the SoC equations 

parameters (Castillo-Cagigal, 2010): 

If SoC ≥ 95% → Overcharge 
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If PLoad ≤ PPV → PBat = f(SoC); PGrid = PPV − PLoad − f(SoC); PPV→L = PLoad 

If PLoad > PPV → PBat = PLoad − PPV;  PGrid = 0; PPV→L = PPV (41) 

Where, f(SoC) is an equation applicable to the power limit that can be injected into the battery: 

If 95% < SoC < 96% 

f(SoC) = (1 − M. (SoC − 95)). (PPV − PLoad) 

If SoC > 96% → f(SoC) = M. (PPV − PLoad) (42) 

Where M is a parameter that defines the percentage of the limit of PV surplus electricity which is 

delivered to the battery. M = 0.5 was assumed during in the project in order to have a balance 

between the stored electricity and the electricity fed into the grid. The function f(SoC) allows to 

smooth the charge power curve and therefore the system response (Castillo-Cagigal, 2010). 

The efficiency of the battery inverter (ηinv) has been modeled using the widely employed inverse 

quadratic expression (Schmidt, H., Sauer, D.U., 1997): 

ηinv =
p

p + (k0 + k1. p + k2. p2)
  (43) 

Where k0, k1 and k2 are characteristic parameters related to the inverter’s self-consumption, ohmic 

and switching losses, respectively, and p is the ratio between the inverter output Pout and the 

inverter nominal output power Pn (p = Pout/Pn). The values used in the simulations, typical of 

commercial inverters, are: k0 = 1.024, k1 = - 1.021 and k2 = 0.018. These lead to a maximum 

efficiency of 98.4%. Inverter sizing was done according to the Energy to Power Ratio (E2P) or the 

discharge time at rated power which depends on each storage technology (World Energy Council, 

2016).  

Table 4.7 shows the main characteristics of the BESS applied in the study that is implemented in 

the simulations performed in MATLAB.  

Table 4.7. The battery energy storage system’s main technical characteristics. 

Storage system type Electrochemical 

Battery technology Lead-acid (VRLA AGM) 

Cell nominal voltage 2 V 

Battery bank voltage 96 V 

Cells in series 48 

Strings in parallel 27 

Normalized battery capacity, CBat 0.5 days of autonomy (250 kWh) 

Minimum State of Charge, SoCmin 40% 

Maximum State of Charge, SoCmax 100% 

Battery inverter nominal power 62 kW 

Battery inverter max. efficiency at nominal power 98.4% 

Battery inverter energy to power ratio (E2P) 4 h 

 
In both strategies, the battery discharge depends on the minimum and maximum battery state-

of-charge (SoCmin and SoCmax) allowed to increase battery lifetime, otherwise no energy is 

exchanged with the battery (PBat = 0). The battery State-of-Charge (SoC) was restricted to a range 

between 40% and 100% of the nominal battery capacity, as recommended by manufacturers of 
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VRLA battery technology in order to increase battery lifetime (World Energy Council, 2016; Victron 

Energy, 2018b). Therefore, a share of 60% of the installed capacity was used with a view to 

maximize load supply.  

The nominal battery capacity (CBat) was normalized according to the daily load consumption (500 

kWh/day) as a “virtual” autonomy17, as typically done in stand-alone PV systems. Here, a 

normalized battery capacity of 0.5 days of autonomy was selected, according to related studies 

(Castillo-Cagigal et al., 2011), corresponding to a 250 kWh nominal capacity and a battery inverter 

power rating of 62 kW (E2P ratio = 4h). 

4.2.8 Economic Assessment 

The Levelized Cost of Electricity (LCOE) is the most common parameter used to assess the actual 

cost of generating one basic unit (i.e., 1 kWh) using a particular technology. The calculation is 

based on the discount of different expenses to the same reference year (Thygesen and Karlsson, 

2014), including initial investment, operation and maintenance costs and system components 

replacements: 

LCOE =
I + I′ + ∑

CO&M. (1 − TR)
(1 + 𝜌𝑡)t − ∑

dt. TR
(1 + 𝜌𝑡)t

T
t=1

T
t=1

∑
EPV 

(1 + 𝜌𝑡)t
T
t=1

  (44)  

where I represents the initial investment of the PV system (PV modules, inverters and Balance of 

the System (BoS)), I′ represents the initial investment of the BESS (VRLA batteries and battery 

inverter), CO&M is the operation and maintenance costs in the tth year, TR is the corporate Tax 

Rate, dt represents a depreciation tax shield, 𝜌𝑡  is the yearly discount rate and EPV is the total 

energy produced in the tth year. In this study, the lifetime of the PV hybrid system was assumed 

to be 30 years, which represents the expected PV system’s lifetime (T) currently considered in 

profitability analyses (Briano et al., 2016). 

The Net Present Value (NPV) is based in the method described in Section 3.3.7. However, this 

case considers as annual incomes the electricity bill savings that the building achieves using PV, 

plus the savings obtained by the PV surplus electricity valued in the spot market at pool prices, 

compared to the electricity costs without PV. 

The electricity bill cost calculations includes national taxes (VAT) and electricity meter rental 

prices. In this assumption, the electricity bill costs without PV (α′) is obtained as follows: 

α′ = φ′ + μ′ + Taxes (45) 

Where φ′ is the capacity charge without PV system and μ′ is the energy charge without PV 

system. In Spain, commercial consumers (tariffs 3.0A and 3.1A) pay for the sum of the parcels of 

energy charge and capacity charge referred to the consumption in three Time-of-Use (TOU) 

electricity prices (off-peak, mid-peak and on-peak) and the correspondent taxes, whereas for 

                                                           
17 In practical terms, it would be a virtual autonomy since the building never disconnects from the power grid. 
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commercial consumers in Brazil two TOU electricity prices (off-peak and on-peak) and the taxes 

are applied. 

The electricity bill costs with PV system (α) is given as follows: 

α = φ + μ + Taxes − Revenues (46) 

Where φ is the capacity charge with PV system and μ is the energy charge with PV system. Note 

that the revenues earned by the PV excess electricity injected into the grid that is rewarded under 

self-consumption regulations (i.e., net-metering system if applicable) are discounted from the 

electricity bill payment with PV system. Net-metering system is not currently applied in the 

Spanish Distributed Generation regulation conditions, however it is applied in the Brazilian 

Distributed Generation regulation conditions, as presented in the Eletrosul building case study in 

Chapter 5.  

The annual operational electricity bill savings (∅) is given by Equation 26 in Section 3.3.7. For 

commercial consumers in Spain, revenues earned by the PV excess electricity rewarded in the 

spot market at pool prices (β) are considered in order to reduce the electricity costs, according to 

Spanish Distributed Generation regulation conditions. 

The annual savings on electricity bill in energy charge (∅e) and in capacity charge (∅c) are 

obtained comparing the related charges between the case without PV with the cases with PV, 

excluding taxes and revenues: 

∅e = 100 − [
μ. 100

μ′
] (%)  (47)  

∅c = 100 − [
φ. 100

φ′
] (%)  (48)  

Table 4.8 displays the billing structure in three Time-of-Use (TOU) electricity prices and billing 

costs without PV (α′) which were obtained from the actual contract with the power utility applicable 

to low voltage consumers (< 1 kV). For the considered commercial consumer income taxes and 

capacity are also relevant costs, as they affect billing costs and cash flows (NPV). Considering 

different electricity market structures, the billing periods and the TOU electricity prices heavily 

influence DSM strategies decisions when one aims to discharge the battery on specific periods 

in response to high grid tariffs. 

Table 4.8. Billing structure and billing costs for commercial consumer in Spain. 

Capacity costs (€/kW.y) On-peak: 40.72, Mid-peak: 24.43, Off-peak: 16.29 

Energy costs (€/kWh) On-peak: 0.1038, Mid-peak: 0.0857, Off-peak: 0.0125 

Billing periods 
(Winter: From 31-10 to 26-03) 

On-peak: 6 p.m.-10 p.m., Mid-peak: 10 p.m.-12 a.m. 
and 8 a.m.-6 p.m., Off-peak: 12 a.m.-8 a.m. 

Billing periods 
(Summer: From 27-03 to 30-10) 

On-peak: 11 a.m.-3 p.m., Mid-peak: 8 a.m.-11 a.m. 
and 3 p.m.-12 a.m., Off-peak: 12 a.m.-8 a.m. 

Annual billing costs without PV, 𝛂′ (€) 25,420 (Energy charge: 42%, Capacity charge: 38%,        
Taxes: 20%) 
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4.3 Simulation results 

4.3.1 Building End-use Loads Consumption and PV Generation 

The total annual energy consumption for the entire facility, displayed in Tab. 4.9, addresses three 

different simulation models: the first model corresponds to the building with original constructive 

characteristics equipped with fluorescent bulbs and without solar pergola, thus influencing the 

HVAC consumption; the second model addresses the building after lighting renovation with LED 

dimming bulbs, thus reducing the lighting electricity consumption, the indoor heat gains and 

consequently the cooling demand; the third model represents an optimized case of refurbished 

building considering LED dimming bulbs and the building integrated solar pergola that further 

contributes to the reduction of the electrical demand.  

 

Table 4.9. Energy consumption of the original/refurbished building models and energy savings. 

Load 
Case 1 

(Original 
building) 

Case 2 
(LED lighting) 

Case 3 
(LED and 

solar 
pergola) 

Energy savings 
(Case 2 – Case 

1) 

Energy savings 
(Case 3 – Case 

1) 

Plug 
loads 

(% total) 

36.53 MWh 
17% 

36.53 MWh 
19% 

36.53 MWh 
20% 

0 % 0% 

Lighting 
(% total) 

38.68 MWh 
18% 

20.85 MWh 
11% 

21.70 MWh 
12% 

46% 45% 

Heating* 
 (% total) 

57.50 MWh 
27% 

59.22 MWh 
30% 

63.40 MWh 
35% 

- 3% - 10% 

Cooling 
(% total) 

81.87 MWh 
38% 

78.60 MWh 
40% 

61.20 MWh 
33% 

4% 25% 

Total 214.58 MWh 195.20 MWh 182.83 MWh 9% 15% 

* Heating: HVAC and hot water. 

 

Dimming LED lighting allied with the extensive daylighting within the building allows to 

substantially downscale electrical lighting systems and reduce lighting power densities. In 

addition, LED bulbs have higher luminous efficiency than fluorescent bulbs. According to the 

results, space cooling and heating are the main electricity loads based on energy usage, 

representing 65%, 70% and 68%, respectively, of the models 1, 2 and 3. After lighting renovation, 

the corresponding electricity demand represents only 11% of the building load, although it is 

slightly increased (~ 5%) when the solar pergola is added due to the pergola shading effect (it 

reduces the daylight illuminance, increasing electric lighting demand). When replacing fluorescent 

with LED bulbs, the Lighting Power Density (LPD) decreases because the efficiency of the lighting 

source is higher, allowing savings on lighting demand in the order of 45%. In addition, LED bulbs 

reduce indoor heat gains inside the building compared to less efficient fluorescent lamps. 

Consequently, the heating demand is increased by 3% and cooling demand is decreased by 4%; 

therefore, the total building demand decreases by 9%. With the complementary shading effect on 

the building envelope performed by the pergola, radiation heating from outside the building is 

reduced, thus cooling demand decreases 25% and heating load increases by 10%; therefore, the 
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total building energy use is reduced by 15%. Moreover, simulation results performed on typical 

sunny days showed the solar pergola can reduce solar heat gains by 30%. 

Simulation results of monthly building end-use loads consumption of the refurbished building 

model provided with LED and dimming lighting and solar pergola are displayed in Fig. 4.15. The 

monthly PV output is equally showed to compare the PV generation magnitude with the load 

categories. For example, during the cooler months (May to September) the PV electricity is able 

to supply the cooling demand. Nevertheless, the heating demand cannot be met with solar 

energy. In this assumption, it realizes the need of storing PV excess for later use, according to a 

specific strategy, beneficial to optimize the value of PV generation.  

 

Figure 4.15. Refurbished building: monthly end-use loads consumption and PV generation. 

 

Figure 4.16 displays daily results of electricity flows with PV system only. The PV generation plays 

an important role in flattening the building load shape, however, it does not effectively mitigate 

potential voltage rise associated with reverse power flows due to high export power levels flowing 

at the point of common coupling. The PV excess electricity (yellow line with PGrid < 0) can be 

valued in the spot market at pool prices, allowing to the increase of billing savings. Although, the 

building power demand cannot be highly reduced by virtue of the load peaks that the PV system 

is not able to supply. This clearly suggests the interest of exploring the Demand-side Management 

possibilities provided by an intelligent use of a BESS. Several combinations of DSM strategies 

have been simulated with the PV hybrid system, in what follows the strategy leading to the 

decrease of both, imported energy and power demand from the grid. As can be noted in Fig. 4.16, 

the highest grid power peaks correspond to 120 kW, which must be leastwise the contracted 

power.  

Figure 4.17 shows the absolute frequency of grid power peaks in Case 2 (only PV system). It is 

possible to note the absolute frequency of 120 kW power peaks is very low (approx. 0.6 h/year), 

providing a security margin on the designed grid connection capacity due to power excess. 



4. Commercial building: Gomendio 

148 
 

 

 
Figure 4.16. Electricity flows in office building with PV system during a year in Case 2 (only PV system). 

 

 
Figure 4.17. Case 2 (only PV system): Histogram of yearly absolute frequency of grid power peaks.  

 

4.3.2 Demand-Side Management with BESS 

The building energy refurbishment in Case 3 (PPC) makes use of the battery controller with the 

PPC strategy. In this strategy, the batteries are discharged mostly on the peak pricing periods 

(highest prices) with Pmax set to zero, as detailed in Fig. 4.18. 

 

 

Figure 4.18. Electricity flows in office building with demand-side management in Case 3 (Peak Pricing 

Curtailment, PPC): (a) Typical winter day. (b) Typical summer day. 

In a typical winter day (see Fig. 4.18-a), the initial SoC is around 80% and when the PV gets 

higher than the load consumption the BESS is charged to 100% of SoC. The discharge process 
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starts at on-peak pricing period (6 p.m.) and goes up to 8 p.m. when the SoC goes to 82%. In 

summer time (from 1st June to 31th August), the simulation results showed by setting the batteries 

to discharge all day long the batteries are completely discharged from early morning up to 10 a.m. 

in normal radiation conditions in order to attend cooling load peaks. Thus, it generally does not 

allow battery discharges on the peak pricing periods (from 11 a.m.), periods that cooling load 

demand occurs and the building needs to import electricity from the grid at highest price. In this 

way, the virtual controller was equally set to discharge the batteries on the peak pricing periods, 

according to a typical summer day displayed in Fig. 4.18-b. In this case, the BESS starts 

discharging at 11 a.m. up to 2 p.m. when PPV gets higher than PLoad, by virtue of the decreasing 

of thermal load at lunch time.  

Figure 4.19 displays annual electricity flows in the building and annual battery State-of-Charge 

(SoC) with PV hybrid system for the Case 3 (PPC). In autumn, winter and summer seasons, the 

controller sets the BESS to discharge on the peak pricing periods. However, the grid power peak 

demand can be only reduced from 120 kW to 115 kW (~ 5%), due to the highest peaks caused 

by the HVAC system occur in the early morning periods, differently from the one that occur on the 

peak pricing periods. 

 

Figure 4.19. (a) Electricity flows in office building with BESS during a year (Case 3 - Peak Pricing Curtailment, 

PPC). (b) Battery State-of-Charge (SoC).  

 

In spring months particularly (from the 60th to the 150th day of the year), the PV generation quite 

coincides with the load consumption, by virtue of the decreasing of HVAC consumption18 allied to 

regularly high PV output. In this way, the virtual controller was set to discharge electricity during 

periods the building demands electricity (6 a.m. – 10 p.m.), in order to increase the battery use 

and to maximize the self-consumption of the local RES. From the 150th to the 180th day of the 

year (June) the battery use is minimal due to the reduction of cooling load allied to the great solar 

potential in generating electricity. In the summer and spring seasons, the PV generation and the 

                                                           
18 The HVAC consumption decreases in spring season influenced to the indoor operative temperature that consistently 
remains in the comfort temperature interval in the Madrid weather conditions. 
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battery discharge increase due to greater solar activity and, from the 270th to the 300th day of 

the year, PPV is regularly higher than PLoad, decreasing battery use. The PV excess electricity that 

is exported to the grid, is lower than the previous case due to the fact the PV excess electricity is 

stored into the batteries.  

Figure 4.20 shows the absolute frequency of grid power peaks in the analyzed case. It is possible 

to note the absolute frequency of 115 kW power peaks is very low (approx. 0.75 h/year), providing 

equivalently a security margin on the designed grid connection capacity due to power excess, 

which would allow to re-size a reduced grid connection capacity (PGCC = 115 kW). 

 

Figure 4.20. Case 3 (Peak Pricing Curtailment, PPC): Histogram of yearly absolute frequency of grid power 

peaks. CBat: 250 kWh. 

A frequency distribution of the highest grid power peaks was precisely performed to analyze the 

PGCC reduction with PV hybrid system in different scenarios of Pmax in Case 4 (SEC), according 

to Fig. 4.21. 

 

Figure 4.21. Case 4 (Seasonal Electricity Curtailment, SEC): Histogram of yearly absolute frequency of grid 

power peaks with Pmax variations. CBat: 250 kWh. 
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Taking the case of Pmax = 100 kW, it can be noted that, for grid power peaks up to 100 kW the 

absolute frequency is around 6,000 (96 h of grid power request). For grid power peaks higher 

than 100 kW the BESS comes into operation. In the case of 105 kW peaks, the absolute frequency 

decreases to around 100 (only 1.5 h of grid power request), as can be seen by the green bars, 

which would allow to re-size a reduced grid connection capacity (PGCC = 105 kW). Compared to 

the other cases, the contracted power could be reduced by 13%, providing reductions in electricity 

bill capacity charges (see Section 4.3.5), although, according to Spanish DG regulations, PGCC 

must be equal or higher than the PV generator installed capacity (PNomPV). In fact, the previous 

results could be useful for future DG regulations where the PGCC could be lower than PNomPV, as 

is the case in other countries (IEA, 2016c). 

In the winter season (from 1 December to 28 February), PV output is frequently far lower and the 

load consumption presents the highest annual peaks due to the demand for heated space in the 

early morning. In this way, the battery discharge was designed to operate following the peak 

shaving DSM strategy from 6 a.m. with Pmax = 100 kW. Refering to Fig. 4.22, PPV is frequently 

higher than PLoad during lunch times by virtue of the decrease in both, HVAC load and plug loads-

lighting operation, providing the means for the battery charging process. According to                      

Fig. 4.22-a, on a typical winter day the demand for heated space starts at 6:30 a.m. and PGrid is 

shaved at the limit of Pmax, reducing grid power peaks. 

   

Figure 4.22. Daily electricity flows in office building with demand-side management in Case 4 (Seasonal 

Electricity Curtailment, SEC): (a) Typical winter day. (b) Typical summer day. 

 
In the other seasons, simulation analyses showed that for Pmax = 100 kW the battery use is quite 

low due to the load demand being generally lower than 100 kW. Thus, the energy cutback DSM 

strategy was applied and the BESS was designed to discharge during periods the building 

demands electricity (from 6 a.m. to 10 p.m.). As an example of this approach, Fig. 4.22-b shows 

that on a typical summer day the imported power from the grid is fairly reduced; hence, the daily 

a) Pmax = 100 kW 

b) Pmax = 0 
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demand that is covered by the PV hybrid system is fairly high (82%). At 1 p.m. the occupancy 

starts to decrease, reducing the cooling demand and the total consumption from 90 kW to 60 kW. 

The battery operation reduces PGrid at 6:30 a.m. from 80 kW to 12 kW. At about 1 p.m. the battery 

is charged with solar energy achieving a maximum SoC of 56%. From 3 p.m. to 5:10 p.m. battery 

electricity reduces PGrid to zero when there is an increase of the load consumption, reducing the 

battery SoC to 40%. 

Daily electricity flows, together with the designed Pmax levels, are shown in Fig. 4.23-a. From 

Spring to Autumn, the battery use increases as a result of the battery discharging process set to 

complement the PV generation (energy cutback: Pmax = 0). In the summer and spring seasons, 

the PV generation and the battery discharge increase due to greater solar activity and, from the 

270th to the 300th day of the year, PPV is regularly higher than PLoad, decreasing battery use. 

Lastly, in Case 4 (SEC) the battery cycling is increased throughout the year, and comparing to 

the Case 2 (only PV system) and Case 3 (PPC) less PV excess electricity is exported to the grid. 

 

Figure 4.23. (a) Electricity flows in office building with BESS during a year (Case 4 - Seasonal Electricity 

Curtailment, SEC). (b) Battery State-of-Charge (SoC).  

 

Table 4.10 displays a summary of the daily time-of-use of the battery discharge electricity, the 

power limit levels (Pmax) and the periods in the cases with DSM. 

 

Table 4.10. Daily time-of-use of the battery discharge electricity and power limit (Pmax) in the cases with 

DSM. 

DSM 
Strategy 

Winter 
(01-12 to 28-02 ) 

Spring 
(01-03 to 31-05) 

Summer 
(01-06 to 31-08) 

Autumn 
(01-09 to 30-11) 

PPC 
(Case 3) 

6 p.m. - 10 p.m.a 
Pmax = 0 

6 a.m. –10 p.m. 
Pmax = 0 

11 a.m. – 3 p.m.a 

Pmax = 0 
6 p.m. – 10 p.m.a 

Pmax = 0 

SEC 
(Case 4) 

6 a.m. – 3 p.m. 
Pmax = 100 kW 

6 a.m. – 10 p.m. 
Pmax = 0 

6 a.m. – 10 p.m. 
Pmax = 0 

6 a.m. – 10 p.m. 
Pmax = 0 

a On-peak pricing period. 
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Through the comparisons of grid power request between the cases with RES with the Case 1 

without RES (base load) it is possible to access the electrical behaviour at the point of common 

coupling. In this assumption, Fig. 4.24 displays the grid power request in a typical working day. 

 

Figure 4.24. Power grid request reduction potential and PV power in the investigated cases in a typical 

weekday. 

The PV generation curve is plotted similarly in order to understand the grid request curves decay 

caused by the contribution of the PV system over the load consumption. Analysing the curves, 

the demand electricity starts at 6:30 a.m. when the Sun sets and the grid request coincides in all 

the analyzed cases. When the demand surpasses 100 kW the grid power request is reduced to         

100 kW (limit of Pmax) in Case 4 (SEC), reducing in such manner the grid power demand. When 

the PV starts to generate electricity, the grid power request is reduced (except in Case 1). At 

lunch time (2 p.m.) the PV gets higher than the base load and the building exports electricity to 

the grid in Case 2 (only PV), due to no power is expected to charge the batteries. Finally, the grid 

power request is reduced on the peak pricing periods (6 p.m.) in Case 3 (PPC), able to reduce 

the electricity costs. 

 

 

Figure 4.25. Monthly electricity balance in the different cases considered in the study. Positive axis: imported 

electricity from the grid (EGrid > 0). Negative axis: exported electricity to the grid (EGrid < 0). PV directly 

consumed: PV electricity directly consumed by the load (EPV→L).  
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Figure 4.25 summarizes the monthly energy balances for the analyzed cases. In annual terms 

the results are:  

 Case 1 (without PV): EGrid (imported) = 183 MWh. 

 Case 2 (only PV system): EGrid (imported) = 86.5 MWh, EGrid (exported) = 94.8 MWh. 

 Case 3 (PPC): EGrid (imported) = 75.53 MWh, EGrid (exported) = 83.87 MWh. 

 Case 4 (SEC): EGrid (imported) = 68.1 MWh, EGrid (exported) = 76.4 MWh. 

As can be seen, the PV energy directly consumed by the loads is quite high in this application 

(annual EPV→L = 96.4 MWh). The annual reduction of the imported energy, compared to the Case 

1 (without PV system), is well pronounced: 53% in Case 2 (solar pergola effect over the load 

consumption and PV-load natural correlation), 58% and 63% in the Cases 3 and 4, respectively, 

by virtue of the additional influence of discharging electricity that supplies the load. In complement, 

the use of BESS reduces the exported energy by 12% and 20% in the Cases 3 and 4, respectively, 

when compared to the Case 2. 

4.3.3 PV hybrid system electrical performance 

Figure 4.26 presents monthly results of PV reference yield (YR) and the PV final yield (YF) together 

with the PV AC generation and compound losses.  

 

Figure 4.26. Monthly PV electricity, inverter energy losses, reference yield and losses. 

 

Accordingly, YR and YF are higher in the sunniest periods of the year due to the influence of solar 

radiation on the PV generation output, indicating an annual mean YR and YF of 5.27 h/d and 4.15 

h/d, respectively, with maximum values in July (YR = 8.4 h/d and YF = 6.3 h/d) and minimum in 

November (YR = 2.1 h/d and YF = 1. h/d). 

The daily mean capture losses LC (losses due module temperature, electrical mismatching, also 

influenced by reflection losses) grows in the summer months (i.e., LC is 1.4 h/d in June and 1.6 
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h/d in July), however LC decreases in the coldest months (i.e., LC is 0.2 h/d in January and 0.3 

h/d in February) influenced mainly by the local ambient temperature. The module output power is 

reduced as the module temperature increases (efficiency decreases) and depends on the exploit 

natural ventilation, which can reduce or not the module temperature. In addition, the PV output 

depends on the PV modules power operation point, which derives from the irradiance and 

temperature and is determined in EnergyPlus through four point on the I-V curve, according to 

the PV module input parameters. Thus, the capture losses can also be influenced by the deviation 

from the maximum power point (MPP) tracking. The daily mean system losses LS (i.e., wiring or 

inverter thermal losses caused by Joule effect) represents a quite constant losses which are 

slightly increased in the hottest periods of the year determined by the inverter conversion 

efficiency (inverter decreases efficiency under elevated temperatures) producing a LS = 0.7 h/d in 

June and LS = 0.5 in July. A quantitative manner to determine the inverter losses in kWh is 

obtaining the difference between the DC and AC inverter power output, as showed through the 

blue line. The dependence of the temperature is also pronounced and the inverter losses achieves 

highest daily mean values in June (1,727 kWh) and July (1,798 kWh). 

Table 4.11 presents a summary of the annual daily mean PV performance parameters and 

compound losses (YR, YF and PR) in the system topology under Madrid weather conditions. The 

annual mean Performance Ratio (PR) is 79.8% and the effect of the ambient temperature on the 

PV module losses decreases PR in the summer, thus giving the lowest values of the year from 

June to September (PR ~ 75%). In the periods the temperature decreases in Madrid, PR 

increases around 10%, therefore the PR variations throughout the year (PR ranges between 74% 

and 86%) is comparable with others systems in a satisfactory manner. The daily annual mean 

solar resource in Madrid (YR) is 5.27 h/d and the annual mean PV final yield (YF), influenced by 

the solar resource and ambient temperature, is 4.15 h/d, which is comparable with well-

engineered systems (IEA, 2014; Kymakis et al., 2009). 

Table 4.11. Annual results of PV performance parameters and system losses. 

Annual simulations Results 

PV electricity, EPV 19,1156 kWh 

PV final Yield, YF 1,588 kWh/kWp (4.15 h/d) 

Reference Yield, YR 5.27 h/d 

PV Capacity factor, CFPV 18.15% 

Performance Ratio, PR 79.80% (Min.74%; Max. 86%) 

System losses, LS 0.42 h/d 

Capture losses, LC 0.72 h/d 

PV inverter losses, ELoss,Inv 0.34 h/d 

Battery inverter total losses, ELoss,Bat-Inv Case 3 (PPC): 0.03 h/d 

Case 4 (SEC): 0.06 h/d 

 

The total annual PV inverter losses (ELoss,Inv), battery inverter electricity losses (ELoss,Bat-Inv) and 

the annual mean system (LS) and capture losses (LC) (h/d) are equally shown in Tab. 4.11. 

According to the results, 15,077 kWh (equivalent to 0.34 h/d or about 7%) of the PV generation 

is lost in the inverter conversion process, which is consistent with other studies (Kymakis et al., 

2009). The inverter efficiency varies depending on the instantaneous power input, where the 
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closer the input power is of the inverter rated power the higher the efficiency will be. The 

developed battery model determines the power flows through the battery inverter in the framework 

of 1 min time interval, according to the input-output power in charging and discharging processes. 

Inverter losses is based on the size of the loads involved (Jenkins et al., 2008), thus the total 

system losses show subtle variations depending on the scenario defined. In addition, the losses 

are influenced by the characteristic parameters (k0, k1 and k2) related to the inverter’s self-

consumption, ohmic and switching losses. In charging process, the input power comes from the 

PV excess power in AC and the output power is produced after the inverter conversion in DC. In 

discharging process, the input power comes from the battery in DC and the output power is 

generated after the inverter conversion in AC. The total annual battery inverter losses (ELoss,Bat-Inv) 

represents the difference among inverter input and output power during charging and discharging 

processes, totalizing 1,618 kWh (equivalent 0.03 h/d) in Case 3 (PPC), being higher in Case 4 

(2,810 kW – equivalent to 0.06 h/d) resulted from the differences in the battery usage. 

4.3.4 Load Matching and Grid Interaction 

When using BESS the question arises of the optimal size (capacity) for a particular storage 

management strategy. To investigate the effect of BESS size in the building’s electrical 

performance, Fig. 4.27 illustrates the self-consumption (ƺG) and the self-sufficiency (ƺL) factors 

for different battery sizes in Case 3 (PPC) and Case 4 (SEC), compared to the Case 2 (only PV 

system). 

 

Figure 4.27. Yearly load matching parameters as function of battery capacity deviations. Average daily 

electricity consumption: 500 kWh. 

 

Compared to the Case 2 without battery, it is evident the load matching rates increase in the 

cases with battery. As expected, the higher the battery capacity is, the higher the load matching 

rates are due to the additional storage availability, which supplies the loads with PV electricity. 

Furthermore, the increase in battery use in Case 4 (SEC) by applying Pmax = 0 in the spring, 

summer and autumn seasons (see Fig. 4.23) potentially enhances load matching rates. In this 
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situation, the BESS was not just used on the peak pricing periods, as was generally effected in 

Case 3 (PPC), but the BESS was equally able to supply HVAC load in the early morning and 

during the day and as a result, ƺG and ƺL are higher in Case 4. The differences of load matching 

rates among Cases 3 and 4 is more pronounced under higher capacities due to the potential of 

the DSM strategy to supply the load with more robust battery size. It is demonstrated that a battery 

system sized higher than 0.5 days of autonomy does not increase the load matching capability 

significantly (see the saturation tendency of the curves). In particular, by increasing battery 

capacity from 0.5 days of autonomy to one day of autonomy (equivalent to 500 kWh) in Case 4, 

ƺG and ƺL only grow by 4%. 

Monthly variations of ƺG and ƺL indexes are showed in Fig. 4.28. The monthly daily mean self-

consumption and self-sufficiency range, respectively, from 32 to 77% and from 25 to 94%, 

corresponding to typical values of building with batteries and DSM implementation, which is 

consistent with results obtained in previous studies (Merei et al., 2016; Masa-Bote et al., 2014). 

It is possible to note through the curve deviations, that the battery employment grows the load 

matching rates. The annual self-consumption index (ƺG) deviations (Fig. 4.28-a) are influenced 

by both, load consumption and PV generation pattern. In winter periods, PV generation presents 

lowest annual values, heating space demand increases and then the PPV-PL correlation gets 

higher. In March and April (spring), the PV generation achieves higher levels and the HVAC 

consumption is reduced, influenced to the indoor operative temperature that remains close to 

comfort temperature interval. Thus, the PPV-PL correlation gets smaller and the building profits 

less amount of PV-battery electricity, resulting in a decrease of the self-consumption rates. In May 

and June, cooling space consumption grows allied with the growth of the PV generation and the 

battery use (stored electricity increases) and then ƺG increases to around 60% in Case 2 (only 

PV), getting higher in the cases with BESS. In July and August, working day occupancy decreases 

to 50% (see Fig. 4.7-a - occupancy schedule), the total building electricity consumption is 

reduced, the PV generation achieves highest annual levels and as a result less PV electricity is 

used by the loads. The results of ƺG evidence that the load and generation profiles are well 

correlated for the considered office application. However, ƺG scale strictly depends on the load 

consumption and PV generation over the year. Further, the management of the PV excess 

electricity in the batteries implies in an increase on the self-consumption index, which means a 

decrease on the amount of export electricity to the grid. Therefore, it reduces the grid impacts 

associated with PV in distribution generation. 

Figure 4.28-b shows that the seasonal variations of the self-sufficiency rates (ƺL) are higher in the 

summer months due to the increase of solar radiation. During summer and spring days, there are 

more hours of Sun than winter and the Sun path is higher across the sky. In this way, the PV 

generator surface captures more solar energy and the PV system covers more percentage of 

daily total demand. In this way, the self-sufficiency rates present highest annual levels (i.e., in 

May ƺL achieves 85% in Case 2 (only PV) and high 93% in Case 3 (PPC) and Case 4 (SEC)). In 

the coldest periods of the year, less PV electricity is produced, heating space demands power 

before sunset and there is less daily hours of sunlight. In this way, ƺL decreases (i.e., ƺL decreases 
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to below 30% in December and to below 40% in January), because the PV array supplies less 

percentage of daily electrical consumption. 

 

Figure 4.28. Monthly load matching indicators in the different studied scenarios: (a) Self-consumption.            

(b) Self-sufficiency.  

 

Figure 4.29 displays the annual development of the Capacity Factors of imported electricity 

(CFImp) and exported electricity (CFExp) in different scenarios. For the sake of convenience - CFExp 

variable is represented in the figure. A grid connection capacity (PGCC) corresponding to PLoad,Max 

was assigned in the calculations.  

 

Figure 4.29. Monthly capacity factors in the investigated cases. 

In the cases with BESS, the indexes were calculated with the optimized PGCC: 115 kW in Case 3 

(PPC) and 105 kW in Case 4 (SEC). There are significant seasonal variations of CFImp in the 

studied cases. In the periods the PV production grows, especially from April to September, the 

differences in CFImp are well pronounced between Case 1 and the Cases with RES (2, 3 and 4). 

CFImp is generally lower in Case 3 (PPC) and Case 4 (SEC) due to the fact that PGrid is mitigated 
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by PV-BESS. The seasonal variations are more pronounced in the winter months when the 

heating demand increases electricity consumption and the PV generation potential is lower than 

the remainder of the year (CFImp is around 22% in Case 1 and around 15% in the other cases). In 

cooler periods (i.e., from May to September) CFImp is substantially lower with local RES in Cases 

2, 3 and 4 (ranges of 2.5%-9%, 0.9%-7.5% and 1%-5.5%, respectively), and also relatively low 

are the values in intermediate months (March, April and October). The annual daily mean 

equivalent use of the exported electricity (CFExp) ranges from 3% to 15% in Case 2 (only PV), 

from 2.3% to 15% in Case 3 (PPC) and from 2% to 13% in Case 4 (SEC). The index is higher 

with the increase of solar resource (i.e., from March to October) and is generally inferior in Cases 

3 and 4 due to the influence of the BESS which reduces the export power levels flowing at the 

PCC. 

Figure 4.30 displays the annual development of the Dimensioning Rate of Imported electricity 

(DRImp) and exported electricity (DRExp) in different scenarios. For the sake of convenience - DRExp 

variable is represented in the figure. The annual evolution of the Dimensioning Rate (DR) 

expressed in Fig. 4.30 shows that the critical rates of DRImp are in the winter months where the 

building power demand increases due to the heating load power peaks. Thus, DRImp is close to 

one, which is the maximum demand limit due to power excess. 

 

Figure 4.30. Monthly Dimensioning Rate of imported electricity (DRImp) and exported electricity (DRExp) in 

the different studied cases.  

 

In other periods of the year, DRImp rates decrease due to the increase of PV generation and the 

battery use. In the absence of PV system, PImp corresponds to PLoad and the imported peaks are 

remarkable. For example, in August DRImp decreases from 0.96 in Case 1 (no RES) to 0.72 in 

Case 4 (SEC) (25% reduction) due to the PImp is mitigated by both, PPV and PBat. According to the 

DSM strategies, as presented in Tab. 4.10, in summer periods the SEC strategy (Case 4) allows 

larger periods of battery discharge than the PPC strategy (Case 3). As a manner of fact, through 

the SEC strategy the battery is able to reduce the highest cooling power peaks that occur in the 

early morning (this event can be observed in Fig. 4.22). Thus, DRImp achieves the smallest rates 

from June to August, as can be observed in Fig. 4.30 (i.e., in July DRImp is only 0.6 in Case 4). 
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The increases of DRImp in Case 4, in relation to the other cases, as observed on the curve 

deviations, is influenced by the designed PGCC due to DR definition. In contrast, in winter periods 

less PV excess occurs and DRExp achieves the lowest annual rates (i.e., DRExp is near to 0.5 in 

December). DRExp rates typically increases in the sunniest periods of the year where high PV 

excess power peaks occur (i.e., in April DRExp is 0.88 in Case 2, 0.9 in Case 3 and 1.0 in Case 

4). The reduction of PGCC in Cases 3 and 4 makes a higher use of the rated connection capacity 

and by definition DRExp grows.  

Finally, the grid connection capacity (PGCC) designed according to the maximum annual building 

demand ensures safety margins of grid power exchanges due to power excess in all the analyzed 

scenarios. In complement, the PV installed capacity equivalently designed according to the 

maximum annual building demand ensures the peaks of exported electricity into the grid are 

below the maximum limits preferred for a grid friendly connection. 

The yearly values of the investigated indexes are summarized in Tab. 4.12.  

 

Table 4.12. Yearly load matching and grid interaction indicators in the cases considered in the study. 

Application case Case 1 

No 

RES 

Case 2 

Only 

PV 

Case 3 

PPC 

Case 4 

SEC 

Nominal battery capacity, CBat - - 250 kWh 250 kWh 

Grid connection capacity, PGCC 120 kW 120 kW 115 kW 105 kW 

PGCC reduction potential 0% 0% 5% 13% 

Load Matching indicators 

Self-sufficiency factor, ƺL 0% 52.7% 58% 63% 

Self-consumption factor, ƺG 0% 50.4% 56% 60% 

Behavior Ratio, BR 0% 26% 33% 38% 

Loss of Load Probability, LOLP 100% 55% 50% 42% 

Energy Autonomy, Ab 0% 45% 50% 58% 

Grid Interaction indicators 

Dimensioning Rate of imported electricity, DRImp 0.91 0.88 0.90 0.87 

Dimensioning Rate of exported electricity DRExp - 0.70 0.75 0.80 

Grid interaction index of imported electricity, fGrid,Imp 27% 23% 17% 18% 

Grid interaction index of exported electricity, fGrid,Exp - 25% 20% 19% 

Capacity Factor of imported electricity, CFImp 18% 8% 7% 6% 

Capacity factor of exported electricity, CFExp - 9% 8% 7% 

 

The yearly results of load matching indexes show that ƺG and ƺL are respectively, 50.4% and 

52.7% in Case 2 (only PV) and the battery effect technically improves electrical matching by 5% 

in Case 3 (PPC) and 10% in Case 4 (SEC). This improvement is one of the targets of the grid 

load control, which also explains the drop in the capacity factor. In the optimized Case 4, up to 

63% of the load requirements can be met by the local RES with respect to the designed system 

capacity. The annual self-consumption index (ƺG) shows up to 60% of the useful PV-battery 

electricity supplies the loads with respect to the total generated electricity. The improvements on 

the Behavior Ratio (BR) with BESS evidence the building does not export a large amount of 

electricity to the grid and the load consumption gets closer of the designed PV-battery installed 

power. 
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The Loss of Load Probability (LOLP) indicates that 55% of the time the load is not covered by PV-

battery origin in Case 2 and thus the building must purchase power from the grid. Although, the 

energy management with battery system decreases the LOLP of the local generation: 5% in Case 

3 (PPC) and 13% in Case 4 (SEC) due to the capacity of the storage system in covering the loads. 

The responses about the profitability of the office building in self-consuming the local facilities 

indicates the yearly Ab is 45% in Case 2 and is improved to 50% in Case 3 and 58% in Case 4, 

indicating the fraction of time that the local renewable system totally matches the loads. However, 

this index does not provide any information about the amount of delivered electricity (Salom et 

al., 2014). 

The annual daily mean DRImp shows that the PGCC designed according to the maximum annual 

electrical demand ensures safety fraction of an equivalent nominal connection capacity and the 

grid connection does not exceed the allowed limit. In this case, the DRImp is suitable for rating the 

control strategy in relation to the expected imported electricity from the grid in annual terms. DRExp 

provides responses about the highest exported power peaks over the grid, indicating the annual 

daily mean value is 70% in Case 2. The index is fairly higher in the cases with battery system 

(75% in Case 3 (PPC) and 80% in Case 4 (SEC)) due to the decrease of PGCC effected by the 

DSM strategies in order to reduce the capacity charge on bills. However, it does not mean the 

amount of exported electricity is higher in the cases with BESS, whereas DRExp gives an indication 

of the height of the highest peaks in power exchange, normalized with respect to the nominal 

connection capacity. 

The grid interaction index of imported electricity (fGrid,Imp) indicates 27% in Case 1, describing the 

mean grid stress using the standard deviation of PLoad (no PV system is applied and PImp is not 

mitigated by PPV). By comparing the building electrical importation to the maximum absolute value 

of PImp, the power exchange fluctuations are decreased by 4% in Case 2 and around 10% in the 

Cases 3 and 4. The reduction of fGrid,Imp in the different cases means a lower expected peak power 

demand from the grid, the PV and battery electricity reduces the grid imported power variability 

and the dependence on the grid power performance itself. The annual mean fGrid,Exp is 25% in 

Case 2 but that is adequately reduced to 20% in Case 3 (PPC) and 19% in Case 4 (SEC), due to 

the capability of the BESS in reducing grid exchange fluctuations by storing the PV surplus 

electricity in the batteries. The higher fGrid,Exp rate in Case 2 means a larger amount of PV excess 

not used by the loads. The fGrid,Exp and fGrid,Imp indexes describe the mean grid stress of the grid 

interaction that may concerning about the voltage fluctuation that are presently being further 

aggravated by the increasing integration of wind and photovoltaic power sources. BESS 

applications in commercial buildings can help therefore to conveniently compute stability 

conditions, which an electrical distribution network is safe from high voltage fluctuations. 

The high direct self-consumption rates and the effect of the solar pergola over the cooling load in 

Case 2 decreases CFImp by 10% in relation to Case 1, bringing significant reduction on the degree 

of grid power exchanges. The effect of the battery system reduces CFImp further (11% in Case 3 

and 12% in Case 4), as well as reducing CFExp by 1-2%. It is important to mention that the 

reduction of PGCC obtained in Cases 3-4 implies an increasing of the energy exchanges 



4. Commercial building: Gomendio 

162 
 

(consumption from or supply to the grid) over the designed PGCC. Finally, care must be taken 

when using the CF for rating the grid connection use, because this index does not provide 

information about the power exchanges with the grid that can be spread over the analyzed period. 

In this way, the power grid factors (FImp and FExp) are able to provide responses about the grid 

power exchanges as a function of the nominal connection capacity, forward explained in the work 

analysis. 

Figure 4.31 compares in the same graph the duration curves of grid power exchanges for each 

application case. Compared to the Case 1 (without PV and solar pergola), there is a noticeable 

drop in the imported power levels and in the duration of the curves in the cases with PV and PV 

& BESS. The reduction on the grid power request is more pronounced in Cases 3 and 4: in Case 

3 (PPC), attributed to the BESS ability in reducing energy from the grid; and in Case 4 (SEC), 

attributed to the ability of the BESS adopted to reduce grid power peaks in winter and energy from 

the grid in the other seasons. Similarly, the exported power intensity is reduced from the Case 2 

(only PV) to the Cases 3 and 4 (PV & BESS). Furthermore, the duration of the curve is reduced 

by 8% due to the optimized Case 4 by virtue of the PV excess electricity is stored into the batteries. 

By comparing to the Case 1, the time interval the building imports power from the grid is concisely 

reduced: 36% in Case 2, 48% in Case 3 and 50% in Case 4. 

 

 

Figure 4.31. Annual duration curves in the different cases researched. Positive values: imported power from 

the grid. Negative values: exported power to the grid. 

 

The grid interaction factors FImp (Power grid imports factor) and FExp (Power grid exports factor) 

express between 0 and 1 the grid interaction levels in terms of imported or exported power with 

the grid, as shown from Fig. 4.32 to Fig. 4.35. The grid connection capacity (PGCC) of each case 

was assumed to be the same as those previously presented in Tab. 4.12. In Case 1 (without 

RES), the imported power from the grid corresponds to the total load consumption. The FImp index 

indicates the magnitude of the imported electricity is considerably high when PV and DSM are 

not considered in the building electrical topology. However, a grid connection capacity 

corresponding to the maximum annual load demand makes FImp below the limit allowed in the 

terms of power excess, except in some winter days, as indicated in Fig. 4.32. 
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Figure 4.32. Case 1 (without RES): Power grid imports factor (FImp). PGCC: 120 kW. 

The magnitude of FImp is remarkably reduced in Case 2 (see Fig. 4.33) when the PV system is 

considered on the reduction of the imported electricity from the grid. In this case, the peaks of 

FImp are concisely reduced and the limits are not exceeded, except in two days of the year. 

Furthermore, the power grid exports factor (FExp) does not surpass the connection capacity limits 

(maximum allowed limit which can lead to undesirable electrical problems in the distribution grid). 

It is possible to note the magnitude of FExp increases in summer periods (i.e., from the 180th to 

the 250th day of the year) due to the increase of the PV production not used by the load that is 

fed into the grid. 

 

Figure 4.33. Case 2 (only PV): Power grid factors (FImp and FExp). PGCC: 120 kW.  

 

The work analysis has shown that significant cooling-heating peaks occur in the early morning in 

summer and winter seasons, but in the application Case 3 (PPC) the batteries are set to operate 

at peak times (6 p.m. - 10 p.m. in autumn and winter and 11 a.m. – 3 p.m. in summer). Due to 

this fact, the degree of the power grid imports factor is not significantly improved with batteries. 

However, in intermediate periods (spring, from the 80th to the 170th day of the year) the battery 

was designed to operate during the whole day, reducing significantly the imported electricity levels 
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in periods of low irradiation or when the consumption exceeds the solar generation. Thus, it is 

observed in Fig. 4.34 a reduction of the FImp degree in relation to the previous case. It is important 

to mention that the reduction of PGCC implies an increase of FImp and FExp due to its definition. In 

January, FImp is close to the maximum tolerable limit (except in two days of the period) due to the 

early morning HVAC peaks not covered by PV-battery origin. However, the PV generation allied 

with the battery use and the influence of the designed level of PGCC ensure that the grid connection 

does not exceed the limits corresponding to penalties of power excess. Noticed that the 

magnitude of FExp is reduced in this case because the stored electricity helps to reduce the levels 

of exported power to the grid, achieving intermittent values down to - 0.6 in winter days and lower 

scales are reached in summer periods when the solar activity increases (FExp down to – 0.8). 

 

 

Figure 4.34. Case 3 (Peak Pricing Curtailment, PPC): Power grid factors (FImp and FExp). PGCC: 115 kW.  

 

Figure 4.35 shows the imported power peaks represent a quite constant fraction of an equivalent 

nominal connection capacity in Case 4 (SEC). In this case, by applying in parallel the peak 

shaving DSM strategy in winter periods, the grid impact perspective is improved. The method 

controls efficiently the highest grid power peaks, providing a magnitude of FImp in the order of 0.8, 

as showed by the dashed lines. Even with the reduced PGCC, FImp and FExp remain within the 

tolerable limits throughout the year due to the DSM technique capability in reducing grid power 

peaks from the grid. Compared to the other cases, the FImp magnitude is perceptively reduced 

from the 150th to the 250th day of the year, which includes the periods that the SEC strategy 

increases battery use. As an example of an improvement of FImp with the SEC DSM strategy, from 

the 200th to the 250th day of the year the batteries are able to supply part of the cooling 

consumption in the early morning. As a result, the highest peaks of FImp are reduced from 0.8 in 

Case 3 (PPC) to around 0.6 in Case 4 (SEC), as highlighted by the dashed line in Fig. 4.35. The 

magnitude of FExp is further reduced compared to Case 3 (PPC), whereas the batteries time-of-

use increases, more PV electricity is required to charge the battery and thus less PV surplus is 

fed into the grid. 
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Figure 4.35. Case 4 (Seasonal Electricity Curtailment, SEC): Power grid factors (FImp and FExp). 

PGCC: 105 kW. 

 

4.3.5 Photovoltaic hybrid system economic analysis 

The considered investment costs of the PV system is 1.2 €/Wp, that includes m-Si PV modules 

costs, inverter costs and Balance of the System (BoS) costs, representative of the current market 

(IEA, 2016b). When considering the BESS, the following costs are included: 0.3 €/Wp for the 

battery inverter and 250 €/kWh for VRLA batteries (Techno sun, 2017).  The PV yield decrease 

caused by crystalline silicon solar cells degradation losses was estimated at 0.5% per year 

(Jordan and Kurtz, 2013). The economic analyses are performed under the current Spanish 

distributed generation regulation conditions where the PV surplus electricity fed into the grid is 

rewarded at pool prices in the spot market. 

The yearly operational savings on bills (∅) shown in Tab. 4.13, obviously depend on the amount 

of electricity imports reduced with the PV hybrid system and the savings obtained by the PV 

surplus electricity valued at pool prices. In Case 2 (only PV), the annual operational savings are 

42%, mainly influenced by the PV generation that supplies directly the load. With electrical 

storage, the savings increase to 45% in Case 3 (PPC) and 48% in Case 4 (SEC). Furthermore, 

the yearly savings on bills in energy charge (∅e) and in capacity charge (∅c) are, respectively, 

58% and 6% in Case 3. In turn, ∅e and ∅c are, respectively 60% and 12% in Case 4. The 

differences in ∅c between the two cases is due to the influence of peak shaving DSM in reducing 

power peaks and the contracted power. 

Comparing the results with the Case 2 (only PV), it is clear that ∅e is 7% and 9% higher in Case 

3 (PPC) and Case 4 (SEC), respectively, and ∅c is 3% and 9% higher in Case 3 and Case 4, 

respectively. However, the amount of PV surplus electricity is reduced in the cases with BESS, 

demonstrating an annual revenue (β) lower than the Case 2. 

As detailed in Tab. 4.13, the lifetime for battery replacement in the cases with BESS is in 

accordance to the literature that estimates lead-acid battery lifetime ranging from 5 to 15 years 

(World Energy Council, 2016), depending on the battery size and usage of the considered 
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application. The battery cycling in Case 4 is higher due to the DSM strategy, and as a 

consequence the battery lifetime is 3.6 years lower than the Case 3. This fact gets influence 

mostly on the payback time calculations, as showed in the next section. 

 

Table 4.13. Economic analysis: cost structure, investment assumptions and results. 

Application Office Building 

PV costs Case 2: 1.2 €/Wp,  
Case 3 - 4: 1.5 €/Wp 

Battery costs 250 €/kWh 

Operation and Maintenance costs, CO&M 4 €/kWp (Briano at al., 2016) 
 

Corporate Tax Rate, TR 25% 

Equipment’s replacement Lead-acid batteries: Case 3: 13.6 
years, Case 4: 10 years 

Inverters: 15 years 

Nominal discount rate, 𝝆𝒕 5% (Briano et al., 2016) 
 

 

Annual increase in electricity prices 5% 

Yearly spot market revenue, 𝛃 Case 1: 0 €, Case 2: 3,692 €, 
Case 3: 3,270 €, Case 4: 2,970 € 

Yearly operational electricity bill savings, ∅ Case 1: 0%, Case 2: 42%, 
Case 3: 45%, Case 4: 48% 

Yearly energy charge savings on electricity bill, 
(∅𝐞) 

Case 1: -, Case 2: 51%, 
Case 3: 58%, Case 4: 60% 

Yearly capacity charge savings on electricity bill, 
(∅𝐜) 

Case 1: -, Case 2: 3%, 
Case 3: 6%, Case 4: 12% 

Levelized Cost of Electricity, LCOE Case 1: -, Case 2: 0.05 €/kWh, 
Case 3: 0.10 €/kWh, 
Case 4: 0.115 €/kWh 

Payback time Case 1: -, Case 2: 14 years, 
Case 3: 27 years,  
Case 4: 28 years 

 

Figure 4.36 displays the annual final retail electricity prices for commercial consumers in Spain, 

which includes all electricity price components in the different TOU pricing periods (REE, 2017). 

In Spain, the electricity tariff structure is complex: in addition to power and energy charges, it 

includes a set of taxes and levies (i.e., network tariffs, policy charges, renewable support charges 

and tariff deficit annuities). In other countries, especially in Europe, taxes may also significantly 

influence the final electricity costs (Aragonés et al., 2016). Depending on the country, electricity 

pricing may include marginal costs, such as tiered rates (rates which increase with amount of 

purchased electricity), fixed charges and time-of-use pricing rates. 

The weighted average of retail electricity prices is compared with the Levelized Cost of Electricity 

(LCOE) to access the grid parity proximity. Under the current financial conditions in Spain, the 

electricity generation costs is 0.05 €/kWh in Case 2 (only PV), matching with the retail electricity 

prices by a margin of 3%. However, in the case with BESS the levelized cost of producing solar 

electricity is 0.10 €/kWh (Case 3 - PPC) and 0.115 €/kWh (Case 4 - SEC), still far from being 

competitive against retail electricity tariffs. In this case, the electricity generation costs should be 

reduced by 48% in Case 3 and by 54% in Case 4 in order to achieve grid parity. 
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Figure 4.36. Annual retail electricity pricing for the commercial sector in 2016 and levelized cost of electricity 

(LCOE) in the studied application cases. 

4.3.6 Economic assessment without BESS 

Variations on the country-specific risk rates and interest rates (when financed through a corporate 

loan), reflects the importance of accessing long-term and low-cost financing for the economic 

viability of the investment. Whereas the discount rate is a variable difficult to predict, the PV 

system costs have shown an impressive decrease over the last decade and are expected to 

continue furthermore in the future (IEA, 2016b). This suggests the convenience to perform 

simulations to assess the Levelized Cost of Electricity (LCOE) and the Net Present Value 

(payback time) considering discount rates (𝜌𝑡) ranging from 1% to 10% and PV costs ranging 

between 1 €/Wp to 2 €/Wp, assuming an increase in the annual mean electricity tariff of 5%. As 

presented in Fig. 4.37-a, the analysis reports that low PV system prices combined with low 𝜌𝑡  can 

result in a reduction of the generation costs and in the investment return period. The LCOE 

increases with higher discount rates since the total costs have to be divided by a steady amount 

of generated electricity. The PV-generated electricity costs range from 0.03 €/kWh to 0.13 €/kWh. 

Under the current financial scenarios (𝜌𝑡  = 5% and PV system cost = 1.2 €/Wp), discount rates 

lower than 5% would be required for the system to be profitable, but adopting an optimistic 

scenario (i.e., 1.1 €/Wp) discount rates lower than 6% are needed.  

The higher is the PV surplus rewarded at pool prices when no energy storage is considered, the 

higher the yearly savings will be, leading to shorter return of the PV investment. In contrast, the 

inverters replacement which may require a significant amount of money, can delay the payback 

time. According to Figure 4.37-b, the payback time scenarios range from 10 to 30 years. 

Considering the same previous financial conditions, the payback time is reached in 14 years. The 

relative low discount rate applied in the country reflects low local inflation rates, which compensate 

investors, and thus lower return expectations. For the scenarios of highest PV investment costs 
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and discount rates (yellow plotted area), the payback time approaches or is above the PV system 

lifetime, and the investment does not become profitable. 

 

Figure 4.37. Economic analysis of Case 2 (only PV system): (a) Levelized cost of electricity as function of 

discount rates and PV investment costs. (b) Payback time as function of discount rates and PV investment 

costs.  

 

4.3.7 Economic assessment with BESS 

Analogous to PV costs, the cost of energy batteries are in constant reduction (World Energy 

Council, 2016). Thus, to analyze the system economically with BESS, it was performed battery 

costs ranging from 100 €/kWh to 400 €/kWh (Figures 4.38 - 4.39). In this case, the PV-generated 

electricity costs are higher than the case without BESS (ranges of 0.06 €/kWh–0.14 €/kWh in 

Case 3 (PPC) and 0.07 €/kWh–0.16 €/kWh in Case 4 (SEC)). According to Fig. 4.38-a and Fig. 

4.39-a, under the current financial conditions in Spain (𝜌𝑡  = 5%, PV hybrid system cost = 1.5 €/Wp 

and battery cost = 250 €/kWh) grid parity is not reached with BESS (LCOE > weighted average 

of retail electricity price – see Fig. 4.36), suggesting that a decrease in battery costs would be 

required for the investment to be profitable. The battery cost should be less than 100 €/kWh to 

achieve grid parity in both analyzed cases, which is far from current prices in the country. In turn, 

the payback time can only be achieved in the long term (27 years in Case 3 and 28 years in Case 

4). Figure 4.38-b and Fig. 4.39-b show the payback time perspective with BESS is extended 

compared to the case without BESS (ranges of 14 to 30 years in Case 3 and ranges of 15 to 30 

years in Case 4). The main reason for that is the high initial investment and the short-term battery 

replacement, due to the battery cycling that is relatively high, where typically have larger impact 

on the battery lifetime and degradation (Jayasekara et al., 2014). For battery costs above 400 

€/kWh the payback approaches or is above the PV system’s lifetime not being economic. 

By comparing both cases with BESS, the better economic perspective in terms of LCOE and 

payback time in the Case 3 can be attributed by some reasons. The first is due to the PPC DSM 

in Case 3 controls the battery discharge on the peak pricing periods most of the year. In this way, 

the PV hybrid system can supply power during periods of high costs, where it is easier to be cost 

competitive. Other reasons could be attributed to the battery replacement period (3.6 years longer 
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in Case 3) and the revenues earned at the electricity spot market (the yearly exported energy EExp 

is about 10% higher in Case 3 which implies in higher annual revenues at pool prices)                     

(see Tab. 4.13).  

 

Figure 4.38. Economic analysis of Case 3 (Peak Pricing Curtailment, PPC): (a) Levelized cost of electricity 

as function of PV investment costs and battery investment costs. (b) Payback time as function of PV 

investment costs and battery investment costs.  

 

 
Figure 4.39. Economic analysis of Case 4 (Seasonal Electricity Curtailment, SEC): (a) Levelized cost of 

electricity as function of PV investment costs and battery investment costs. (b) Payback time as function of 

PV investment costs and battery investment costs. 

4.4 Discussion of the results 

In this thesis, energy refurbishment alternatives of a real office building have been analyzed 

through multi-objective simulations. The methodology, proposed for the commercial sector, can 

be applied when one aims to reduce electricity consumption, especially for lighting and HVAC 

needs, and to manage the generation and energy storage systems taking into account technical-

economic aspects. The proposal of replacing the original lighting system with LED dimming 

control and incorporating a building integrated PV pergola demonstrated a remarked reduction of 

the lighting and cooling energy use by 45% and 25%, respectively, mainly due to the decreasing 

of lighting power density and solar heat gains. Furthermore, the analyses of PV performance 

parameters have indicated a Performance Ratio (PR) ranging from 74% to 86%, which is 
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comparable with other systems in a satisfactory manner. The results have also determined losses 

in the PV inverter (7% in annual terms) and in the battery inverter, by which the last in influenced 

by the Demand-Side Management (DSM) strategies through the differences in battery usage: 

annual ELoss,Bat-Inv is 1,618 kWh (equivalent to 0.03 h/d) in Case 3 (PPC) and 2,810 kWh 

(equivalent to 0.06 h/d) in Case 4 (SEC). 

The work proposed an innovative DSM approach with the aim of increasing electricity bill savings, 

improving load matching and optimizing the grid connection interface. In the analyzed scenarios, 

the yearly self-consumption (ƺG) ranged from 50% to 60% and the yearly self-sufficiency (ƺL) 

ranged from 53% to 63%, being the increase with Battery Energy Storage System (BESS) 

compared to the case without BESS of 10% in the best case. The increase of load matching rates 

indicates that an excess of on-site renewable electricity is effectively stored and utilized by the 

system.  

The results of ƺL index showed annual daily mean values typically higher than 50%, except in 

coldest periods of the year where PV generation decreases, the heating space demand increases 

before sunset and there is less daily hours of Sun that the PV produces electricity. However, the 

energy management with PV & BESS applied in this study was able to improve load-generation 

matching, as it was possible to note on the monthly curve deviations of ƺL and ƺG in Fig. 4.28. 

Moreover, the DSM strategic plans were able to reduce power grid requirements and also to 

complement PV electricity during low irradiance periods. 

The energy management system with battery has shown the Loss of Load Probability (LOLP) has 

reduced expressive 13% in Case 4 (SEC). Thus, demonstrating correspondingly a great Energy 

Autonomy rates (Ab) (annual mean Ab of 60%), definitely admissible when considering the high 

load consumption profile of the considered office application. Other consequence for the 

increasing of Ab is that the commercial buildings generally consumes electricity during solar 

periods whereby increases the fraction of time the loads can be matched by the local RES. 

In this study, the Dimensioning Rate (DR) indexes were determined to access the designed Grid 

Connection Capacity (PGCC) in the different building energy refurbishment configurations, in order 

to manage energy exports and imports. DR has provided responses about the highest expected 

peaks of imported and exported power over the Point of Common Coupling (PCC) able to 

measure the scale of the designed PGCC. The results have determined tolerable limits for a safe 

connection point of view, when PGCC (contracted power) corresponds with both, the maximum 

annual load demand and the maximum PV capacity, according to the Spanish regulatory 

conditions. The yearly evolution of DRImp and DRExp has abled to report the differences between 

the studied cases and the relevance of DSM in terms of demand limit due to power excess and 

grid impacts caused by PV excess injected into the grid. As the DR rates cannot give information 

about the amount of peaks, the absolute frequency of the highest grid imported peaks and the 

plot results of Power Grid factors (FImp and FExp) has become necessary. In this way, the absolute 

frequency of peaks has shown the highest peaks that occur in relation to the designed grid 

connection capacity are very low in the application cases provided with local RES, evidencing the 

PGCC has been well dimensioned in the analyzed cases.  
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Similarly, the power grid factors indicated the refurbished building situations in relation to the grid 

power exchanges. The results have shown the BESS use can reduce early morning power peaks 

during summer-spring time, as well as to reduce the electrical demand in the periods that the load 

exceeds the PV generation, influenced by the DSM strategies. In the best case (Case 4 - SEC), 

the DSM strategy has demonstrated to be efficient in controlling power exchanges and reducing 

associated operational grid impacts. The main reason for that is due to the application of the peak 

shaving strategy in the winter and the energy cutback strategy in the other periods of the year, 

whereby has kept the highest peaks of FImp in a quite constant fraction (~ 0.8) of an equivalent 

nominal connection capacity. In all analysed cases, FImp e FExp have remained within the tolerable 

limits which establishes the grid impacts (except in some days of the year where unexpected load 

peaks occur), mainly due to the fact the PGCC and the PV capacity were dimensioned according 

to the maximum annual load demand. It has been also possible recognizing through the FExp index 

that the lower is the magnitude of the exported power, the higher is the battery use. The reduction 

of exported electricity with BESS open new challenges for grid interaction possibilities, due to this 

fact is linked to the severity of grid voltage and power flows fluctuations on distribution level 

introduced by PV. It is still possible that the highest peaks are not influenced by PV and control 

strategies due to load electrical demand periods do not coincide with the local facilities (i.e., load 

demand power in the early morning when the PV power is zero or very low and the battery SoC 

is at the minimum state). In this way, care must be taken when there are peaks well above the 

connection capacity it is clear that it is used in a far from optimal manner. On the other hand, the 

installation of electrical devices which manage and control the maximum demand of an installation 

is an alternative option to avoid increases in the electricity bill. To achieve this objective, the 

device connects and disconnects some loads (non-critical ones) to ensure that the maximum 

demand will never be higher than the contracted power. 

Some indexes were reduced greatly due to the effects of DSM strategies in reducing grid power 

exchanges, as expressed by fgrid,Imp, fgrid,Exp and CFImp. Notably, compared to the case without a 

PV system, the grid interaction index of imported electricity (fgrid,Imp) decreased about 5% in Case 

2 (only PV system) and significant 10% in the cases with BESS. The reductions of PImp with the 

DSM strategies play an important role in the grid interaction, since the batteries support efficiently 

the grid import fluctuations from the maximum absolute value by reducing the grid power peaks, 

and then contributing to a reduction on the grid electrical demand stress. Some particular benefits 

of PV hybrid systems on the reduction of the demand stress on the distribution grid performance 

are the increase on the grid supply reliability, back-up supply (Magal et al., 2014) and the 

improvement on the power quality. The defined grid interaction index of exported electricity 

(fgrid,Exp) decreased about 5% in the cases with BESS due to the capability of the DSM approach 

in reducing PV electricity penetration fluctuations at the PCC performed by the stored electricity 

in the batteries. Therefore, a reduction on the PV cumulative stress into the grid can be achieved.  

The reduction on the designed PGCC in the scenarios with BESS marginally increases CFExp rates, 

however the index equivalence in the different analysed cases evidences a decrease on the 

amount of feed-in electricity, and for cumulative penetrations of PV into the grid this condition can 
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be taken into account. Apart from that, compared with the Case 1 (without PV system), yearly 

results of CFImp has shown that, the PV hybrid system can reduce the equivalent use of the grid 

connection by 12% and the yearly time interval the building requests power from the grid is 

reduced 50% in the best case, results that should be taken into account from the grid interface 

(point of common coupling) sizing point of view. Similarly, the use of BESS was able to reduce 

active power injection to the grid (20% in annual electrical energy terms or 8% on the duration of 

the curves), contributing in a positive manner with the grid operation when taking into account the 

voltage rise associated with reverse power flows that involves PV applications. 

The optimized case with BESS has demonstrated to be efficient in reducing significantly the 

purchased electricity from the grid (63% in annual terms), equivalent to 60% savings in energy 

charges on annual bills. In addition, the proposed control strategy was able to reduce grid demand 

peaks, decreasing PGCC by 13% and providing 12% savings in capacity charges on annual bills. 

This information can be useful for both target groups, building and grid designers, as well as for 

future DG regulations where PGCC could be lower than the installed PV capacity. 

This thesis has demonstrated the importance of electricity costs, macroeconomic parameters 

(especially discount rates), PV and BESS costs for the assessment of the economic benefits. 

Under current technical market conditions (especially those related to BESS) the PV hybrid 

investment has not reached yet the profitability level of “grid parity” definition, and the payback 

time has shown to be slightly smaller than the assumed PV hybrid system lifetime. Although, the 

study has shown the economy presents better perspectives in the case with only PV system. It 

has verified the PV being competitive against retail electricity prices and the payback time is 

decreased consistently by a half, as a result of the high PPV-PLoad correlation. Other influences of 

this approach are due to the savings obtained from lower initial investment and due to the higher 

PV surplus electricity exported to the grid that is economically valued at the spot market at pool 

prices. Notwithstanding that, annual billing savings with BESS are significant 48% in the best 

case, but only 6% higher than the case with only PV system. Again, this result means that the 

electrical storage is not yet significantly profitable in the considered office applications, which is 

consistent with results obtained in previous studies (Merei et al., 2016; Thygesen and Karlsson, 

2014; Berrada et al., 2016). 

Another mentionable result that can be derived from the results is that, it is easier to be cost 

competitive when PV hybrid systems can supply power during periods of high demand and high 

costs. In Spain, on-peak prices applied during winter evening and summer afternoon, allows 

battery discharges to avoid high prices payment. The conclusions for the more suitable economic 

perspective in Case 3 (PPC), is due to the DSM strategy with battery scheduling to operate on 

the peak pricing periods most of the year. This strategy reduces the billing costs by saving 

electricity purchases on the highest grid prices, provides lower battery replacement expectation 

and implies in higher revenues achieved at the electricity spot market. 
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4.5 Conclusions 

In this Chapter, the methodology proposed to evaluate energy refurbishment aspects with the 

presence of a PV hybrid system has been validated in an office building under southern European 

climatic conditions. The case study has shown that the use of intelligent energy management 

strategies (Demand-Side Management & PV hybrid system) is remarked, both in energy 

performance and project economy improvements. Four aspects of building energy refurbishment 

have been evaluated: (1) reduction of the building electricity consumption through an efficient 

lighting system; (2) introduction of an architectural integration of PV modules on the building’s 

roof; (3) study of relevant load matching and grid interaction indicators in different scenarios that 

characterizes the building energy performance and the effects of the PV in the power grid; (4) 

study of electricity bill savings and other economic aspects in different scenarios, including 

scenarios with intelligent energy management of the PV hybrid system. In addition, the study has 

determined the performance of the PV hybrid system and system losses, such as in terms of 

Performance Ratio (PR), PV final yield (YF), system losses (LS) and losses in the PV and battery 

inverters. 

An innovative demand-side management approach has been analyzed through the PV and the 

battery control with the purpose of reducing grid power peaks and grid imported electricity, as well 

as improving the project economy. By means of battery use, in the best case (Seasonal Electricity 

Curtailment - SEC) the equivalent use of the grid connection (CFImp) is reduced by 12% and the 

yearly time interval the building requests power from the grid is reduced by 50%, enhancing the 

grid interaction potential, and 10% of load matching rates can be increased. Furthermore, the 

energy storage system is able to flatten the grid electricity shape, to shave power peaks or to 

complement the local PV production.  

Project improvements indicated in the best case (SEC) the grid connection capacity can be 

reduced by 13% and significant savings of up to 48% are achieved on the yearly bills. The 

economy demonstrates the grid parity is only achieved for battery costs below 100 €/kWh and the 

payback period is still large in scenarios with battery, which means the electrical storage is not 

yet significantly profitable in the considered office applications. In the case with only PV system, 

the grid parity achieves better outcomes and the payback time is reduced by a half, making this 

a more attractive option. 

In different cases, project improvements with PV and BESS will depend on the regulatory markets, 

the climatic conditions, the building characteristics and the consumer needs, all of which impact 

the PV hybrid system profitability, especially when financial incentives for RES are proposed by 

the authorities. With the intention of improving the PV hybrid systems economy and providing a 

positive impact on the grid parity proximity in Spain, regulation changes are still required to 

support the PV self-consumption market, allowing the profitableness of battery storage 

application. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5. Commercial building: Eletrosul 

174 
 

5. COMMERCIAL BUILDING: ELETROSUL 

 

5.1 Justification and Objectives 

In this chapter, the methodology presented in Chapter 2 to evaluate energy refurbishment aspects 

of buildings, with the presence of a PV hybrid system, has been validated in a commercial building 

in the Brazilian context. The energy refurbishment methodology has been proposed for a high 

electricity consumer. It assumes different energy management strategies compared to the 

previous studies in order to achieve energetic and economic objectives. The proposition 

implements simulations of a large-scale PV system and Demand-Side Management (DSM) with 

energy storage and uses yearly electricity consumption of the entire facility through measured 

data from the utility. This project was motivated by the need to understand the full values of the 

PV system, electrical energy storage and DSM techniques in large commercial buildings, the 

opportunity of benefits to the consumers, building operators and the potential interactions 

between the building and the power grid. In addition to the general methodology validation target, 

this study focuses on meeting the following objectives: (1) to improve the building energy 

performance in terms of load matching and grid interaction by means of a PV hybrid system allied 

with battery system control; (2) to analyse differences between two types of high-performance 

electrochemical batteries (lead-acid and lithium-ion) in both technical and economic terms; (3) to 

increase electricity bill savings through the intelligent management of the PV hybrid system; (4) 

to design an optimal battery system capacity in order to increase both load matching approaches 

and electricity bill savings. 

5.2 Methodology 

As follows from the previous paragraphs, this chapter applies the general methodology proposed 

in Chapter 2 to the particular case of energy refurbishment of commercial buildings located in 

Brazil. 

Application of the proposed methodology has entailed the following analyses: 

1. Energy performance modeling of the original and the refurbished building: as the electricity 

consumption of the original building has been done through measured data from the utility, 

the virtual model for energy refurbishment of the commercial building has been done 

modeling the PV solar system in EnergyPlus software (EnergyPlus, 2017b). In turn, a battery 

system is modelled in MATLAB software (MATLAB, 2017). Simulations have been carried out 

for southern Brazil climatology (Florianópolis) and Brazilian commercial consumption 

patterns. Taking the previous aspects into account, this chapter firstly describes the building 

characteristics and electricity consumption assessment, as presented in Section 5.2.1. The 

simulation method of the on-site PV hybrid system is presented in Section 5.2.2.  
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2. Data acquisition: the yearly measured data of electricity consumption of the building has been 

monitored in order to bring the study as closer as possible to a real case. 

3. Analyses of electricity flows in the topology of the building: starting from the 

monitored/simulated data in different scenarios researched (i.e., a scenario without a PV 

system or a scenario considering PV, energy storage and DSM), the electricity flows within 

the building and between the building and the power grid have been identified and analyzed 

in order to characterize electrical performance and net electrical balance of the building. 

Annual, monthly, hourly and/or sub-hourly evaluation periods are considered in order to 

analyze aspects such as load supply, grid exports/imports and grid power peak effects. Daily 

electricity flows have been also researched within the presence of PV or PV and energy 

storage, providing responses to load matching during a solar resource shortage, electrical 

demand peaks or at night. 

4. Analyses of Load Matching and Grid Interaction: as a PV hybrid system is a useful solution 

that can improve building self-generation rates and can mitigate high PV penetrations on the 

local distribution grid, relevant Load Matching and Grid Interaction (LMGI) indicators have 

been evaluated to assess the effects of load management strategies. Moreover, through the 

comparisons between cases with different strategies it is possible to assess the building 

flexibility derived from LMGI indicators responses. 

5. PV system performance and system losses assessment: relevant PV performance 

parameters and system losses have been investigated, such as Performance Ratio (PR), 

Reference Yield (YR), Final yield (YF), PV Capacity Factor (CFPV), capture losses (LC) and 

system losses (LS). 

The evaluation equations concerning the electricity flows between the PV system, the load, the 

power grid and the Battery Energy Storage System (BESS) are given in Section 3.7.3, as well as 

definitions and equations of the LMGI parameters researched are given in Sections 3.3.6 and 

3.7.3. The PV system performance parameters and system compound losses researched, such 

as the solar resource (YR), the photovoltaic final yield (YF) and the Performance Ratio (PR) are 

given in Section 3.3.6. 

6. Analysis of modified electricity flows, load matching and grid impacts: this study investigates 

the electricityy provision possibilities using PV hybrid systems (PV system combined with a 

battery system and Demand-Side Management - DSM), in order to optimize the self-

consumption of the generated electricity and to reduce grid impacts with PV-DG. Keeping 

these aspects in mind, the LMGI parameters analysed in this chapter lead to the proper 

characterization of the interaction between the PV system (with or without storage) combined 

with DSM strategies (Peak Pricing Curtailment - PPC and Seasonal Electricity Curtailment - 

SEC) and the building level; and between the building and the electricity distribution grid, in 

order to find optimization design criteria for the PV hybrid system. The proposed battery model 

for PV hybrid system and the DSM strategies (PPC and SEC) using MATLAB simulation 

platform (MATLAB, 2017) are described in Section 5.2.3. In addition to the general 

methodology validation objectives, the methodology adopted for the building energy 
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refurbishment provided with a PV hybrid system has been based on two different types of 

electrochemical battery technologies, as detailed in Fig. 5.1: a Valve-Regulated Lead-Acid 

battery (VRLA), which encompasses an Absorbent Glass Mat (AGM) battery type, and a 

Lithium-ion battery based on Nickel-Manganese-Cobalt (NMC) technology. This study adopts 

a similar methodology to the previous case study (the Gomendio building), which uses the 

battery controller method in the MATLAB software tool based on the lead-acid battery type. 

Simulations have been also carried out in the free, publically-available System Advisor Model 

(SAM) program (SAM, 2017). SAM was developed by the National Renewable Energy 

Laboratory (NREL) of the United States and the models are validated through experimental 

data or compared with other programs (DiOrio et al., 2015a; Rudié et al., 2014; Freeman et 

al., 2014). Research into the PV hybrid system provided with Lithium-ion NMC has been 

carried out in SAM. Lithium-ion NMC was selected for its high operational performance: high 

efficiency and battery life cycle, which influences its technical lifetime; NMC battery also has 

high energy and power density and usable battery capacity (maximum Depth-of-Discharge of 

up to 100%). The battery life cycle estimation for both types of battery (VRLA and NMC) has 

been implemented through the SAM battery lifetime model, depending on how many cycles 

have elapsed in an average Depth-of-Discharge (DoD) (DiOrio et al., 2015b). SAM uses 

bilinear interpolation to consider both the average DoD and cycle number when applying the 

capacity fade. Finally, technical-economic analyses have been carried out comparing the 

simulations results considering the model with VRLA AGM battery technology with those 

provided by SAM with Lithium-ion NMC battery technology, with the aim of identifying the 

differences between the cases. The simulation method carried out in SAM with different 

battery technologies and information on the technical characteristics and life cycle of batteries 

are described in Section 5.2.4. 

7. Economic assessment: the economic assessment follows a similar methodology as that 

described in Section 4.2.8 in Chapter 4, such as Levelized Cost of Electricity (LCOE), payback 

time and operational billing savings (∅), and includes evaluations in different scenarios: only 

PV system, PV & BESS with VRLA battery and PV & BESS with NMC battery. The case with 

only PV system (Case 2) has considered that the PV excess electricity fed into the grid 

generates energy credits that reduces the electricity costs, according to the Brazilian net-

metering system. The revenues for the PV excess electricity fed into the grid are rewarded in 

the Brazilian net-metering system applied for commercial consumers connected in high 

voltage (Group A), which are submitted to time-of-use electricity prices. In this assumption, 

the electricity fed into the grid has been used primarily to compensate the consumption within 

the same billing period (on-peak – on-peak/off-peak - off-peak). In cases that the injected 

energy totally compensates the consumption in a billing period and there is still energy 

excess, this balance has been used to reduce the consumption in the other billing period 

(ANEEL, 2016).  

In order to reproduce a scenario without net-metering support in Brazil, where the decision is 

proposed to store the locally produced electricity in batteries, scenarios with PV and BESS 
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have been considered compensation at pool prices offered in the spot market for the PV 

excess electricity fed into the grid, as established in the Spanish building case study 

(Gomendio). 

Furthermore, simulations carried out in SAM have also determined battery charge from the grid, 

as allowed in the Brazilian 687/2015 Regulation, and economic assessment comparisons with 

the other case (battery charge only from the PV system) have been carried out. In this condition, 

the PV meets load before charging the battery, all excess PV electricity charges the battery and 

the grid meets the remaining charge requirement. 

 

 

Figure 5.1. Scope of the study with different electrochemical battery technologies. 

 

5.2.1 Building characteristics and electricity consumption 

Eletrosul Centrais Elétricas S.A. is a company in the Brazilian electrical sector, a subsidiary of the 

Centrais Elétricas Brasileiras S.A. – Eletrobrás, which provides electricity generation and 

transmission services (high and extra-high voltage) to southern Brazilian states (Rio Grande do 

Sul, Santa Catarina and Paraná), also present in Rondônia, Mato Grosso and Pará states. The 

company operates hydroelectric and Small Hydroelectric Plants (PCH); also wind and solar power 

plants, comprising 91 power substations and 12,967 km of transmission lines (Eletrosul elétricas, 

2017). The commercial building involved in this research (Fig. 5.2) is located in an urban area of 

Florianópolis, Brazil, with a total area of 26,110 m2 and consisting of the following characteristics: 

cubic in shape and built of reinforced concrete; the external closures are made predominantly of 

glass; the building has five floors, with two in the basement; the internal walls are made of wood 

covered in melamine laminate or glass office partitions are used; the roof of the building is made 

of waterproof ribbed slab; there is an atrium in the center of the building made up of 10 m tall 

acrylic domes which serves as zenithal lighting (natural lighting used in the internal space) (see 

Fig. 5.3(left)). The building was built in the late 1970’s with a total annual building electricity 

consumption of 4,070 MWh in 2015 and was one of the first buildings in the country to get the 

energy efficiency labelling certified by the Procel Edifica (PROCEL Edifica, 2017), awarded a 

class A label for water rationing. Finally, the office working hours are from 7 a.m. to 6:30 p.m., 
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except services that occur 24 hours by day, such as the Operation Center of the Electrical System 

(COSE, acronyms in Portuguese) (see Fig. 5.3(right)). 

 

Figure 5.2. Commercial building: Eletrosul headquarters provided with 1 MWp photovoltaic solar system 

(Eletrosul elétricas, 2017). Location: Florianópolis, Santa Catarina, Brazil. 

 

  

Figure 5.3. Eletrosul headquarters (internal spaces): Left: zenithal lighting at the center of the building. Right: 

Operation Center of the Electrical System (COSE) (Eletrosul elétricas, 2017). 

 

The Eletrosul headquarters is provided with a large-scale PV system with a total installed capacity 

of 1.015 MWp (4,144 PV modules of monocrystalline 245 W connected to 62 three-phase inverters 

of 15 kW) and a total annual PV generation of 515 – 630 MWh (Pozzatti, 2015). The inverters are 

connected to low voltage-high voltage transformers and are provided with a monitoring system. 

As detailed in Fig. 5.4, the PV modules are distributed partly on the roof (green area) of the 

building and partly in the car parks (blue and orange areas). Considering that the building has a 

large parking area, the integration of the PV modules has significantly increased. This external 

area is made up of eleven parking roofs (B1 and B2, C2 – C7 and F1 - F3), as can be seen in Fig. 

5.4. The roof of the building is provided with 2,380 PV modules, comprising a PV installed capacity 

of 565 kWp, which is distributed over an area of 5,026 m2. The car park roof has a PV array total 

area of 4,960 m2 and 1,836 PV modules with a total installed capacity of 450 kWp: 415 kWp in the 

blue area in B1-B2 and from C2 to C7 and 35 kWp in the orange area from F1 to F3. Table 5.1 

resumes the main characteristics of the PV generators. It can be seen that the PV modules 
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orientation ranges from 6º to 10º as well as the orientation of the PV modules installed on the roof 

varies according to the building orientation. 

According to the company objectives, the PV generated electricity is injected mostly into the 

internal building low voltage electrical installation and also into the high voltage power grid, since 

Eletrosul is a power generation provider.  

 

Figure 5.4. Top view of the building roof-top (green area) and car parks (blue and orange areas) by which 

the PV modules are installed (Pozzatti, 2015).  

 
Table 5.1. Photovoltaic generators main characteristics. 

PV generator Orientation Inclination PV installed power (kWp) 

Roof-top (green area) NW, SW, SE, NE 10º 565 

B1 and B2, C2 – C7 (blue area) NW 10º 415 

F1 - F3 (orange area) NW 6º 35 

 
Legend: NorthWest (NW), SouthWest (SW), SouthEast (SE) and NorthEast (NE). 

 
Between 2005 and 2007, the building's air conditioning and lighting systems were replaced in 

order to reduce the electricity demand of the building. The retrofit involved the replacement of 

some electrical components for more efficient ones: most of the existing lamps were replaced 

with T8 and T5 fluorescent high-bright bulbs, which provides a better use of the luminous flux, as 

shown in Tab. 5.2, and the electromagnetic reactors were replaced with electronic reactors, which 

are more efficient (Eletrosul elétricas, 2008). As an example, the T5 fluorescent bulbs have a 

nominal luminous flux of 2,900 Lumens, higher than the nominal value of most of the lamps 

previously installed in the building, as well as lower nominal power. This method can reduce both, 

the electrical consumption in lighting and the overall electrical consumption of the building as the 

use of more efficient light bulbs and reactors reduces the internal thermal load of the building, 

reducing the electricity requirements of the air-conditioning. According to studies carried out by 

the company, the estimated energy savings from the new internal lighting system is about 23% 

(Eletrosul elétricas, 2008).  The external lights represent only 1% of the electrical consumption of 

the entire building.  
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Table 5.2. Characteristics of the fluorescent bulbs used in the building. 

Fluorescent light Nominal Power (W) Luminous flux (lm) Diameter (mm) 

T12 40 2,700 38 

T8 32 2,800 26 

T5 28 2,900 16 

 

The retrofit of the building also involved the air-conditioning system. A new central air-conditioning 

system was designed to be used only in cooling mode, due to the local weather conditions (the 

annual mean temperature in Florianópolis is 20.3 ºC). The capacity to supply the load ranges 

from 30 to 680 Tons of Refrigeration (TR) (3.51 W/m2 – 79.66 W/m2) (May Serafin, 2010) in order 

to maintain a comfortable temperature of 24 ºC ± 2 ºC. The central air system is made up of the 

following components: cooling towers (devices that give off waste heat through the cooling of a 

stream of water to a lower temperature), centrifugal chillers with a nominal capacity of 1,090 kW 

(a machine that removes heat from a liquid via a vapour-compression or absorption refrigeration 

cycle), fans, coils, exhaust fans, splits (autonomous air conditioners used in the spaces that need 

air-conditioning 24 hours a day), selfs (direct expansion machines which chills and evaporates 

the water), hydraulic pumps for the cold water circuit (111.9 kW of nominal power) and condensing 

water circuit pumps between the cooling towers and the chillers (149.2 kW of nominal power) 

(May Serafin, 2010).  

Other electrical equipment installed in the building are: pumps to supply the water tanks, lifts 

(public: 11.18 kW (ascent), 2.61 kW (descent); services: 11.18 kW (ascent), 2.61 kW (descent)), 

bathroom extraction fans, and small equipment. Moreover, it is relevant to consider the electrical 

demand of computer equipment and peripherals. The demand for this equipment is difficult to 

predict because apart from the occupation varying significantly each month, there are a 

considerable number of trainees in the company. In addition, there are a variety of types of 

monitors and central processing units (CPU) that are constantly under renovation and 

maintenance.  

The analysis of electricity consumption on typical working days was carried out by May Serafin 

(2010) by means of measurements taken in the building, electricity bill verifications and the 

analysis of the total daily electrical consumption measured by the utility.  The building electricity 

demand was determined, as follows: 

 The average internal lighting electricity consumption is around 205 kW or 21% of the total 

building electricity consumption; and the average external lighting electricity consumption is 

around 16 kW, corresponding to 6% of the total nightly electrical demand. 

 The average air-conditioning electrical consumption is around 210 kW or 21.5% of the total 

building electricity demand. 

 As regards other equipment, i.e., computer equipment and peripherals, elevators, pumps for 

supplying the water tanks, the average electrical consumption is around 270 kW or 27% of 

the total building electricity consumption. 



5. Commercial building: Eletrosul 

181 
 

 The daily average consumption of the constant loads (i.e., demand of the Data Processing 

Centre (DPC) and COSE for 24 hours a day) is around 264 kW or 26.5% of the total building 

demand. 

 The exhaust system demands 4% of the total building demand during working hours. 

 

Table 5.3 displays the billing structure in 2 Time-of-Use (TOU) electricity prices (capacity charge 

and energy charge), the billing periods and the annual billing costs in 2016. The prices were 

obtained from the local power utility applicable to high voltage consumers (13.8 kV) with a 

contracted power of more than 150 kW. The billing structure combines energy costs, capacity 

costs and taxes. In the Brazilian electricity system, taxes are added to the electricity costs 

(capacity and energy costs). Moreover, the electricity prices (on-peak and off-peak) and the billing 

periods are assigned over the whole year. According to the billing-cost calculations, as presented 

in Tab. 5.3, the energy charge represents the greatest magnitude in the electricity bill payment 

(91%). Under this assumption, the aim of this study is preferably to reduce energy charges in 

order to increase billing savings and to achieve a shorter return on the PV hybrid system 

investment. The on-peak tariffs are significantly high for commercial customers in Brazil (1.46 

R$/kWh, equivalent to 0.37 €/kWh), which is 42% higher than the commercial tariffs in Germany 

(without considering taxes). 

The calculation methodology for the electricity bill costs is given by Equation 45 (without a PV 

system) and Equation 46 (with PV system) in two time-of-use electricity prices (on-peak and off-

peak) as shown in Section 4.2.8.  

 
 

Table 5.3. Billing structure for commercial consumers in Brazil in 2016. 

Capacity costs (R$/kW.y)a 12.74 

Energy costs (R$/kWh) a On-peak: 1.4608, Off-peak: 0.4221 

Billing periods On-peak: 5 p.m. - 8 p.m. 
Off-peak: 8 p.m. - 12 a.m. and 12 a.m. – 4 p.m. 

Billing costsb (R$) 2,405.730 (656,270 €) 
Energy charge: 91%, Capacity charge: 9% 

a Costs including taxes. 
b Billing costs including taxes. 

5.2.2 On-site photovoltaic hybrid system 

A grid-connected PV system was modeled in EnergyPlus with a nominal installed capacity 

(PNomPV) of 1.012 MWp. In this study, the PV installed capacity was not designed according to the 

grid connection capacity (contracted power), because the building maximum power demand is 

16.6% higher than the available installed PV capacity assigned in the project. The PV generation 

was simulated in EnergyPlus considering the Sandia model and the “Look Up Table” PV inverter 

model. According to the building ground conditions, the building’s roof is not surrounded by any 

structure or other buildings that can give rise to shade on the PV modules. The PV modules were 

oriented to the North and tilted 10º in order to favour PV production during summer periods where 

the building has the highest yearly electrical demand due to the electrical requirements of the 

cooling space. The weather file used in the simulations is the Typical Meteorological Year (TMY) 
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of Florianópolis taken from SWERA database (SWERA, 2015). Table 5.4 displays as a summary 

of the model input data used to simulate the photovoltaic system. 

 

Table 5.4. Photovoltaic system simulation input data. 

Weather file TMY (SWERA of Florianópolis) 

PV modules tilt angle 10º 

PV modules azimuth angle 0º North 

PV modules 4,400 modules of 230 Wp 

PV modules nominal efficiency at STC 18.5% 

PV installed capacity 1.012 MWp 

Subsystems 4 subsystems 

Conf. Serie/paralell 55 strings of 20 modules in series per 
subsystem 

PV modules model Sandia model 

Inverter model Look Up Table 

Inverters 62 three-phase inverters of 16 kW AC 
rated output 

Inverter max. efficiency 96% 

 

Figure 5.5 presents the PV hybrid system components, setting out the electricity flows with an 

overview of relevant nomenclature. The PV hybrid system topology and evaluation equations 

follow a similar methodology to the previous case (the Gomendio building – see Section 4.2.6). 

The analyzed system includes PV modules, PV power inverters (DC→AC), bidirectional battery 

inverter, bidirectional power meter, Valve Regulated Lead Acid (VRLA) Absorbed Glass Mat 

(AGM) batteries and a load profile representing the office building. The electrical installation 

follows a 3-phase consumer installation (220V-380 V) and the grid connection is high voltage 

(13.8 kV) through two high-low voltage distribution transformers located in an external electrical 

substation with the following characteristics: a three-phase transformer (dry type) with a power of 

300 kVA, frequency of 60 Hz, high voltage insulation class of 15 kV, high voltage of 13.8 kV (delta 

connection) and low voltage of 380 V (star connection).  

 

Figure 5.5. Grid-connected PV hybrid system components and topology. 

 

Table 5.5 shows the main characteristics of the BESS applied in the study, which is implemented 

in the simulations carried out in MATLAB. The battery SoC is restricted to a range of between 

40% and 100% of the nominal battery capacity (60% of usable battery capacity). 
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The nominal battery capacity (CBat) was normalized according to the daily load consumption 

(11.15 MWh/day) as a “virtual” autonomy19, as typically done in stand-alone PV systems. Here, a 

normalized battery capacity of around 0.5 days of autonomy (0.45 days of autonomy) was 

selected, taking into account sensitivity analysis carried out in technical and economic terms with 

respect to the battery capacity (see Section 5.3.2), corresponding to a 5 MWh nominal battery 

capacity and a battery inverter power rating of 1,250 kW (E2P ratio = 4h). 

 

Table 5.5. The battery energy storage system’s main technical characteristics. 

Storage system type Electrochemical 

Battery technology Lead-acid (VRLA AGM) 

Cell nominal voltage 2 V 

Battery bank voltage 96 V 

Cells in series 48 

Strings in parallel 261 

Normalized battery capacity, CBat 0.45 days of autonomy (5 MWh) 

Minimum State of Charge, SoCmin 40% 

Maximum State of Charge, SoCmax 100% 

Battery inverter energy to power ratio (E2P) 4 h 

Battery inverter nominal power 1,250 kW 

Battery inverter max. efficiency 98.4% 

5.2.3 Demand-Side Management (DSM) with BESS 

The assessment of the building energy refurbishment concept proposed here compares four 

different cases, as described in Tab. 5.6: 

 Case 1: this case corresponds to the base case representing a building-level without RES in 

which the building depends entirely of the grid for its electricity supply.  

 Case 2: this case addresses the building-level with a PV system and aims to provide locally 

generated electricity and improve the load matching and grid interaction conditions.  

 Case 3: this case addresses the previous case targets but with the influence of the 

electrochemical batteries as a complementary energy source for load supply and Peak 

Pricing Curtailment (PPC) DSM is applied in order to increase billing savings.  

 Case 4: this case also addresses a PV system and energy storage, however Seasonal 

Electricity Curtailment (SEC) is applied with the maximum power limit (Pmax) limits applied in 

different seasons of the year, according to the grid power peaks reported over the year (grid 

power demand target). 

The DSM strategies for a local facility are analysed for the refurbished building provided with 

BESS. The DSM strategies depend on the load consumption and the PV generation profiles and 

thus they need to be adapted (i.e., grid signal responses, such as electricity tariffs and on-peak 

pricing periods; grid power peaks not covered by the PV). The DSM strategies implement the 

battery controller in order to control the electricity flowing into the battery - see battery controller 

description in Section 4.2.7. The battery controller is responsible for controlling the charge and 

                                                           
19 In practical terms, it would be a virtual autonomy since the building never disconnects from the power grid. 
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discharge of the storage system in order to increase the use of the PV solar resource. Following 

the same strategies nomenclature as in Chapter 4, battery management strategies are the 

following: 

1. Peak Pricing Curtailment (PPC) strategy addresses energy cutback DSM with the maximum 

power limit (Pmax) set to zero, allowing the battery discharge during the peak pricing periods. 

For electricity markets where the energy charges on bills are quite significant, as the case of 

commercial consumers in Brazil, this strategy greatly affects the operational billing savings 

and the cash flows (net present value) due to the expected reduction in the grid purchased 

electricity at the highest energy prices.  

2. Seasonal Electricity Curtailment (SEC) strategy addresses peak shaving DSM according to 

the seasonal variation in the building demand. Then, this strategy is able to reduce the grid 

connection capacity and the capacity charge on the bills. As previously emphasized, in the 

SEC procedure, the power limit Pmax and the time-of-use battery discharge must be 

determined over the year through the seasonal reports on the grid power peaks after the 

consideration of load supply effected by the PV.  

In this case study, the multi-objective simulations were carried out using 5 min-resolution over a 

1 year period. 

  

Table 5.6. Summary description of the cases considered in the study. 

Case Building energy refurbishment 

1 Renewable energy sources are not applied. The building depends entirely on the grid 
performance. 

2 PV system: The building electricity load shape is modified by PV generation. The PV system 
provides local electricity to supply the load directly, however the load supply is affected by the 
natural correlation between PV and load consumption (no DSM strategy is adopted to increase 
load matching rates). 

3 PV system + BESS: Besides grid-purchased electricity reductions with PV, this represents a case 
with energy storage. In Case 3, Peak Pricing Curtailment (PPC) DSM is applied: the TOU battery 
discharge electricity is controlled to supply building demand on the peak pricing periods, in order 
to reduce electrical energy from the grid and consequently the billing energy charge. 

4 PV system + BESS: Besides grid-purchased electricity reductions with PV, this represents equally 
a case with energy storage. In Case 4, Seasonal Electricity Curtailment (SEC) is applied: peak 
shaving DSM is applied in strategic periods of the year, in order to reduce building power demand 
and the billing capacity charge. 

 

5.2.4 System Advisor Model (SAM) simulations 

In another stage of the research, simulations were carried out on the System Advisor Model (SAM 

- version 2017.1.17) in order to estimate the VRLA AGM battery life cycle, divided into the two 

cases with PV and BESS. The BESS technical characteristics applied in the simulations are 

related to those described in Tab. 5.7. In Case 3 (PPC), the manual dispatch storage dispatch 

controller was used, allowing the battery to be discharged during the peak pricing periods and in 

Case 4 (SEC) the peak shaving storage dispatch controller was selected. The simulations 

considered the Sandia PV array performance model with a monocrystalline PV module database 

(efficiency of 18.5%), tilted 10º and oriented to the North. It was used the SWERA weather file of 
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Florianópolis (Typical Meteorological Year) to attribute the local weather conditions in the 

behaviour of the system. The battery system was assumed to be AC-coupled through a 

bidirectional inverter with an AC-DC and DC-AC conversion efficiency of 95%. The BESS was 

allowed to cycle from 40% to 100% state-of-charge, thus the usable capacity is 60%, according 

to lead-acid technology constraints that are commonly used to increase battery lifetime. 

 

Table 5.7. Input data for SAM simulations. 

Battery technology VRLA AGM 

Cell nominal voltage 2 V 

Internal resistance 0.1 Ω 

Battery bank voltage 96 V 

Battery nominal capacity, CBat 5 MWh 

Cell capacity 200 Ah 

Cells in series 48 

Strings in parallel 261 

Minimum State of Charge, SoCmin 40% 

Maximum State of Charge, SoCmax 100% 

Battery inverter conversion efficiency 95% 

PV inverter European weighted efficiency 96% 

 

Deep cycle valve-regulated lead-acid (VRLA) absorbed glass mat (AGM) batteries were selected 

for the lead acid battery bank similar to the Outback EnergyCell (DiOrio et al., 2015a). The 

Outback EnergyCell properties are shown in Tab. 5.8. 

  

Table 5.8. Outback EnergyCell 200RE Specifications (Outback Power, 2017). 

Cells per unit 6 

Voltage per unit 12 VDC 

Current 53.4 A 

Capacity to 1.75 V per cell at 25 ºC 140 Ah (4 h discharge) 

Weight 60 kg 

Dimensions 12.60 x 22.01 x 4.95 / 32.0 x 55.9 x 12.6 cm 

 

The SAM lifetime model determines the percentage of relative capacity by interpolating the 

capacity fade curve at the current cycle number and average cycle depth-of-discharge and it is 

applied to modify the maximum capacity. Lifetime losses are only applied when a new cycle has 

elapsed. SAM permits users to enter a customised percentage at which to replace the battery and 

compute capacity degradation. In this way, the battery bank was assumed to be replaced when 

the maximum capacity has degraded to 70% of the original value (DiOrio et al., 2015a). The 

battery cycling information has been used from the battery manufacturer datasheet specifications, 

according to Fig. 5.6. At least in some battery technologies, such as lead-acid AGM batteries, 

there is a correlation between the depth-of-discharge and the battery cycle life. As the battery is 

allowed to consistently discharge 60% of its capacity, the expected lifetime before degradation to 

70% of maximum capacity and replacement is about 1,800 cycles. 

Thermal effects are important in battery performance, because the battery temperature directly 

affects its capacity and lifetime. The SAM thermal model is an energy balance of thermal storage 

within the battery, heat transfer to and from the room, and heat generation due to internal 
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resistance. Excessively high temperatures lead to corrosion and a significant reduction in lifetime 

(DiOrio et al., 2015b). The model description can be found in DiOrio et al. (2015b). 

 

 

Figure 5.6. Outback Energy Cell battery cycling specifications (Outback Power, 2017). 

 

In the second step of the study, SAM simulations were carried out with lithium-ion battery 

technology. In this way, the technical-economic terms among different battery technologies are 

analysed. Daily-cycle lithium-ion Nickel-Manganese-Cobalt oxide (NMC) batteries were selected 

for the lithium-ion battery bank similar to the Tesla Powerwall batteries (Tesla Motors, 2017), 

which offer high efficiencies. Table 5.9 shows properties for a single Powerwall battery pack. 

  

Table 5.9. Tesla Powerwall Specifications (Tesla Motors, 2017). 

Capacity 7 kWh 

Voltage 350 – 450 V 

Current 5.8 A nominal, 8.6 A peak 

Capacity to 1.75 V per cell at 25 ºC 140 Ah (4 h discharge) 

Weight 100 kg 

Dimensions  1,300 x 860 x 180 mm 

 

The BESS technical characteristics applied in the simulations are related to those described in 

Tab. 5.10. The battery system was assumed to be AC-coupled through a bidirectional inverter 

with an AC-DC and DC-AC conversion efficiency of 95%. By replacing the battery type with 

lithium-ion, the usable battery capacity is increased to 80% (state-of-charge from 20% to 100%) 

(World Energy Council, 2016).  

The technical specifications, according to the NMC battery modeling and the respective battery 

thermal behaviour were obtained from the SAM database. The lifetime of the NMC battery is 

defined as the period of time in which the capacity is reduced to around 80% of the initial capacity 

(Braun et al., 2009). The battery replacement ranges from 1,000 to about 4,000 cycles, depending 

on the depth-of-discharge of the battery used (MG Energy Systems, 2017; Incell Academy, 2017). 
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As the battery is allowed to consistently discharge 80% of its energy, the expected lifetime before 

degradation to 80% of maximum capacity and replacement is assumed to be 2,000 cycles. 

 

Table 5.10. Input data for SAM simulations. 

Battery technology Ion Lithium NMC 

Cell nominal voltage 3.6 V 

Internal resistance 0.1 Ω 

Battery bank voltage 96 V 

Battery nominal capacity, CBat 5 MWh 

Cell capacity 200 Ah 

Cells in series 27 

Strings in parallel 258 

Minimum State of Charge, SoCmin 20% 

Maximum State of Charge, SoCmax 100% 

Battery inverter conversion efficiency 95% 

 

5.3 Results with lead-acid VRLA battery technology 

5.3.1 Building electricity consumption and PV generation 

The building total annual load consumption presented in Fig. 5.7 shows sub-hourly 

measurements of the local power utility in Florianópolis (CELESC) in 2016 (5 min timeframe).  

 

Figure 5.7. Building power consumption in 2016 based on experimental data. 

 

As can be seen, the electrical consumption is high in this building topology due to the area, 

occupancy profile, significant lighting consumption and building activities (i.e., monitoring power 

plants) that makes use of a range of electrical office equipment, producing an electrical demand 

of more than 200 kW throughout the year. In fact, the subtropical hot climate of Florianópolis 

highly influences the demand for electrical air conditioning. Moreover, some of the internal 

environment needs to be cooled 24 hours a day due to working activities, with independent air 

conditioning systems (i.e., the Operation Center of the Electrical System (COSE), the National 

System Operator (ONS) and the Data Processing Centre (DPC)). As an example, the DPC is 
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provided with two splits (evaporator and condenser), fans-coils and a self in order to keep the 

temperature at 18 ºC. They start to operate when the central air conditioning system is turned off.  

Figure 5.8 details the daily electricity consumption of the building. Refering to Fig. (5.8-a), on a 

typical summer working day the night-time electrical demand is around 300 kW, accounted for 

mainly by the demands of the office equipment, air-conditioning and lighting (equipment that in 

general operates 24 hours a day). At 5 a.m., the demand increases considerably to 960 kW when 

the air-conditioning system starts to operate. The central air system operates in the following 

sequence: at 5 a.m. the fans-coils are activated followed by the pumps. At around 5:50 a.m. the 

chillers are started in order to bring the desired temperature to the space, however their operation 

depends on the hourly thermal load of the internal space. The chillers operate until around 5:50 

p.m. - 6:30 p.m. and the pumps and the fans-coils are switched off at around 6:30 p.m. The period 

between 7:40 a.m. and 6:30 p.m. consists on the regular operation of the building loads, however 

the highest building demand occurs between 5:50 a.m. and 4:50 p.m. (ranges from 835 kW to 

1,060 kW). The internal lighting system demand starts between 6:40 a.m. and 7:40 a.m. when 

the occupancy starts to increase gradually and after 6:30 p.m. there is a gradual shutdown of the 

lighting system and office equipment when the occupancy decreases. At 10 p.m. the internal 

lighting system is turned off completely, however it operates in spaces that need lighting 24 hours 

a day. On a typical winter working day (Fig. 5.8-b), the electricity consumption starts to grow at 

around 7:00 a.m. (winter period). When looking at the figure, it is possible to note the influence of 

the local weather conditions on the electricity consumption. Compared to the cooler periods, the 

building demand is reduced considerably mainly because the demand for cooling is reduced. In 

this case, the highest building demand occurs between 7:10 a.m. and 5:00 p.m. (ranges from 598 

kW to 940 kW). Note that the demand decreases at lunchtime between 12 a.m. (600 kW) and 

3:10 p.m. when the occupancy increases again. 

 

Figure 5.8. Building power consumption and load daily operation schedule: (a) Typical summer day (summer 

season from 21st December to 21st March). (b) Typical winter day (winter season from 21st June to 23rd 

September). 
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The heat map of load power consumption produced in the System Advisor Model (SAM) software 

facility provides responses as to how the data varies by time of day and time of year on the same 

graph, as displayed in Fig. 5.9. 

 

 

Figure 5.9. Building heat map of hourly load power consumption (in kW) in 2016. 

 

The electrical demand of the building, higher in the hottest periods of the year (from November to 

March), starts to increase at about 5 a.m. due to the influence of the demand for cooling space. 

The building occupancy is more pronounced during working hours (from 7-8 a.m. to 6 p.m.). From 

February to May and from October to November the demand starts to increase at 6 a.m. but with 

a reduced power intensity due to the decrease in the ambient temperature and the consequent 

reduced demand for cooling. In the winter months (from June to September), the demand for 

cooling is reduced and then the electrical demand starts to increase between 6 a.m. and 7 a.m. 

when the occupants start to work. Note there is an electrical demand of around 500 kW, which 

occurs until 9-10 p.m. depending on the period of the year and could be attributed to the 

continuous use of air conditioning in the power plant’s monitoring rooms together with the use of 

computers, lighting and other office equipment due to nightly occupancy. 

The annual photovoltaic power generation simulated in EnergyPlus with the SWERA weather file 

(Typical Meteorological Year) is detailed in Fig. 5.10. The peak power generation exceeds           

800 kW in the periods of highest solar radiation and decreases in winter periods. The total annual 

PV generation (EPV,Annual) is 1,518 MWh, with a maximum generation of 162 MWh in January and 

minimum of 88 MWh in July. 
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Figure 5.10. Simulated photovoltaic power generation in the south of Brazil (Florianópolis). Weather file: 

Typical Meteorological Year (TMY) – SWERA of Florianópolis. 

 

Figure 5.11 displays annual electricity flows in the building topology with a PV system (Case 2). 

The PV generation output is higher during the summer and spring seasons as well as the amount 

of excess PV (PGrid < 0).  

 
Figure 5.11. Yearly electricity flows with the PV system operation (Case 2) in Florianópolis. 

 

 
Figure 5.12. Histogram of yearly relative frequency of grid power peaks in Case 1 (without RES) and Case 

2 (only PV system). 

Figure 5.12 shows the relative frequency of the highest grid power peaks (> 900 kW) in Case 1 

(base case without RES) and Case 2 (only PV system). It is possible to see in Fig. 5.7 that the 
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maximum building power demand in the base case is 1,200 kW, however the highest peaks do 

not frequently occur (relative frequency of power peaks between 1,150 kW and 1,200 kW is only 

0.02). On the other hand, in Case 2, the relative frequency of power peaks between 1,050 kW 

and 1,100 kW is very low (only 0.018 or 1.8% of the highest annual grid power peaks), which 

would allow the grid connection capacity (PGCC = 1,100 kW) to be re-sized. 

5.3.2 Energy management with BESS 

 Analysis of discharge intervals 

Different discharge time intervals were tested in Case 3 (Peak Pricing Curtailment, PPC), starting 

at the peak pricing periods (5 p.m.) until 8 p.m., 9 p.m., 10 p.m. and 11 p.m. in order to verify the 

savings on bills in the different scenarios. According to Fig. 5.13, the savings on bills are 

determined under battery capacities ranging from 0.09 to 1.07 days of autonomy (equivalent to     

1 MWh to 12 MWh).  

 

 

Figure 5.13. Billing savings in accordance with the nominal battery capacity for different battery discharge 

intervals in Case 3 (Peak Pricing Curtailment, PPC). 

 

The BESS set to discharge 3 hours per day (red line), coincides precisely with the on-peak pricing 

periods, providing higher savings on bills than in the other scenarios. The results indicate that the 

larger the daily periods of battery discharge, the lower the savings are. With a larger time-of-use 

of the battery discharge, the batteries keep discharging after 8 p.m. Thus, the capacity of the 

BESS to supply the demand during the peak pricing periods is reduced, since the battery charging 

regime depends on the daily solar resource and the batteries may not be recharged enough to 

supply the demand during the highest pricing intervals. Paying attention to the evolution of the 

curves, note that a battery capacity of more than 0.63 days of autonomy (equivalent to 7 MWh) 

should be avoided since it contributes less to the increase in the electricity bill savings (see the 

saturation tendency of the curve). 
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 Self-sufficiency, self-consumption and billing savings 
 

With the aim of designing an optimal battery capacity size, technical and economic parameters 

were analysed (see Chapter 3, Section 3.3.6 and Chapter 4, Section 4.2.8, respectively). In this 

way, Fig. 5.14 shows the self-sufficiency index (ƺL) and the self-consumption index (ƺG) (in 

technical terms) and the electricity bill savings (in economic terms – see Fig. 5.15) in the different 

scenarios studied under different normalized battery capacities. Considering the PPC strategy 

(Case 3), the curves are plotted with 3 hours of daily discharge, according to the highest billing 

savings achieved, as shown by the red line in Fig. 5.13.  

With only PV system (Case 2), the daily percentage of load consumption covered by the local 

RES (self-sufficiency index – ƺL) and the daily percentage of RES used by the load (self-

consumption index - ƺG) are 32% and 86%, respectively, as shown by the dashed lines in Fig. 

5.14-a and Fig.5.14-b; in turn, the billing savings are about 28%, as shown by the dashed line in 

Fig. 5.15. Considering the BESS, the parameters are improved and it is clear that the higher the 

battery capacity, the greater the Load Matching (LM) indexes and the billing savings will be (see 

Cases 3 and 4). As shown in Figures 5.14 and 5.15, the LM indexes and the billing savings are 

higher in Case 3 than the other cases due to the fact the DSM strategy is able to reduce the 

energy purchased from the grid in the highest electricity pricing periods, allowing the billing 

savings to be increased: the annual mean ƺL, ƺG and savings vary from 34% to 37%, from 90.5% 

to 99.2% and from 30.5% to 37%, respectively. Considering the Seasonal Electricity Curtailment 

(SEC) strategy (Case 4), the increase in savings is small in relation to the increase in battery 

capacity (the annual mean billing savings vary from 27.6% to 31%), as the peak shaving strategy 

does not significantly reduce the electricity costs in this application, since the capacity charge 

represents a very small portion of the electricity bill payment (see Tab. 5.3). Note that in Case 4, 

the battery capacity should be greater than 0.18 days of autonomy (equivalent to 2 MWh) in order 

to provide greater savings than the case without BESS. Furthermore, the annual mean ƺL and ƺG 

vary from 33% to 34.5% and from 88% to 92.5%, respectively, and the increase in LM rates are 

slightly affected with the growth in battery capacity, as can be seen from Fig. 5.14-a and                

Fig. 5.14-b. 

It is demonstrated that a battery system sized higher than 0.45 days of autonomy in the analysed 

cases does not increase the load matching capability significantly (see the saturation tendency of 

the curves in Cases 3 and 4). In particular, by increasing battery capacity from 0.45 days of 

autonomy (equivalent to 5 MWh) to one day of autonomy (equivalent to 11 MWh) in Case 3, ƺL 

and ƺG only grow by 1% and 2%, respectively. 

As follows from the previous analysis, a normalized battery capacity of around 0.5 days of 

autonomy (equivalent to a nominal battery capacity of 5 MWh) was selected in this study. The 

selected capacity leads to the best case (involving the PPC strategy) a high degree of self-

consumption (ƺG = 97%), a self-sufficiency (ƺL) of 36%, a Behavior Ratio (BR) of 35% and annual 

billing savings of 35%. It means that at this point the high building electrical demand involves the 

use of a large storage system size and high system costs in order to provide these technical-

economic benefits, as described in the economic sections of this study (Sections 5.3.4 and 5.4.2). 
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Figure 5.14. Load matching indexes in accordance with the normalized battery capacity in the analyzed 

cases: (a) Self-sufficiency. (b) Self-consumption. 

 

 

Figure 5.15. Electricity bill savings in accordance with the normalized battery capacity in the analyzed cases. 
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 Peak Pricing Curtailment (PPC) strategy 

Figure 5.16 shows electricity flows on typical days considering the Peak Pricing Curtailment (PPC) 

strategy. This strategy allows energy from the grid to be reduced by discharging stored electricity 

during the peak pricing periods (5 p.m. – 8 p.m.) with Pmax = 0.  

 

Figure 5.16. Case 3 (Peak Pricing Curtailment, PPC): Daily electricity flows with demand-side management: 

(a) Typical summer day. (b) Typical winter day. 

 

On a typical summer day (Fig. 5.16-a), the PV reduces the grid imported power significantly from 

8 a.m. to 5 p.m. There is a load peak of 1,140 kW at 1 p.m. which is reduced to 324 kW by the 

PV system. On this day, the battery initial SoC is about 50% and from 5 p.m. to 6 p.m. the battery 

is completely discharged up to 40%, reducing the purchased electricity during the highest pricing 

periods. On a typical winter day (Fig. 5.16-b), the path of the Sun is lower across the sky and the 

PV generation decreases due to both, the reduction in solar radiation and the influence of the low 

PV module’s tilt angle. The load consumption also decreases due to the lower temperature in 

Florianópolis during the period, reducing air-conditioning electrical demand. The PV system 

reduces the grid power consumption considerably from 8 a.m. when it increases generation. After 

midday, the electrical demand of the building decreases when working activities are reduced 

(lunch time). Thus, there is a PV electricity excess that is used to charge the batteries. The 

batteries are charged up to 3 p.m. (around 50% SoC) when the PV generation decreases and the 

building needs to import electricity from the grid. The batteries are again discharged during peak 

pricing periods, from 5 p.m. until 6:15 p.m. when the minimum battery SoC is reached. 

The daily electricity flows and battery State-of-Charge (SoC) with PV hybrid system in Case 3 

(PPC) are detailed in Fig. 5.17. The grid demand can be only reduced from 1.2 MW to 1.1 MW    

(~ 8%), as the highest load peaks occur during different periods from the one that occurs during 

the peak pricing periods (i.e., early morning HVAC demand). 
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Figure 5.17. Case 3 (Peak Pricing Curtailment, PPC): (a) Electricity flows. (b) Battery State-of-Charge (SoC). 

 
The battery cycling is higher during yearly periods with greater solar activity and the battery is 

often completely discharged (up to 40%) during the discharge activation periods (on-peak pricing 

periods), depending obviously on the actual SoC. Figure 5.18 details the relative frequency of the 

highest grid power peaks (> 1,000 kW). It is clear that the relative frequency of between 1,090 

kW and 1,100 kW power peaks is very low (less than 3% of the highest annual grid power peaks), 

which would allow the grid connection capacity to be re-sized (PGCC = 1,100 kW). 

 

Figure 5.18. Histogram of yearly relative frequency of grid power peaks in Case 3 (Peak Pricing Curtailment, 

PPC). 

 

 Seasonal Electricity Curtailment (SEC) strategy 

Since electricity consumption during the hottest periods of the year (from December to March) is 

high due to cooling space consumption, different power limits (Pmax1 and Pmax2) were selected 

throughout the year in Case 4 (SEC) in order to reduce the grid power demand (PGCC) and to 

increase billing capacity charge savings. It is evident that for lower values of Pmax, the battery can 
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be discharged more frequently, increasing the battery use and the self-consumption capability of 

the building. The simulations were carried out with a battery capacity of 0.45 days of autonomy 

(equivalent to 5 MWh) with battery discharges allowed during working periods, which represents 

the highest daily electrical demand. The simulation results have shown that the PGCC cannot be 

reduced to 800 kW for capacities of less than 5 MWh. 

Figure 5.19 displays the relative frequency distribution of the highest grid power peaks on an 

annual basis in different Pmax1 scenarios during the hottest periods of the year (from December to 

March), showing their capacity to reduce grid power peaks. Taking the case of Pmax1 = 750 kW 

(red bars), it can be noted that for grid power peaks of up to 750 kW the relative frequency is 0.96 

(96% of the highest annual grid power peaks). The battery comes into operation for grid power 

peaks of more than 750 kW. In the case of peaks of between 750 kW and 800 kW, the relative 

frequency decreases to 0.007 (only 0.7% of the highest annual grid power peaks), as can be seen 

by the red bars, which would allow the grid connection capacity to be re-sized (PGCC = 800 kW).  

Different values of Pmax2 during the cooler months (from April to November) were also tested and 

the results are shown in Fig. 5.20. With the aim of reducing PGCC to 800 kW, according the 

previous analysis of Pmax1, Pmax2 must be equal to or greater than 500 kW, giving a relative 

frequency of peaks of between 700 kW and 800 kW of only 0.007 (only 0.7% of the highest annual 

grid power peaks). For a Pmax2 of less than 500 kW the relative frequency grows considerably, as 

can be seen in the figure. Compared to the other cases, the SEC strategy allows the contracted 

power (PGCC) to be reduced by 33%, providing reductions in the billing capacity charges (∅c) (see 

the economic analysis in Section 5.3.4). According to the Brazilian DG regulation, PGCC is only 

allowed to be greater than or equal to the PV installed capacity (PNomPV). However, the study with 

DSM, capable of reducing PGCC, could be useful for future DG regulations where the PGCC could 

be less than PNomPV.  

 

 

Figure 5.19. Histogram of yearly relative frequency of grid power peaks with Pmax1 variations in Case 4 

(Seasonal Electricity Curtailment, SEC). Period: from December to March. 
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Figure 5.20. Histogram of yearly relative frequency of grid power peaks with Pmax2 variations in Case 4 

(Seasonal Electricity Curtailment, SEC). Period: from April to November. 

 

As an example, Figure 5.21 shows electricity flows during typical days considering the SEC 

strategy. In this strategy, the battery discharge schedule corresponds to the working hours, 

considering summer time (daylighting saving time) and wintertime, however the central air-

conditioning system is activated one hour before the occupants arrive at the building to bring the 

desired temperature to the space. In this way, during the summer periods the BESS was designed 

to discharge from 5 a.m. to 8 p.m. and in winter periods from 6 a.m. to 8 p.m., respecting the 

levels of Pmax1 and Pmax2. 

 
Figure 5.21. Case 4 (Seasonal Electricity Curtailment, SEC): Daily electricity flows with demand-side 

management: (a) Typical summer day. (b) Typical winter day. 

 

On a typical summer day (Fig. 5.21-a), the battery is allowed to discharge when the difference 

between PLoad and PPV becomes greater than 750 kW (Pmax1). At 6 a.m. when the chillers start to 

operate, the load consumption increases from 390 kW to 1,080 kW. As the PV output is practically 

zero, the battery comes into operation reducing the grid demand to around 500 kW. At 9 a.m., the 
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PV output increases and the battery request is reduced. It is clear that as the PV generation 

decreases the battery electricity is requested, as occurs at 1:40 p.m. At 5 p.m., the building’s 

electrical consumption starts to decrease and after that PLoad becomes less than 750 kW (the 

Pmax1 limit) and then the battery is not discharged. At the end of the day, the battery SoC is around 

80% and that stored electricity can be used to reduce the early morning demand for cooling for 

the next day. On a typical winter day, as detailed in Fig. 5.21-b, the battery comes into operation 

to supply the electricity consumption that exceeds 500 kW (Pmax2), which is not reduced with PV. 

Analysing the figure, the battery is required at 7 a.m., and from 2 p.m., when the PV output 

decreases due to cloudiness, until late afternoon when the PV generation drops to zero. 

Daily electricity flows and battery State-of-Charge (SoC), together with the designed Pmax levels 

and periods, are shown in Fig. 5.22. During summer periods, the load consumption increases 

mainly due to the electrical demand for space cooling and PV generation increases due to the 

greater solar activity. As a result, a greater percentage of PV electricity is directly consumed by 

the load. A Pmax1 = 750 kW applied during summer periods decreases the battery use due to the 

higher power limit, especially in December. In the autumn, winter and spring the battery use 

increases due to the lower power limit (Pmax2 = 500 kW). 

 

Figure 5.22. Case 4 (Seasonal Electricity Curtailment, SEC): (a) Electricity flows. (b) Battery State-of-Charge 

(SoC). 

 Comparative analysis of results 

Table 5.11 displays a summary of the daily time-of-use of the battery discharge electricity, the 

power limits levels (Pmax, Pmax1 and Pmax2) and the periods in the cases with DSM. 

Table 5.11. Daily time-of-use of the battery discharge electricity in the case with BESS. 

DSM strategy Period 1 
(01-12 to 31-03 ) 

Period 2 
(01-04 to 31-10) 

Period 3 
(01-11 to 30-11) 

PPC 
(Case 3) 

5:00 p.m. – 8:00 p.m.a 
Pmax = 0 

5:00 p.m. – 8:00 p.m.a 
Pmax = 0 

5:00 p.m. – 8:00 p.m.a 
Pmax = 0 

SEC 
(Case 4) 

5:00 a.m. – 8:00 p.m.b 
Pmax1 = 750 kW 

6:00 a.m. – 8:00 p.m.c 
Pmax2 = 500 kW 

5:00 a.m. – 8:00 p.m.b 
Pmax2 = 500 kW 

a On-peak pricing period. b Summer daylight saving time. c Wintertime 
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Figure 5.23 summarizes the monthly energy balances for the cases analysed. In annual terms 

the results are: 

 Case 1 (without PV): EGrid (imported) = 4,068 MWh.  

 Case 2 (only PV system): EGrid (imported) = 2,762 MWh, EGrid (exported) = 212 MWh.  

 Case 3 (PPC): EGrid (imported) = 2,596 MWh, EGrid (exported) = 50 MWh.  

 Case 4 (SEC): EGrid (imported) = 2,671 MWh, EGrid (exported) = 122.9 MWh. 

As can be seen, the PV energy directly consumed by the loads is very high in this application 

(annual EPV→L = 1,306 MWh or 86% of the total annual PV generation). In addition, 32% of the 

annual building electricity consumption is supplied by PV-origin. The annual reduction in the 

imported energy from the grid, compared to Case 1 (without a solar system), is well pronounced: 

32% in Case 2 (PV-load natural correlation), 36% in Case 3 and 34% in Case 4 due to the 

additional influence of energy storage. In addition, BESS reduces the exported energy 

significantly by 76% in Case 3 and 42% in Case 4 when compared to Case 2. 

 

Figure 5.23. Monthly electricity balance in the different cases considered in the study considering lead-acid 

battery technology in Case 3 (PPC) and Case 4 (SEC). Positive axis: electricity imported from the grid        

(EGrid > 0). Negative axis: electricity exported to the grid (EGrid < 0). 

Figure 5.24 shows the grid power demand in an annual and sub-hourly base as a heat map 

carried out in SAM in Case 3 (PPC) and Case 4 (SEC). The heat map helps to verify how the 

results vary by time of day and time of year on the same graph. It is clear that the grid 

requirements decrease with a PV hybrid system in comparison to that without PV displayed in 

Fig. 5.9 (36% in Case 3 and 34% in Case 4  in annual energy terms), mainly during working hours 

(from 8 a.m. to 6 p.m.) when PImp is mitigated from PV and battery electricity. In Case 3 (PPC), 

the grid power demand is reduced on the peak pricing periods (from 5 p.m. to 8 p.m.), as can be 

seen in Fig. 5.24-a and differences between the other cases can be noted (Case 1 without PV 

system detailed in Fig. 5.9 and Case 4 SEC detailed in Fig. 5.24-b).  



5. Commercial building: Eletrosul 

200 
 

 

Figure 5.24. Annual heat map of hourly grid power demand (in kW): (a) Case 3 (Peak Pricing Curtailment – 

PPC). (b) Case 4 (SEC - Seasonal Electricity Curtailment). 

The periods of the day that the PV generation decreases, the battery electricity is requested in 

Case 4 (SEC) when the grid power demand surpasses the power limits Pmax1 and Pmax2. In this 

way, the grid power demand is reduced to a maximum of 800 kW (it can reach higher values up 

to 1,200 kW due to unexpected grid power peaks) and differences between the Cases 3 and 4 

a)  

b)  
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can be noted in the heat maps throughout the year, as displayed in Fig. 5.24-a and Fig. 5.24-b. 

Compared to the Case 3 (PPC), in Case 4 (SEC) the grid power request is reduced in the morning 

from 5 a.m. to around 9-10 a.m. in summer periods (Period 1 detailed in Tab. 5.11) where the grid 

power demand generally surpasses the power limit Pmax1 (750 kW) due to the air-conditioning 

power consumption and the batteries are discharged to supply the grid power peaks (see the 

electricity consumption in a typical summer day in Fig. 5.8-a). 

 Photovoltaic hybrid system performance assessment 

In order to characterize the energy performance of the PV hybrid system, Table 5.12 presents a 

summary of the annual daily mean PV performance parameters and system compound losses 

(YR, YF and PR) in the system topology. 

Table 5.12. Annual results of PV performance parameters and system losses. 

Annual simulations Results 

PV electricity, EPV 1,518 MWh 

PV final Yield, YF 1,446 kWh/kWp (4 h/d) 

Reference Yield, YR 4.76 h/d 

PV Capacity factor, CFPV 16.5% 

Performance Ratio, PR 82.5% (Min. 76%; Max. 85.8%) 

System losses, LS 0.36 h/d 

Capture losses, LC 0.55 h/d 

PV inverter losses, ELoss,Inv 0.23 h/d 

Battery inverter total losses, ELoss,Bat-Inv Case 3 (PPC): 0.04 h/d 

Case 4 (SEC): 0.03 h/d 

 

The Performance Ratio (PR) reported on a yearly basis is 82.5%, which indicates the ratio of the 

actual and theoretically possible energy output. The PR rates decrease during the summer due 

to the elevated temperatures in Florianópolis, but increase when the temperature drops (i.e., PR 

can increase by 7% from summer to winter). The yearly PR variations (76% - 85.8%) are 

comparable with the PV system performance simulations carried out previously (Gomendio’s 

building) with ranges from 74% to 86%. It is possible to compare the PR between different 

systems as PR is a figure of merit indicated to compare the PV system operation under different 

locations and system topologies (PV installed capacity, PV modules tilt angle and orientation). 

The daily annual mean solar resource in Florianópolis (YR) is 4.76 h/d (slightly lower than Madrid 

– 0.5 h/d) and the annual mean PV final yield (YF) is 4 h/d, which is influenced by the solar 

resource and ambient temperature, comparable to other PV installations (Kymakis et al., 2009). 

The annual mean system losses (LS) and capture losses (LC) together with the total annual PV 

inverter and battery inverter electricity losses are equally displayed in Tab. 5.12. According to the 

results, 0.23 h/d (about 5.5%) of the PV generation is lost in the DC-AC conversion process. The 

total annual battery inverter losses (ELoss,Bat-Inv) represent 17.5 MWh (equivalent to 0.04 h/d) in 

Case 3 (PPC), being slightly lower in Case 4 (SEC) (10.22 MWh – equivalent 0.03 h/d) due to the 

differences in battery use assigned by each DSM planning. 

Simulation results carried out in SAM corresponding to the battery number of cycles for battery 

lifetime are shown in Fig. 5.25. With 60% DoD, the number of cycles of the battery is about 1,800 
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cycles, with battery replacement every 12 years in Case 3 (PPC) and 8 years in Case 4 (SEC). 

The lifetime of the battery is in accordance with the literature that estimates lead-acid battery 

lifetime ranging from 3 to 15 years (World Energy Council, 2016). The differences occur due to 

the battery cycle of each case analyzed, which influences the battery life cycle and degradation.  

 

 

 

Figure 5.25. VRLA AGM battery lifetime carried out in SAM: (a) Case 3 (Peak Pricing Curtailment, PPC).            

(b) Case 4 (Seasonal Electricity Curtailment, SEC). 

5.3.3 Load Matching and Grid Interaction 

Figure 5.26 details the annual development of the Capacity Factor of imported electricity (CFImp) 

and the Capacity Factor of exported electricity (CFExp) in the different scenarios researched. For 

the sake of convenience - CFExp variable is represented in the figure. A grid connection capacity 

(PGCC) corresponding to PLoad,Max (1,200 kW) was assigned in the calculations in Case 1 (without 

PV system), however optimized values were used in each application: Case 2 (only PV): 1,100 

kW, Case 3 (PPC): 1,100 kW and Case 4 (SEC): 800 kW. The variations are well pronounced 

between Case 1 (without RES) and the other cases due to the mitigation of PGrid affected by PV 

and/or BESS, leading to a decrease in CFImp. The annual daily mean CFImp ranges from 33% to 

47.7% in Case 1, from 26% to 36% in Case 2, from 24% to 34% in Case 3 and from 34% to 48% 

in Case 4. The index is always lower in Case 3 due to the reduction in EImp with battery use and 
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due to the influence of the PGCC designed. CFImp exhibits the highest annual rates in January and 

February when the demand for cooling increases electricity consumption and the building needs 

to purchase the highest amount of electricity from the utility (i.e., in January CFImp is 46% in Case 

1, 33% in Case 2, 31% in Case 3 and 44% in Case 4). During other periods of the year the index 

does not change significantly, however during the periods of high local solar activity, CFImp is fairly 

reduced, evidently depending on the electricity demand of the building. As an example, in 

November the ambient temperature is not still too high (monthly mean temperature is 23 ºC), thus 

the cooling space demand is still low compared to the hottest periods of the year, resulting in one 

of the lowest CFImp rates over the year: CFImp is 38% in Case 1 but is decreased to 26%, 24% and 

35% in Cases 2, 3 and 4, respectively, due to the effect of PV and BESS over the grid-imported 

electricity.  

The annual daily mean equivalent use of the exported electricity (CFExp) ranges from 1% to 3.5% 

in Case 2, from 0.5% to 1.35% in Case 3 and from 0.2% to 4% in Case 4. Even with the increase 

in the solar resource, the index is very low in the cases studied as the excess PV electricity is low 

(the PV electricity directly consumed is very high in this application case). The results demonstrate 

that the export power levels flowing at the PCC are very low and the differences with battery use 

are not significant.  

 

 

Figure 5.26. Montly capacity factors in the investigated cases. 

 

A summary of the indexes obtained are detailed in Tab. 5.13. The yearly results of load matching 

indexes show that the self-consumption (ƺG) and the self-sufficiency (ƺL) indexes in Case 2 (only 

PV system) are 86% and 32%, respectively, and the battery effect improves electrical matching: 

ƺG increases 11% in Case 3 (PPC) and 6% in Case 4 (SEC).  Furthermore, ƺL increases 4% in 

Case 3 and 2% in Case 4. The annual daily mean PV electricity directly consumed by the load, 

as expressed by ƺG, is very high in this application (ranging from 86% to 97%) due to the load 

profile usually being more than 200 kW throughout the year which gives rise to a wide daily use 

of the photogenerated electricity during the year. The magnitude of ƺG means the locally 

generated electricity and the stored electricity are effectively used by the load. In this way, the 
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Behavior Ratio (BR) ranges from 27% to 35%, which is comparable to the the Gomendio building 

case study (ranging from 26% to 38%). In Case 4, ƺG is slightly lower as the battery use is lower 

compared to Case 3 (the annual battery discharge electricity is 40% higher in Case 3). The reason 

for this is the influence of the DSM strategies, since the PPC strategy gives rise to the largest 

battery discharges in order to reduce energy from the grid during the highest price periods. On 

the other hand, the SEC strategy manages the battery use integrally, while the battery is 

requested periodically to discharge above the Pmax limits, therefore complementing the PV 

generation. 

The Loss of Load Probability (LOLP), or the percentage of time the energy must be supplied by 

the grid, is significantly high (close to 90% in the cases with RES) due to the high base load 

consumption. Thus, the building energy autonomy (Ab) is only 10% in Case 2, slightly increasing 

with BESS (11% in Case 3 and 12% in Case 4) which means the building strictly depends on the 

electrical supply from the grid. 

 

Table 5.13. Yearly load matching and grid interaction indicators in the cases considered in the study. 

Application case Case 1 

No RES 

Case 2 

PV system 

Case 3 

PPC 

Case 4 

SEC 

Nominal battery capacity, CBat - - 5 MWh 5 MWh 

Grid connection capacity, PGCC 1,200 kW 1,100 kW 1,100 kW 800 kW 

PGCC reduction potential 0% 8% 8% 33% 

Load matching indicators 

Self-sufficiency factor, ƺL 0% 32% 36% 34% 

Self-consumption factor, ƺG 0% 86% 97% 92% 

Behavior Ratio, BR 0% 27% 35% 31% 

Loss of Load Probability, LOLP 100% 89.6% 89% 88% 

Energy Autonomy, Ab 0% 10.4% 11% 11.3% 

Grid interaction indicators 

Dimensioning Rate of imported electricity, DRImp 0.88 0.87 0.87 0.97 

Dimensioning Rate of exported electricity DRExp - 0.70 0.60 0.67 

Grid interaction index of imported electricity, 

fGrid,Imp 

20% 17% 18% 16% 

Grid interaction index of exported electricity, 

fGrid,Exp 

- 12% 6% 10% 

Capacity Factor of imported electricity, CFImp 40% 28% 27% 38% 

Capacity Factor of exported electricity, CFExp - 2% 1% 2% 

 

The annual daily mean DRImp shows that the designed PGCC ensures a safety fraction of the 

imported power over the nominal connection capacity and the grid connection does not exceed 

the allowed limit. However, the decrease in PGCC in Case 4 increases DRImp to 0.97 (around 10% 

more than the other cases). Again, the DRImp is suitable for rating the control strategy in relation 

to the expected imported electricity from the grid in annual terms but it is not the most suitable 

index for rating the connection capacity between the building and the power grid. The DRExp index 

gives an idea of the highest exported power peaks. It is clear that the amount of exported 

electricity is less in the cases with BESS. This index indicates that the annual daily mean DRExp 

is 0.7 in Case 2 but it decreases considerably by 10% in the best case (Case 3) due to the 

reduction of the exported electricity to the grid with battery use. 
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The grid interaction index of imported electricity (fGrid,Imp) describes the mean grid stress using the 

standard deviation of PGrid which is 20% in Case 1. By comparing the hourly imported power (PImp) 

to its maximum annual absolute value due to fGrid,Imp definition, the power exchange fluctuations 

decrease by 3% in Case 2 (only PV system), 2% in Case 3 (PPC) and 4% in Case 4 (SEC). The 

reduction in fGrid,Imp in the different cases means a lower expected peak demand from the grid and 

the PV-battery electricity reduces the grid imported power fluctuations. The small reduction in 

fGrid,Imp with RES means that the building is highly dependent on the grid electricity due to the high 

load consumption, as determined by the energy autonomy index (Ab). The annual mean grid 

interaction index of exported electricity (fGrid,Exp) is 12% in Case 2 but is reduced to 6% in Case 3 

and 10% in Case 4, due to the capability of the BESS in reducing grid exchange fluctuations by 

storing the PV surplus electricity in the batteries. The greater fGrid,Exp rate in Case 2 means a larger 

amount of PV excess not used by the loads and Case 3 is able to reduce fGrid,Exp more efficiently 

as less energy is exported to the grid determined by the DSM method, also influenced by the 

designed PGCC. 

The equivalent use of the grid electricity (CFImp) is 40% in Case 1, but the high direct PV self-

consumption rates significantly decreases the index by 12% in Case 2, and the battery effect over 

the load consumption reduces CFImp further (13% in Case 3) giving rise to a significant reduction 

in the degree of grid energy exchanges. The CFImp is not significantly reduced in Case 4 (2% in 

relation to Case 1) determined by the designed PGCC (the decrease in PGCC implies an increase 

in the grid energy exchanges). As can be seen, the degree of grid-exported electricity at the PCC, 

measured by CFExp, does not change significantly between the cases analyzed due to the high 

PV self-consumption rates and the low PV excess electricity fed into the grid. 

Figure 5.27 compares the duration curves of grid power exchanges for each application case. 

Compared to Case 1 (without a PV system) there is a remarkable drop in the imported power 

levels in the cases with PV (Case 2) and PV & BESS (Cases 3 and 4).  

 

Figure 5.27. Annual duration curves in the different cases researched. Positive values: imported power from 

the grid. Negative values: exported power to the grid. 
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The reduction in the request for grid power is more pronounced in Case 4 from 1,000 kW to 500 

kW influenced by the SEC strategy in reducing grid power peaks with Pmax1 of 750 kW and Pmax2 

of 500 kW. As the base load is rather high due to the building activities, the curve duration is large 

in the interval from 240 kW to 350 kW (i.e., it represents 38% of the annual grid power exchange 

period in Case 3 (PPC)). In 13% of the annual period there are no grid power exchanges in Case 

3 (PPC) and 6% in Case 4 (SEC) due to the relevance of the DSM strategies. Although, compared 

to the other building cases researched, the period in which the building does not request electricity 

from the grid is low. Similarly, there is a significant decrease in the exported power levels in the 

cases with PV & BESS compared to the case with PV, due to the impact of the stored electricity 

that is not fed into the grid. Compared to Case 2 with only PV, the duration of the exported power 

to the grid is reduced by 15% and 10% in Cases 3 and 4, respectively. 

The grid interaction factors FImp (Power grid imports factor) and FExp (Power grid exports factor) 

are shown from Fig. 5.28 to Fig. 5.31.  

 

Figure 5.28. Power grid imports factor (FImp) in Case 1 (without RES). PGCC: 1,200 kW. 

 

In Case 1 (without RES), the imported power from the grid corresponding to the total load 

consumption indicates the magnitude of the imported power peaks when PV and DSM are not 

considered in the building’s electrical topology. A grid connection capacity corresponding to the 

maximum annual load demand makes the FImp index go below the limit allowed in terms of 

maximum demand penalties throughout the year. The highest peaks occur during the summer 

periods when the cooling space increases electricity demand, as detailed in Fig. 5.28. 

The results of the annual distribution of FImp and FExp in Case 2 (only PV system) presented in Fig. 

5.29 show the magnitude of the rated power grid use with the PV system. The amplitude of the 

grid power peaks increases by reducing PGCC to 1,100 kW, with maximum peaks of 1.0 in summer 

and 0.8 in the winter when PV production decreases. The maximum peaks achieved in the 

summer are due to the high early morning cooling peaks, periods in which the PV does not 

operate or is still low to supply the high load amplitude. Note that FExp generally surpasses - 0.4 
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over the analysed period, achieving the highest levels down to - 0.6 from the 300th to the 350th 

day of the year when solar generation increases. 

 

Figure 5.29. Power grid factors (FImp and FExp) in Case 2 (only PV system). PGCC: 1,100 kW. 

Considering the fact that the PPC strategy allows the battery discharge only at peak pricing 

periods, different from that the early morning peaks of air-conditioning demand, the grid power 

peak amplitude cannot be reduced significantly with batteries, as can be seen in Fig. 5.30. 

However, PV generation allied with the battery use and the influence of the designed level of PGCC 

ensure that the grid connection does not exceed the limits corresponding to penalties for power 

excess. The demand associated to the space cooling in the summer generates intermittent values 

of FImp, exceeding 0.8 on some days during the period, achieving highest values of up to 1.0. On 

the other hand, FExp is drastically reduced, mostly from the 75th to the 250th day of the year when 

the solar radiation levels decrease PV generation. Out of these periods, the increase in solar 

radiation generates intermittent values of FExp up to - 0.6, however the magnitude of exported 

power is exceptionally low. The decrease in FExp can be explained due to the battery operation in 

order to attend load demand during on-peak times and thus less PV surplus is fed into the grid. 

 

Figure 5.30. Power grid factors (FImp and FExp) in Case 3 (Peak Pricing Curtailment, PPC). PGCC: 1,100 kW. 
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As a particular case, the Case 4 application (SEC) scales the maximum FImp to a nearly constant 

value of 0.95 in summer periods, except for four days of the year, as you can see in Fig. 5.31. 

During these periods, the battery electricity shaves the grid peaks of more than 750 kW. As has 

already been seen as regards the Dimensioning Rate index (DR), unexpected load peaks are a 

trivial reason that exceeds the FImp target. Note that the reduction in PGCC to 800 kW increases 

the FImp scale due its definition. Battery use increases (Pmax2 = 500 kW) from the 100th to the 

340th day of the year scaling FImp down to 0.65, which is exceeded in around 8 days of the year. 

On the other hand, FExp exceeds the magnitude of 0.5 in summer periods (from the 1st to the 

110th and from the 263th to the 365th day of the year) when the PV increases generation and is 

very low during the intermediary periods. 

 

Figure 5.31. Power grid factors (FImp and FExp) in Case 4 (Seasonal Electricity Curtailment, SEC).                 

PGCC: 800 kW. 

5.3.4 Economic assessment 

The investment cost of the PV system considered is 6.3 R$/Wp
20 (equivalent to 1.62 €/Wp), that 

includes m-Si PV module costs, inverter costs and Balance of the System (BoS) costs, and           

7.3 R$/Wp (equivalent to 1.88 €/Wp) when including battery inverter costs (EPE, 2016). The 

investment cost of the VRLA batteries is considered to be 1,500 R$/kWh (equivalent to                  

397 €/kWh) (EPE, 2016).  

The economic assessment considers the actual Brazilian net-metering scheme in Case 2 with the 

PV system and compensation at pool prices in the cases with PV & BESS (Case 3 – PPC and 

Case 4 – SEC) in order to simulate a market without a net-metering system. Through calculations 

carried out in MATLAB concerning billing costs, yearly spot market revenues and savings 

obtained with the net-metering system, the operational billing savings were determined by 

comparing the annual costs with the case without PV (Case 1), considering income taxes (i.e., 

ICMS), as set out in Tab. 5.14.  

 

                                                           
20 This price is commonly applied for PV systems with nominal installed power of more than 100 kWp. 
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Table 5.14. Economic analysis with VRLA AGM battery: cost structure, investment assumptions and results. 

Application Commercial building 

PV costs Without BESS: 6.3 R$/Wp, With BESS: 7.3 R$/Wp 

Battery costs 1,500 R$/kWh 

Operation and Maintenance costs, CO&M 5 R$/kW (Briano, et al., 2016) 

Corporate Tax Rate, TR 34% 

Equipment’s replacement Inverters: 15 years 
Case 3: 12 years, Case 4: 8 years 

Nominal discount rate, 𝝆𝒕 10% (Briano, et al., 2016) 

Annual increase in electricity prices 5% 

Yearly spot market revenue, 𝛃 Case 1 and 2: R$ 0, Case 3: R$ 11,900 
Case 4: R$ 20,830 

Yearly operational billing savings, ∅ Case 1: 0%, Case 2: 28%, Case 3: 35%, Case 4: 30% 

Billing energy charge savings, ∅e Case 1: 0%, Case 2: 28%, Case 3: 38%, Case 4: 30% 

Billing capacity charge savings ∅c Case 1: 0%, Case 2: 8%, Case 3: 8%, Case 4: 35% 

Levelized Cost of Electricity, LCOE Case 1: -, Case 2: 0.418 R$/kWh 
Case 3: 1.06 R$/kWh, Case 4: 1.11  R$/kWh 

Payback time Case 1: -, Case 2: 14 years 
Case 3: above 30 years, Case 4: above 30 years 

 

The savings in the net-metering system were obtained for the commercial sector connected to 

high voltage (Group A): the energy injected is used primarily to compensate the consumption 

within the same billing period (on-peak – on-peak/off-peak - off-peak); in cases the injected energy 

totally compensates the consumption in a billing period and there is still energy excess, this 

balance is used to reduce the consumption in the other billing period.  

In Case 2 (only PV system), the annual operational savings are 28% due to: (1) the reduction of 

the purchased electricity from the grid effected by the PV generation that supplies directly the 

load; (2) the credits obtained in the net-metering system through the PV surplus electricity that is 

injected into the grid (the billing savings achieved in the net-metering system in the first year are 

R$ 681,532, equivalent to 175,650 €). With electrical storage, the savings increase to 35% in 

Case 3 (PPC) and 30% in Case 4 (SEC), and furthermore the savings on the electricity bill in 

energy charges (∅e) and in capacity charges (∅c) are 38% and 8% respectively in Case 3 and 

30% and 35% in Case 4. Compared to Case 2, it is clear that ∅e increases by 10% in Case 3 due 

to the capability of the PPC strategy in reducing the electricity purchased from the grid during the 

highest price periods. Furthermore, ∅c increases 27% in Case 4 due to the capability of the peak 

shaving DSM in reducing the PGCC and capacity charges on bills. When looking at the table, it is 

evident that the amount of PV surplus electricity able to increase savings on bills is reduced in 

Case 3 due to the DSM method (high battery cycles that decreases the feed-in electricity to the 

grid), demonstrating an annual revenue (β) of R$ 11,900 compared to R$ 20,830 in Case 4.  

Table 5.15 details the Net Present Value (NPV) achieved at the end of the PV system’s lifetime 

in each case researched assuming the current financial conditions in Brazil (PV costs = 6.3 R$/Wp 

without BESS, 7.3 R$/Wp with BESS, battery costs = 1,500 R$/kWh and 𝜌𝑡 = 10%). The results 

indicate that the more the tariffs increase, the greater will be the cash flows (NPV), allowing a 

faster return on the initial investment. As an example, taking Case 2 (only PV system) considering 

a yearly tariff increase of 1% the NPV achieves profits of R$ 0.61 million. Although, assuming 

higher electricity tariffs the NPV increases as the billing savings increase: assuming a yearly tariff 

increase of 3% and 5% the NPV increases to R$ 2.01 million and R$ 3.87 million, respectively. 
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In turn, negative cash flows are achieved in Case 3 and Case 4, as detailed in Tab. 5.15 (i.e., 

assuming a yearly tariff increase of 3% the NPV is R$ - 4.93 million and R$ - 5.93 million in Cases 

3 and 4, respectively), and the payback time cannot be reached before 30 years mainly due to 

the influence of the BESS costs. However, the savings are even higher with the battery use, the 

revenue cash flows do not compensate the high initial investment (CAPEX) of the BESS and the 

cash flows do not become positive enough for the system to become profitable. On the other 

hand, with only the PV system (Case 2) the NPV achieves better outcomes due to the savings 

obtained with net-metering, the lower associated initial investment and the reduced O&M costs. 

Table 5.15. Net Present Value (NPV) at the end of the PV system’s lifetime under different tariff increases. 

Cases/Yearly tariff increases 1% 3% 5% 

Case 2 (only PV system) R$ 0.61 million R$ 2.01 million R$ 3.87 million 

Case 3 (PPC) R$ - 6.70 million R$ - 4.93 million R$ - 2.55 million 

Case 4 (SEC) R$ - 7.42 million R$ - 5.93 million R$ - 3.94 million 

 

Figure 5.32 shows the accumulated annual billing savings during PV system’s lifetime in the 

studied cases under current financial conditions in Brazil as displayed in Tab. 5.14.  

 

 

Figure 5.32. Accumulated annual billing savings during PV system’s lifetime in the studied cases. 

Electrochemical battery technology: VRLA AGM. 

 

The annual billing savings at the end of PV system’s lifetime reach R$ 2.8 million in Case 2 (only 

PV system), R$ 3.56 in Case 3 (PPC) and R$ 2.99 in Case 4 (SEC). According to the results, the 

annual savings on bills during the PV system’s lifetime in Case 2 is lower than the cases with 

BESS (Cases 3 and 4) due to the reduction of the purchased electricity from the grid with battery 

electricity. In addition, the consideration of the economical compensation of the PV surplus at 

pool prices contributes further to the savings on bills. However, compared to the savings achieved 

in Case 2, the accumulated annual mean billing savings in Case 4 (SEC) are only 6% higher, 

which does not represent an important fraction taking into account the high costs of the battery 
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system. In turn, in Case 3 (PPC) the savings on bills reaches better outcomes due the relevance 

of the DSM strategy in reducing the purchased electricity during the highest pricing periods and 

compared to the savings achieved in Case 2, the accumulated annual mean billing savings in 

Case 3 (SEC) are 22% higher. 

The next results analyse the profitability of the PV system and the battery use, considering the 

influence of battery cycling, PV-battery costs and electricity prices on the Levelized Cost of 

Electricity (LCOE) and payback time calculations. 

 System economy without BESS 

A sensitivity analysis taking in account discount rates ranging from 2% to 12% and PV costs 

varying from 3 R$/Wp to 8 R$/Wp (from 0.77 to 2.06 €/kWh) are carried out for LCOE and payback 

time investigations in Case 2 (only PV system), as shown in Fig. 5.33. For these proposals, an 

annual mean increase of 5% is estimated for rating the cost of the electricity. 

 

Figure 5.33. Case 2 (PV system): (a) Levelized Cost of Electricity. (b) Payback time. 

According to Fig. 5.33-a, the PV-generated electricity costs range from 8 ¢R$/kWh to 64.3 

¢R$/kWh. The LCOE increases with higher discount rates since the total costs have to be divided 

by a steady amount of generated electricity. Assuming the current financial conditions in Brazil 

(PV costs = 6.3 R$/Wp and 𝜌𝑡 = 10%) the PV investment becomes profitable, since grid parity can 

be achieved: LCOE = 0.418 R$/kWh, electricity tariff on-peak = 1.46 R$/kWh and electricity tariff                           

off-peak = 0.42 R$/kWh. It is clear that with the reduction in PV costs in Brazil resulting from the 

maturity of the photovoltaic industry, the LCOE can be reduced further providing better economic 

prospects (i.e., with PV cost of 4 R$/Wp and 𝜌𝑡 = 10% the LCOE is reduced to 0.268 R$/kWh).  

Taking into account the annual incomes that the building receives using the PV system, similar 

to those presented in Fig. 5.32 (see blue line), the net cash flows were assessed determining the 

payback time under different economic perspectives. Refering to Fig. 5.33-b, the payback time 

scenarios range from 5 to 28 years and it is evident that the lower the discount rates, the shorter 

the payback time will be. When looking at the figure, it is clear that the payback time is always 

lower than the PV system’s lifetime (30 years) due to the net-metering system expectations in 

reducing electricity bill charges. Considering the same previous financial conditions (PV             
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costs = 6.3 R$/Wp and 𝜌𝑡 = 10%), the payback time is optimistic and it is reached in 14 years. 

However, this scenario is strictly dependent on the compound discount rates offered by Brazilian 

banks which can experience variations according to the interest on their own loans. The relatively 

high discount rate applied in the country reflects moderate to high local inflation rates, which does 

not compensate investors sufficiently giving rise to longer return expectations. 

 System economy with BESS (VRLA AGM battery) 

This topic analyses the system economically with BESS considering the actual costs of a VRLA 

AGM battery. The economic results in Case 3 (PPC) and Case 4 (SEC) were obtained assuming 

compensation for PV excess fed into the grid at pool prices. For this purpose, battery costs 

ranging from 800 R$/kWh to 1,700 R$/kWh (from 206 to 438 €/kWh) and PV costs ranging from 

3 R$/Wp to 8 R$/Wp (from 0.77 to 2.06 €/kWh) were assumed including battery inverter costs, 

according to Fig. 5.34 (Case 3) and Fig. 5.35 (Case 4). In these cases, the PV-generated 

electricity costs are higher than the case without BESS (ranges of 55.05 ¢R$/kWh - 117 ¢R$/kWh 

in Case 3 and 60.75 ¢R$/kWh - 122 ¢R$/kWh in Case 4), as detailed in Fig. 5.34-a (Case 3) and 

Fig. 5.35-a (Case 4). Under the current financial conditions in Brazil (PV hybrid costs = 7.3 R$/Wp, 

battery costs = 1,500 R$/kWh and 𝜌𝑡 = 10%) the PV is competitive against retail electricity prices 

when only considering on-peak prices, in other words grid parity may be achieved: LCOE is        

1.06 R$/kWh in Case 3, 1.11 R$/kWh in Case 4 and electricity tariff on-peak is 1.46 R$/kWh. 

However, as regards the off-peak prices (0.42 R$/kWh) the grid parity is not achieved by a margin 

of 0.64 R$/kWh in Case 3 and 0.69 R$/kWh in Case 4, suggesting that a decrease in battery 

costs would be required for the investment to be profitable. Considering that the off-peak pricing 

periods correspond to 87.5% (21 hours a day) of the yearly TOU pricing periods, the assumption 

of competitiveness only during the peak pricing periods is not an indicator of economic profitability. 

The hypotheses arising from the results recommend that the cost of the battery should be less 

than 800 R$/kWh (206 €/kWh) under all PV cost scenarios to achieve grid parity in off-peak 

periods under current regulatory conditions, which is extremely far from current prices in Brazil. 

 

Figure 5.34. Case 3 (Peak Pricing Curtailment, PPC): (a) Levelized Cost of Electricity. (b) Payback time. 
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In turn, under the current financial conditions in Brazil, the payback time cannot be achieved 

before the PV system’s lifetime (30 years) in both cases analyzed, thus it is not currently feasible 

to invest. Figure 5.34-b shows that the payback time perspective with BESS is extended in Case 

3 compared to the case without BESS (from 12 to 30 years). Moreover, the payback time is above 

the PV system’s lifetime for battery costs of more than 1,100 R$/kWh (283 €/kWh). The main 

reason for this is the high initial investment and the short term battery replacement, due to the 

battery cycling utilized, which typically have a greater impact on the battery lifetime and 

degradation. In Case 4, under current PV costs, the payback time is above 30 years for all battery 

cost assumptions, according to Figure 5.35-b. Assuming, as an example, a reduced PV cost of   

6 R$/Wp, the payback time is more than the PV system’s lifetime for battery costs of more than 

900 R$/kWh. According to the results, the economic perspective is reasonably better in Case 3 

(LCOE and payback time viewpoint) compared to Case 4 mainly for two reasons: (1) the billing 

energy savings (∅e) is 8% higher in Case 3, which is currently more significant on the savings on 

bills for commercial consumers in Brazil; (2) the influence of the battery bank replacement period 

which is 12 years in Case 3 compared to 8 years in Case 4. 

 

 

Figure 5.35. Case 4 (Seasonal Electricity Curtailment, SEC): (a) Levelized Cost of Electricity. (b) Payback 

time. 

 

Another point of criticism is the implicit assumption that the battery can be charged from the grid, 

as allowed in the Brazilian 687/2015 Regulation. In this way, a set of simulations were carried out 

in SAM in Case 3 (PPC) with the aim of analysing the economic profitability allowing the battery 

to be charged from the grid that supplements the PV array: all available excess PV electricity 

charges the battery and the grid meets the remaining charge requirement. The simulations allow 

charge the battery in off-peak periods (from 12 a.m. to 4 p.m. and from 8 p.m. to 11 p.m.). The 

manual dispatch storage dispatch controller was selected in order to allow the battery discharge 

during on-peak pricing periods (from 5 p.m. to 8 p.m). Compared to simulations carried out in 

SAM with a VRLA AGM battery allowing the battery to be charged only with PV excess electricity, 

key results showed the total annual battery electricity that supplies the load is remarkably 

increased from 0.15 MWh to 0.28 MWh (an increase of 45%). Furthermore, the yearly operational 

billing savings (∅) and the yearly savings on the energy charge (∅e) increase from 35% to 43% 
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and from 38% to 45%, respectively. The main reason for this is that with this strategy a greater 

daily percentage of battery electricity is discharged during the highest pricing periods, which is 

easier to increase the savings on bills and to reduce the electricity purchased from the grid, even 

when the battery performs as a load (charge from grid). In addition, assuming the current financial 

conditions in Brazil (PV costs = 7.3 R$/Wp, battery costs = 1,500 R$/kWh and 𝜌𝑡 = 10%) the LCOE 

is 1.34 R$/kWh, evidently higher than the previous case (charges only with excess PV) due to the 

higher O&M costs (in this case, the battery bank must be replaced every 5 years). In turn, the 

payback time is reduced to 17 years due to the increase in billing savings influenced by the battery 

discharges during peak pricing periods and the revenues earned at pool prices.  

5.4 Results with lithium-ion NMC battery technology 

5.4.1 Technical analysis 

SAM simulations were carried out using lithium-ion Nickel-Manganese-Cobalt (NMC) battery 

technology for the optimized case (Case 3 – Peak Pricing Curtailment) due to the greater technical 

and economical improvements that have previously been assigned. In this way, the manual 

dispatch storage dispatch controller was selected in order to allow the battery discharge during 

on-peak pricing periods. Simulation results regarding the number of battery cycles when the 

battery capacity falls to 80% is shown in Fig. 5.36. Considering the battery DoD (80%), the number 

of battery cycles is about 2,000 cycles, with battery replacement every 14 years. The simulated 

battery lifetime is in accordance to the literature that estimates lithium-ion battery lifetime ranging 

from 5 to 20 years (World Energy Council, 2016). 

 

Figure 5.36. Case 3 (Peak Pricing Curtailment, PPC): Lithium-ion NMC battery lifetime. 

 

Figure 5.37 details the daily electricity flows and battery state-of-charge obtained in SAM 

considering the effects of lithium-ion battery on the load supply. In this case, the total annual PV 

generation (EPV,Annual) is 1,555 MWh. Battery use increases from September to April, due to the 

influence of solar activity resulting from the battery discharging process set to complement the 

PV generation. In general, the electricity flows follow a similar behaviour to those presented in 

Fig. 5.17 considering VRLA technology. However, in this case the usable battery capacity is 80%, 
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increasing the battery capacity to supply the load compared to the case with VRLA technology. 

Under this assumption, compared to simulations carried out in SAM with the VRLA AGM battery, 

the annual battery electricity increases with the lithium-ion battery as follows: 7% in terms of 

charging electricity and 12% in terms of discharging electricity. The differences in magnitude of 

the charge-discharge electricity can be explained by SAM’s detailed loss models, which reduce 

the amount of useful energy sent to and from the battery (DiOrio et al., 2015b). In addition, SAM 

uses a characteristic capacity-vs-discharge curve depending on the battery type21. 

Observing the negative values of the grid power peaks (imported power) in Fig. 5.37, the 

maximum PImp value reduced with PV and BESS is 1,100 kW (except for two days of the year), 

corresponding to the grid connection capacity (PGCC), similar to the results with a VRLA battery in 

Case 3 (PPC). 

 
Figure 5.37. Case 3 (Peak Pricing Curtailment, PPC): Annual electricity flows with Lithium-ion NMC battery, 

5 MWh battery capacity and 80% DoD. Electricity from grid to load, PImp (-), Electricity from PV to grid,          

PExp (+). Electricity from battery to load, PDisc (+), Electricity from PV to battery, PChar (-). 

A summary of the LMGI indexes obtained are detailed in Tab. 5.16, in this case considering the 

effects of a lithium-ion NCM battery. The yearly results of load matching indexes show that ƺG, ƺL 

and Ab are 98%, 35% and 15%, respectively, resulting in a BR of 35%. The yearly results are very 

similar to those presented in Tab. 5.13. However, considering the simulation results carried out 

in SAM with a VRLA battery, the use of an NMC battery slightly improves some factors, citing the 

main ones as follows: in load matching terms, ƺL, ƺG and Ab increase 2%, 1% and 3% respectively; 

                                                           
21 Battery manufacturers data sheets typically come with a curve detailing the cell voltage as a function of charge removed, 
and report several different curves depending on the discharge rate. 



5. Commercial building: Eletrosul 

216 
 

in grid interaction terms, CFImp and CFExp decrease 1% and 0.7%, respectively, and fGrid,Exp 

decreases by 2%. The differences are mainly attributed to the different energy availability from 

the two different technologies that modifies the load matching rates (i.e., percentage of load 

demand covered by PV-battery electricity), and consequently modifies the grid energy 

exchanges. However, taking the fix pattern of PV-battery capacity and the load consumption 

profile into account, the increase in the battery SoC does not change the LMGI indexes 

significantly. The decrease in export power terms (CFExp and fGrid,Exp) is due to the higher usable 

battery capacity considering a NMC battery which reduces the PV electricity exported to the grid. 

Table 5.17 shows the system losses obtained from SAM. The compound losses are meant to 

make it easier to compare different sources of losses and to identify the largest sources of losses 

in the system design. From the total PV generation in DC, 10% is lost due to soiling, module 

efficiency due to the temperature growth, diode and connections, module mismatch and inverter 

losses (power consumption loss (1.20%), efficiency losses (3.1%) and thermal losses). With a 

total PV generation in AC, 5% of the gross AC energy is reduced due to battery losses (1.25%) 

and cabling losses. The results show that relatively more power is lost from converting DC power 

from the photovoltaic array to AC through the inverter than converting the battery power between 

AC and DC. 

 

Table 5.16. Yearly load matching and grid interaction indicators with Lithium-ion NCM battery in Case 3 

(PPC). 

Nominal battery capacity, CBat 5 MWh 

Grid connection capacity, PGCC 1,100 kW 

PGCC reduction potential 8% 

Self-sufficiency factor, ƺL 35% 

Self-consumption factor, ƺG 98% 

Behavior Ratio, BR 35% 

Energy Autonomy, Ab 15% 

Dimensioning Rate of imported electricity, DRImp 0.90 

Dimensioning Rate of exported electricity DRExp 0.57 

Grid interaction index of imported electricity, fGrid,Imp 18.6% 

Grid interaction index of exported electricity, fGrid,Exp 4% 

Capacity Factor of imported electricity, CFImp 27.5% 

Capacity Factor of exported electricity, CFExp 0.5% 

 

Table 5.17. System losses. 

DC energy losses 10% 

AC energy losses 5% 

AC inverter efficiency loss 3.1% 

AC connected battery loss 1.25% 

Inverter power consumption loss 1.20% 

 

5.4.2 System economy with BESS (Lithium-ion NMC battery) 

The economic analysis was carried out using a similar methodology as that used with a VRLA 

battery considering the optimized case (Case 3 – Peak Pricing Curtailment). Thus, the economic 

assessment was effected considering different battery technologies under the current electricity 
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market and system prices. The investment cost of the PV hybrid system when including battery 

inverter costs is 7.3 R$/Wp (equivalent to 1.88 €/Wp) and the investment cost of the lithium-ion 

NMC batteries is 4,000 R$/kWh (equivalent to 1,030 €/kWh) (EPE, 2016). Through the billing cost 

calculations carried out in MATLAB, the billing savings were determined by comparing the annual 

costs with the case without RES (Case 1), considering the income taxes and compensation at 

pool prices, as detailed in Tab. 5.18. The annual operational savings (∅) are 33%, and further the 

savings on bills in energy charge (∅e) and in capacity charge (∅c) are, respectively, 35% and 8%, 

comparable with the savings detailed in Tab. 5.14 carried out using a VRLA battery. However, ∅ 

and ∅e are 3% lower in the case with NMC battery. The differences are due to the annual spot 

market revenues (β) are around 60% lower with the NMC battery (the greater usable battery 

capacity in NMC type means less PV excess electricity valued at pool prices).  

Table 5.18. Economic analysis with lithium-ion NMC battery: cost structure, investment assumptions and 

results. 

Application Commercial building 

PV hybrid costs 7.3 R$/Wp 

Battery costs 4,000 R$/kWh 

Equipment’s replacement 14 years 

Yearly spot market revenue, 𝛃 R$ 4,580 

Yearly operational billing savings, ∅ 33% 

Billing energy charge savings, ∅e 35% 

Billing capacity charge savings, ∅c 8% 

Levelized Cost of Electricity, LCOE 1.96 R$/kWh 

Payback time Above 30 years 

 

Sensitivity analyses were performed considering battery costs ranging from 1,200 R$/kWh to 

1,700 R$/kWh (from 309 to 438 €/kWh) and PV costs ranging from 3 R$/Wp to 8 R$/Wp (battery 

inverter prices included) for LCOE and payback time investigations, as shown in Fig. 5.38. For 

these proposals, an annual mean increase of 5% is estimated for rating the electricity costs. 

 

Figure 5.38. Economy assessment with lithium-ion NMC battery: (a) Levelized Cost of Electricity.                      

(b) Payback time. 

 

According to Fig. 5.38-a, the PV-generated electricity costs range from 92.3 ¢R$/kWh to            

147.7 ¢R$/kWh. Assuming the current financial conditions in Brazil (PV hybrid costs = 7.3 R$/Wp, 

battery costs = 4,000 R$/kWh and 𝜌𝑡= 10%) the LCOE is 1.96 R$/kWh, still far from being 
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competitive against retail electricity tariffs (the LCOE should be reduced by 35% to achieve grid 

parity). According to the illustration, under current PV costs, the battery costs should be at least 

1,700 R$/kWh in order to achieve grid parity, far from the current prices offered on the market. 

In turn, under the current financial conditions in Brazil, the payback time cannot be achieved 

before the PV system’s lifetime (30 years), according to Fig. 5.38-b. It identically shows the 

payback time cannot be achieved before system lifetime for PV costs of more than 4 R$/Wp, still 

not realistic under current system prices. The main reason for this is the high initial investment 

(high battery costs), high system O&M costs (equipment replacement) together with the high 

applied discount rate, which reflects high inflation rates and does not compensate investors over 

the long-term. In conclusion, in order to reduce the financial risks, this study suggests that 

reductions in battery costs and discount rates to the system investment be more economical. 

As previously determined in the economic study of a system provided with a VRLA battery, 

simulations were carried out in SAM allowing to charge the NMC batteries from the power grid in 

Case 3 (PPC). Compared to the previous case (battery charged only with PV electricity), the 

results showed the total annual battery electricity that supplies the load is remarkably increased 

from 0.42 MWh to 1.4 MWh (an increase of around 65%). Furthermore, the yearly operational 

billing savings (∅) and the yearly savings on the energy charge (∅e) increase from 33% to 54% 

and from 35% to 56%, respectively. Assuming the current financial conditions in Brazil (PV hybrid 

costs = 7.3 R$/Wp, battery costs = 4,000 R$/kWh and 𝜌𝑡 = 10%), the LCOE is 2.27 R$/kWh, 

higher than the previous case (charges only with excess PV) due to the increase in the O&M 

costs (in this case, the battery bank must be replaced every 6.2 years) and the payback time is 

still more than 30 years. 

5.5 Discussion of the results 

This chapter has presented the effects of storage and Demand-Side Management (DSM) in a 

commercial building under southern Brazilian climatic conditions equipped with a grid-connected 

PV system through a simulations campaign. The building energy refurbishment has been 

analyzed in different scenarios, including PV and PV & DSM using two DSM strategies: Peak 

Pricing Curtailment - PPC and Seasonal Electricity Curtailment - SEC. Firstly, the electricity 

consumption behaviour based on real data has been interpreted through a yearly and daily 

analysis, providing information on the seasonal load daily operation schedule, useful in 

considering the DSM approaches (load supplying with PV system and Battery Energy Storage 

System - BESS). The results have shown the building electricity consumption is high due to the 

area, occupancy profile, significant lighting and air-conditioning electricity consumption and 

building activities (i.e., monitoring power plants) that makes use of a range of electrical office 

equipment, producing an electrical demand of more than 200 kW throughout the year.  

The interplay between the PV generation and electricity storage was carried out by varying the 

battery capacity, taking technical-economic aspects into account (yearly self-sufficiency and self-

consumption factors and billing savings) in each analysed case. Due to the DSM strategy 

capability in reducing the purchased electricity from the grid during the highest pricing periods, 
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the billing savings have shown to be higher in Case 3 (PPC) (ranges from 30.5% to 37%). In 

addition, the PPC method permits higher battery discharges and the load matching rates are 

greater than the other cases: the self-sufficiency (ƺL) and the self-consumption (ƺG) factors range 

from 34% to 37% and from 90.5% to 99%, respectively. Taking the available PV generation into 

account, the study has demonstrated that a battery capacity of 0.45 days of autonomy (equivalent 

to 5 MWh) can provide 35% annual operational billing savings in the best case, a ƺL of 36% and 

a ƺG of 97%; also battery capacities of more than 0.63 days of autonomy (equivalent to 7 MWh) 

should be avoided due to the curves saturation tendency. Moreover, the analysis of yearly billing 

savings as function of the normalized battery capacity (Fig. 5.13) in different battery discharge 

time intervals in Case 3 (PPC) have shown significant differences between the scenarios 

researched. The results have indicated that the larger the daily periods of battery discharge, the 

lower the savings. Thus, 3 hours of daily battery discharge can achieve the highest billing saving 

margins due to the coincidence with the on-peak pricing periods, in which it is easier to reduce 

the electricity costs. 

The Seasonal Electricity Curtailment strategy (SEC), based on the peak shaving technique, has 

been designed with different levels of the maximum power limit (Pmax1 and Pmax2) because of the 

reported seasonal load consumption variation that shows highest grid power peaks in summer 

periods due to the demand for space cooling. In this way, the relative frequency distribution of the 

highest grid power peaks has determined that a Pmax1 = 750 kW and a Pmax2 = 500 kW can reduce 

the grid connection capacity (PGCC) from 1,200 kW to 800 kW (a 33% potential reduction), even 

as a reduced Pmax designed from April to November (Pmax2) is able to increase the battery use 

(see Fig. 5.22) and the load matching potential. 

Compared to the base case (Case 1), the imported electricity (EImp) significantly decreases in 

Case 2 with PV (32%) and with BESS (36% in Case 3 - PPC and 34% in Case 4 - SEC). As can 

be seen, compared to Case 2, EImp decreases slightly when involving energy storage. As a 

particular hypothesis, a higher designed battery capacity should allow EImp to be reduced beyond 

the values reported in Fig. 5.23. However, when considering a greater battery capacity a higher 

PV array capacity is required because larger batteries are not charged frequently enough (i.e., in 

periods with low solar gains the battery charge is comparably low and only additional solar power 

can increase the stored electricity). In addition, compared to Case 2, the BESS reduces the active 

power injection to the grid (76% in Case 3 (PPC) and 42% in Case 4 (SEC) in annual electrical 

energy terms).  

In another part of the study, the analyses of PV performance parameters have indicated annual 

values of Performance Ratio (PR) ranging from 76% to 85.8% and the annual daily mean PV final 

yield (YF) is 4.15 h/d, which are comparable to other systems in a satisfactory manner. The results 

have also determined losses in the PV inverter (0.23 h/d or 5.5% in annual terms) and in the 

battery inverter (0.04 h/d in Case 3 – PPC and 0.03 h/d in Case 4 – SEC), where the latter is 

influenced by the DSM strategies through the differences in battery use. 

In order to evaluate the flexibility of the building, a range of LMGI factors were compared in 

different scenarios. Compared with Case 1 (without RES), the yearly results have proven that the 
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PV and battery systems can reduce the equivalent use of the grid connection (CF Imp) by 12% in 

Case 2 (only PV), 13% in Case 3 (PPC) and 2% in Case 4 (SEC). Moreover, the results have 

shown that CFImp increases as the load consumption increases in summer periods and decreases 

when solar activity increases, but it depends on the load consumption. As the active power 

injected into the grid is very low and the PV electricity directly consumed by the load is very high, 

the equivalent use of the exported electricity (CFExp) is very low and differences with battery use 

are not significant, as detailed in Fig. 5.26. 

In the scenarios analyzed, the yearly self-consumption (ƺG) ranged from 86% to 97% and the 

yearly self-sufficiency (ƺL) ranged from 32% to 36%, being the increase with BESS in the best 

case (PPC) compared to the case without BESS of 11% (ƺG), 4% (ƺL) and 8% (BR). The increases 

in load matching rates indicate that the DSM innovative approach provides an interesting 

alternative in making effective use of the excess on-site renewable electricity that is not used by 

the load. The self-consumption of the building (ƺG) is very high in this application (ƺG is 97% in 

Case 3 (PPC) and 92% in Case 4 (SEC)) as the load profile is usually more than 200 kW 

throughout the year, which gives rise to a wide daily use of the photogenerated electricity during 

the year (the total annual PV generation directly used by the load is significant at 86%). The Loss 

of Load Probability (LOLP), or the percentage of time the energy must be supplied by the grid, 

increases significantly in this building case study due to the high base load consumption, while 

PV generation can only cover 32% of the daily load consumption annually, as expressed by the 

self-sufficiency factor (ƺL). Thus, the energy autonomy of the building (Ab) is only around 10% in 

the analyzed cases. These results mean that the building depends greatly on the electrical supply 

from the grid, as also expressed by the small variations of the grid interaction index of imported 

electricity (fGrid,Imp) compared to the case without RES. In turn, the grid interaction index of 

exported electricity (fGrid,Exp) is efficiently reduced in the cases with BESS (6% in Case 3 (PPC) 

and 10% in Case 4 (SEC)) when compared to the case without BESS (Case 2) as less energy is 

exported to the grid determined by the DSM method.  

The DRImp index gives an idea of the highest peak approach in a given period. However, 

unexpected peaks can occur, thus making DRImp more than one, meaning instability in the grid 

connection. In all of the cases analyzed, the yearly Dimensioning Rate (DRImp) has been in an 

admissible interval (DRImp < 1), which means the designed PGCC, the PV system operation and 

the control strategy with energy storage were suitable for providing a stable grid connection. 

However, care must be taken in designing a grid connection capacity according to DR responses, 

because this index gives no information about the amount of peaks, the length of the peaks or 

the energy exchanged with the grid. As has already been seen in the different cases studied, it 

could be that the highest peaks might not be directly influenced by the control strategy due to 

uncontrollable loads. In this case, the DR is not the most suitable for rating the control strategies 

involving energy storage. In this sense, the frequency distribution method of the highest grid 

power peaks or the power grid factors (FImp and FExp) are required in order to designing a feasible 

grid connection capacity. Bearing these aspects in mind, the power grid factors have indicated 

the influence of the designed PGCC on the yearly grid power exchanges. A PGCC corresponding to 
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the maximum annual load demand makes the power grid imports factor (FImp) below the maximum 

allowed value (FImp < 1) in all of the cases researched. It is evident that by decreasing PGCC, FImp 

increases, and thus the index is able for rating the control strategies. However, unexpected load 

peaks are a barrier to designing an efficient DSM method as it can exceed the designed grid 

connection power, as expressed by the FImp results in Case 4 (SEC), according to Fig. 5.31. 

Furthermore, the battery use decreases the power exports factor (FExp) considerably in Case 3 

(PPC) and Case 4 (SEC) compared to the Case 2 (only PV system).  

The duration curves plotted in different scenarios has shown a significant drop in the imported 

power levels in those cases with PV and PV & BESS when compared to the base case (without 

RES). Remarkably, in 13% and 6% of the annual period no interaction with the power grid was 

noted in Case 3 (PPC) and Case 4 (SEC), respectively. Apart from that, compared to Case 2, the 

duration of the exported power is reduced considerably to 15% and 10% in Case 3 and Case 4, 

respectively, aspects that should be taken into account from the grid interface point of view. 

Work analysis carried out with the Seasonal Electricity Curtailment (SEC) strategy has assigned 

35% savings on bills in the capacity charge (∅c), through the reduction of the theoretical 

contracted power. However, the importance of reducing the capacity charge is not a 

straightforward factor because it represents only 9% of the electricity bill payment, compared to 

91% in energy charge terms for commercial consumers in Brazil. In this sense, the PV hybrid 

system has demonstrated better economy by applying a Peak Pricing Curtailment (PPC) strategy. 

The PPC technique has allowed the energy purchased from the utility during the highest pricing 

periods to be reduced, providing ways to save more money arising from the battery discharge 

electricity: comparatively the accumulated annual billing savings at the end of the PV system’s 

lifetime reaches R$ 3.56 million (€ 0.91 million) in Case 3 (PPC), compared to R$ 2.8 million          

(€ 0.72 million) in Case 2 (only PV system) and R$ 2.99 million (€ 0.77 million) in Case 4 (SEC). 

Furthermore, compared to Case 2, the yearly operational billing savings (∅) are 8% higher in Case 

3 and 3% higher in Case 4 due to the significance of the DSM strategies.  Furthermore, the annual 

savings in the energy charge (∅e) increases significantly by 10% in Case 3 due to the DSM 

capability in reducing electrical energy from the grid. 

The use of energy storage has led to significant annual operational billing savings. However, the 

high initial investment in the battery system makes the scenario economically unattractive. 

Assuming current battery prices (1,500 R$/kWh for Lead-acid technology – equivalent to 386 

€/kWh and 4,000 R$/kWh for Lithium-ion technology - equivalent to 1,030 €/kWh), the produced 

payback time is longer than lifetime of the PV system (30 years) and is not currently profitable to 

invest in the system. On the other hand, the Levelized Cost of Electricity (LCOE) involving battery 

storage appears to be 27% lower than the on-peak tariff in Case 3 (PPC), which means the grid 

parity condition can be achieved, but the LCOE is significant 0.64 R$/Wp (0.16 €/Wp) higher than 

the off-peak tariff. Considering that the off-peak tariff represents about 87% of the daily time-of-

use electricity prices, this situation generates a negative term in grid parity and in the 

competitiveness of the battery system. The hypotheses arising from the results have established 

that the battery cost should be less than 800 R$/kWh (206 €/kWh) under all PV cost scenarios to 
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achieve grid parity during off-peak periods, which is very far from current prices in Brazil. In turn, 

due to the high initial investment and the short term battery replacement, the payback time is 

longer than lifetime of the PV system in both cases (PPC and SEC) and in the best case (PPC) 

for battery costs of more than 1,100 R$/kWh (283 €/kWh) the system is not profitable. The 

economic analysis carried out with Lithium-ion NMC technology has demonstrated that the billing 

savings considered (∅, ∅e and ∅c) are very similar to those carried out using VRLA technology. 

Moreover, the current LCOE is still high (1.96 R$/kWh or 0.50 €/kWh), still far from being 

competitive against electricity prices due to the high battery costs and discount rate. Although, 

the research into the PV system operation only has demonstrated that the possibilities of investing 

in PV can be economic under the current Brazilian net-metering system, which compensates the 

electricity costs by means of energy credits provided by PV excess electricity. The metrics have 

shown a 28% annual billing savings and tolerable 14-year payback time, which tends to decrease 

with the reduction in m-Si PV module prices over time. This is mainly due to the high PPV – PLoad 

correlation, the fact that savings are achieved from a lower initial investment and the energy 

credits reduce the electricity bill payments. In addition, the cost of PV generation is 70% less than 

the on-peak tariff and is quite similar to the off-peak tariff, meaning that PV production is 

competitive against retail electricity prices offered on the Brazilian electricity market for large 

tertiary buildings, such as the one here considered. 

Simulations carried out with a lithium-ion (NMC) battery in SAM have indicated with a higher 

usable battery capacity (in this case 80%), the yearly electricity discharge increases by 12%, 

compared to simulations carried out with a VRLA battery. In this way, the results have indicated 

some improvements in the LMGI responses compared to the use of VRLA technology: in load 

matching terms ƺL, ƺG, and Ab increase by 2%, 1% and 3%, respectively; in grid interaction terms 

CFImp and CFExp decrease by around 1% and fGrid,Exp decreases by 2%. These small differences 

are attributed to the fact that the increase in the usable battery capacity does not significantly alter 

the indexes when considering a fixed pattern of PV-battery installed capacity over the assumed 

load consumption profile. 

The simulation results carried out in Case 3 (PPC), as regards battery charging from the grid have 

shown improvements compared to the case where the battery is only charged with PV excess 

electricity. The amount of battery charge-discharge electricity increases by adopting charging 

from the grid, increasing the amount of battery electricity that supplies the load increases by 45% 

with the VRLA battery or by 65% when considering a NMC battery, even as the battery performs 

as a consumer (charge from the grid). With this strategy, the battery is used effectively during the 

peak pricing periods, making it easier to be cost competitive. Thus, in the study with the VRLA 

AGM battery, the yearly operational billing savings (∅) increase from 35 to 43% and the payback 

time is reduced to 17 years. However, by virtue of the higher O&M costs (shorter battery bank 

replacement) the LCOE considering current system prices increases slightly (from 1.06 to          

1.34 R$/kWh – equivalent to 0.27 to 0.34 €/kWh). As regards the NMC battery, the economic 

profitability can be improved further: ∅ can be increased from 33 to 54%, however the current 

LCOE increases from 1.96 to 2.27 R$/kWh (from 0.5 to 0.58 €/kWh) due to the higher O&M costs 
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(in this case the battery must be replaced every 6 years due to the higher battery cycling involved). 

However, even considering greater savings in the energy charge (yearly ∅e = 56%), the payback 

time is still longer than lifetime of the PV system, mainly due to the high battery costs involved. 

5.6 Conclusions 

In this chapter, the methodology proposed to evaluate energy refurbishment aspects with the 

presence of a PV hybrid system has been validated in commercial building under southern 

Brazilian climatic conditions. Four aspects of building energy refurbishment have been evaluated: 

(1) study of relevant load matching and grid interaction indicators in different scenarios that 

characterizes the energy performance of the building and the effects of the PV on the power grid; 

(2) evaluation of the differences between two types of high-performance electrochemical battery 

(lead-acid - VRLA and lithium-ion - NMC) in technical and economic terms; (3) evaluation of an 

optimal battery system capacity in order to increase both, load matching approaches and 

electricity bill savings; (4) study of electricity bill savings and economic aspects (Levelized Cost 

of Electricity, grid parity and payback time) in different scenarios, including scenarios with 

intelligent energy management of the PV hybrid system. In addition, the study has determined 

the performance of the PV hybrid system and system losses, such as in terms of Performance 

Ratio (PR), PV final yield (YF), system losses (LS) and losses in the PV and battery inverters. 

In this study, an innovative Demand-Side Management (DSM) approach has been analyzed 

through the PV and battery control. Yearly variations in the normalized battery capacity (CBat) 

have shown higher levels of self-sufficiency (ƺL), self-consumption (ƺG) and operational billing 

savings (∅) indexes when the Peak Pricing Curtailment (PPC) DSM strategy has been 

considered: ƺL, ƺG and ∅ range from 34% to 37%, from 90.5% to 99% and from 30% to 37%, 

respectively. In a similar manner, with the PPC, the equivalent use of the grid connection (CFImp) 

is reduced by 13%, the annual electricity fed into the grid is reduced by 76% and load matching 

indexes are improved compared to the case with only PV system: 11% (ƺG), 4% (ƺL) and 8% 

(Behavior Ratio - BR). Apart from that, yearly variations in the power grid imports factor (FImp) 

have indicated that unexpected load power peaks are a barrier to designing an efficient DSM 

approach. 

The study has shown the reduction in the savings on bills in the capacity charge (∅c) is not as 

significant as the savings on bills in the energy charge (∅e) under the Brazilian electricity system 

applied to commercial consumers. As determined through the Seasonal Electricity Curtailment 

(SEC) strategy, the annual ∅c is significant 35% and the annual ∅e is 30%. However, it has been 

shown that the PPC provides significant 38% savings on bills in the energy charge (∅e), thus 

providing higher operational billing savings (∅) than the other analysed cases (annual ∅ = 35%). 

Although, high battery costs and the short-term battery replacement make the system investment 

unprofitable with a payback time longer than lifetime of the PV system (30 years). In turn, 

considering the scenario with only PV system under the Brazilian net-metering system, better 

outcomes are achieved with a 14-year payback time and the grid parity condition can be achieved 

making this a more attractive option. On the other hand, by allowing the battery to be charged 
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from the grid, the economy of the project is improved: (1) considering a VRLA battery, ∅ increases 

from 35 to 43% and the payback time is reduced to 17 years; (2) considering a NMC battery, ∅ 

increases from 33 to 54%, however due to the high NMC battery costs, the LCOE is high             

2.27 R$/kWh (0.58 €/kWh) and the payback time is still longer than 30 years.  

With the intention of improving the economy of the PV hybrid systems and providing a positive 

impact on the grid parity proximity in Brazil, lower PV and battery costs are still required, allowing 

the profitability of the battery storage application. Lastly, this powerful research feature will enable 

further studies into the important topic of PV performance coupled with battery storage in 

commercial applications.
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6. CONCLUSIONS AND FUTURE WORKS 

 

 

6.1 General conclusions 

This Chapter summarizes the conclusions of this Thesis. The Chapter is divided in three sections. 

Section 6.2 gives some proposals of future research lines. Section 6.3 summarizes the main 

contributions of the author over the course of his doctorate. 

The main contributions and improvements are remarked, both in energy management and project 

economy improvements. This study is a contribution to the assessment of energy refurbishment 

of buildings and has proposed a methodology considering multiple strategies through simulation 

mechanisms. The methodology is based on the use of new generation of Photovoltaic (PV) hybrid 

systems combined with energy management strategies. The objective has been to optimize the 

self-consumption of generated electricity and the impacts on the power grid in the framework of 

national regulations existing in different countries, contributing to the development of Net Zero-

Energy Buildings (NZEB). 

The variables involved in the characterization of the energy performance of buildings for energy 

refurbishment solutions are numerous and require an articulated and multidisciplinary 

methodology that has been developed within this work. By applying this methodology, the starting 

hypotheses of the thesis have been demonstrated, showing that is possible to assess the energy 

refurbishment of buildings from the perspective of the integration of renewable technologies, 

taking into account technical and economic aspects associated to the system investment. 

Furthermore, the hypotheses arising from the adoption of Photovoltaics allied with Energy 

Storage and Demand-side Management (DSM) have shown the buildings load matching rates 

can be improved and the grid impacts associated with Photovoltaic-Distributed Generation can 

be reduced. 

In this thesis, the methodology for energy refurbishment of buildings have been formulated and 

validated through an extensive simulation campaign, in which the computational modeling of the 

building analyzed has been performed using available software tools. Moreover, the overall 

energy performance of the building researched, Load Matching and Grid Interaction (LMGI) 

indicators and economic assessments have been analyzed in different scenarios, including 

scenarios with PV hybrid system and battery control. Even though this Thesis presents the 

analyses results for the particular conditions of Spain and Brazil, it is important to emphasize the 

work methodology can also be applied to any other location by taking into account the local 

conditions, such as energy resources (i.e., solar and wind), electricity market conditions, financial 

incentives for PV/battery acquisition, discount rates, policies encouraging self-consumption (i.e., 

net-metering and net-billing) and regulations related to building energy efficiency and retrofit. 
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Three buildings have been analysed (one for the residential sector and two for the commercial 

sector) under different aspects, such as climatic conditions, PV-battery installed capacities, load 

consumption and user’s behaviour. The energy refurbishment solutions by means of photovoltaic 

generation, Battery Energy Storage System (BESS) and DSM have been tackled from a local 

context for self-consumption. It has been demonstrated that the use of PV allied with BESS 

increases energy management possibilities and allows the implementation of different electric 

behaviors in order to achieve a specific energy objective. In this case, the energy objective has 

been maximization of the load matching rates and the improvement in the grid impacts with PV 

in Distributed Generation (DG). However, it has been demonstrated that there are no general 

rules for optimising the self-consumption because it depends on unconnected factors. In this way, 

similarities between the shape of the electricity demand profile and the on-site electricity 

generation has influenced the electrical load matching and the electricity flows in the grid 

connection interface. 

The graphical systems to represent the daily or yearly variation of the electricity flows in the 

building topology, together with the yearly battery State-of-Charge (SoC) have been suitable for 

researching the seasonal grid power peak effects, the PV excess electricity fed into the grid, the 

battery use over the year and to define the DSM strategies, according to the PV generation and 

load consumption profiles of each researched building. Moreover, the analyses of modified 

electrical electricity flows have proposed more efficient alternatives for load supply and grid-

friendly connections when considering a building equipped with a PV hybrid system allied with 

DSM strategies. With the new proposition of battery bank and DSM, the load matching capability 

has been evaluated and compared between different scenarios (i.e., with only a PV system, with 

a PV system and BESS or in optimized scenarios with a PV system, BESS and DSM), as well as 

the implications of grid impacts that can be generated with PV-DG. 

In this research, nearly 25 performance parameters have been analysed and the work made a 

major contribution finding the advantages of applying the analyzed parameters in the building 

context. This work has considered the importance of studying LMGI parameters to design PV 

hybrid systems leading to Net Zero-Energy Buildings (NZEB). In this way, relevant LMGI 

parameters were identified in the scientific literature, some of which defined to characterize the 

interaction with the power grid. 

In this thesis, economic aspects concerning the savings on the electricity bill and the system 

investment profitability in different scenarios (i.e., considering only a PV system or considering a 

PV system allied with DSM strategies) have been analyzed in the framework of national 

regulations existing in Brazil and in Spain. The methodology has been based on the multiple 

effects of the proposed systems that have on the overall electricity balance of the buildings, able 

to reduce the purchased electricity from the grid, the electricity costs and the payback time. The 

research have demonstrated the importance of utility tariff costs, PV and BESS costs and 

macroeconomic parameters (especially discount rates) for the assessment of the economic 

benefits. In order to analyse the profitability of the investment in the system, the economic 

analyses have been based on Levelized Cost of Electricity (LCOE) and payback time parameters, 
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which have been analyzed under different cost scenarios, according to variations in PV costs and 

in discount rates in cases with only a PV system; and according to variations in PV costs and in 

battery costs in cases with a PV and BESS, results that should be kept in mind in future PV hybrid 

projects in both Spain and Brazil. One important aspect that should be considered is the influence 

of the discount rates (𝜌𝑡) on the LCOE and payback time results: 𝜌𝑡 is 8.4% and 10% for residential 

and commercial consumers in Brazil, respectively, whereas 5% is applied for commercial 

consumers in Spain (this reflects low local inflation rates), a condition that reduces both the LCOE 

and payback time (the lower is the 𝜌𝑡, the lower the LCOE and the payback time). 

In Chapter 3, the first part of the study of the Ekó House (without considering a DSM method), as 

described in Section 3.3, the methodology to evaluate the energy performance of a Net Plus-

Energy residential Building (NPEB) with grid-connected PV system under distinct Brazilian 

climatic conditions has been validated. As expected, the climatic conditions of each location 

influence the results of load consumption (mostly cooling load) and PV generation, while showing 

differences in the analysed technical and economic parameters. The yearly results of the load 

matching parameters have shown typical values for residential buildings with no energy 

management plans: monthly daily mean of self-sufficiency factor ƺL and self-consumption factor 

ƺG range respectively, from 29 to 51% and from 24 to 36% in the locations studied. Under this 

assumption, one way of improving load-generation matching and the overall energy performance 

of the building is to include an energy storage system allied with Demand-Side Management 

strategies, aspects that have been considered in the analyses in Section 3.7, where a DSM 

method based on load shifting has been considered.  

One relevant conclusion of the study of Ekó House, is that the levels of exported electricity into 

the grid are high in Brazil (an annual mean Dimensioning Rate of exported electricity - DRExp of 

around 0.7 in the locations researched and maximum values of around 0.8), aspects that should 

be taken into account in locations with a high PV capacity factor involved at a community DG 

level. Furthermore, the Dimensioning Rate of imported electricity (DRImp) has provided significant 

information about the expected peak power over the grid for different solar energy distributions. 

In another stage of the research, the work investigated economic aspects under the Brazilian net-

metering system conditions. The proposed NPEB has demonstrated to achieve grid parity in the 

state capitals from discount rates of up to 8% in São Paulo, up to 10% in Florianópolis and up to 

17% in Brasília and Belo Horizonte. The payback time has shown to be shorter in locations with 

higher electricity tariffs allied with a higher PV Capacity Factor (CFPV). Furthermore, high 

operational billing savings were achieved (90% in the best case – Brasília city). The economic 

analyses have indicated the feasibility of the investment evidenced to be promising. However, it 

should be kept financial incentives in correspondence with low initial investment (CAPEX) and 

low discount rates in order to the system to become profitable. 

In the second part of the study of Ekó House, as presented in Section 3.7, the methodology to 

evaluate energy refurbishment aspects with the presence of a PV hybrid system and DSM has 

been validated in two Brazilian locations. The results have shown the combination of load-shifting 

strategy and small-scale PV-battery capacities provide great improvements on building self-



6. Conclusions and Future works  

228 
 

consumption and on the effects on the grid. The methodology proposed has permited to design 

an optimal PV-battery system size with the interest of improving load matching and grid interaction 

rates. Furthermore, graphical representations in carpet plots have indicated the impacts of the PV 

hybrid system size on the LMGI indicators, as presented from Fig. 3.24 to Fig. 3.30, results that 

are useful for grid designers interested in designing self-sufficient houses, and for grid designers 

and operators who measure the impacts of DG into the distributed power grid. 

The economic study has indicated that considering the case with battery system, the discount 

rates (𝜌𝑡) must be very low in order to achieve grid parity under São Paulo conditions (around 2-

4%, far from the rates offered in the country). Under the higher local electricity tariff in Brasília, 

discount rates of up to 8% are required to achieve grid parity for PV hybrid costs ranging from 5.5 

to 9.5 R$/Wp or discount rates of up to 10% are required for PV hybrid costs ranging from 5.5 to 

7.5 R$/Wp. However, the building has achieved better profitability under current Brazilian net-

metering scheme in scenarios with only a PV system, reducing the payback time and Levelized 

Cost of Electricity (LCOE). Moreover, the results have demonstrated the importance of reducing 

PV-battery costs and to promote financial incentives to the system to become profitable. 

In Chapter 4, the methodology proposed to evaluate energy refurbishment aspects with the 

presence of a PV hybrid system has been validated in an office building (Gomendio) under 

southern European climatic conditions (Madrid). The proposal of replacing the original lighting 

system with LED dimming control and incorporating a building integrated PV pergola (Building-

Integrated Photovoltaic - BIPV system) demonstrated a remarked reduction of the lighting and 

cooling energy use by 45% and 25%, respectively, mainly due to the decreasing of lighting power 

density and solar heat gains.  

An innovative demand-side management approach has been analyzed through a PV hybrid 

system and battery control with view of reducing grid power peaks and the electricity purchased 

from the grid, and to increase the load matching rates and the savings on bills. By means of 

battery use, in the best case (Seasonal Electricity Curtailment - SEC) the yearly equivalent use 

of the grid connection (Capacity Factor of imported electricity - CFImp) can be reduced by 12% 

and the yearly time interval the building requests power from the grid can be reduced by 50%, 

enhancing the grid interaction potential. Furthermore, the energy storage system is able to flatten 

the grid electricity shape, to shave power peaks or to complement the local PV production. Yearly 

results have indicated significant increases in the load matching rates with BESS compared to 

the cases with only a PV system (i.e., the self-sufficiency and the self-consumption rates increase 

by 10% in the best case with BESS). This means that the excess of on-site renewable electricity 

is stored and effectively used by the system.  

Project improvements indicated in the best case (SEC) to be efficient in reducing the purchased 

electricity from the grid (63% in annual terms), providing yearly operational billing savings (∅) of 

48% and 60% savings in energy charges on annual bills (∅e). In addition, the proposed control 

strategy was able to reduce grid demand peaks, decreasing the grid connection capacity (PGCC) 

by 13% and providing 12% savings in capacity charges on annual bills (∅c). This information can 

be useful for both target groups, building and grid designers, as well as for future DG regulations 
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where PGCC could be lower than the installed PV capacity. However, the economy has 

demonstrated the grid parity condition is only achieved for battery costs below 100 €/kWh and the 

battery use generates high LCOE and long payback times, which means the electrical storage is 

not yet significantly profitable. In the case with only a PV system, the grid parity achieves better 

outcomes and the payback time is reduced by a half (14 years compared to 27-28 years in the 

cases with BESS), making this a more attractive option. Notwithstanding that, annual billing 

savings with BESS are significant 48% in the best case, but only 6% higher than the case with 

only PV system. 

For commercial PV applications in Spain, the BIPV system proposition can be profitable due to 

the maturity of the PV market (lower system component prices), even though net-metering or 

similar incentives are not considered. Although, as indicated by the economic results, the BESS 

installation is also still far from being competitive. Thus, with the intention of improving the PV 

hybrid economy panorama, regulation changes, governmental incentives and reductions in 

battery costs are still required to support the PV self-consumption market, allowing the 

profitableness of battery storage application. 

In Chapter 5, the methodology proposed to evaluate energy refurbishment purposes with the 

presence of a PV hybrid system allied with intelligent Demand-Side Management (DSM) 

strategies has been validated in a large commercial building (Eletrosul) under southern Brazilian 

climatic conditions (Florianópolis). The methodology can be applied when one aims to manage 

the PV solar system allied with an energy storage system provided with different electrochemical 

battery technologies: Valve-Regulated Lead-Acid based on Absorbent Glass Mat (VRLA AGM) 

and Lithium-ion based on Nickel-Manganese-Cobalt (NMC). The study has also evaluated an 

optimal battery system capacity in order to increase both, load matching approaches and 

electricity bill savings. 

Yearly variations in the normalized battery capacity (CBat) have shown higher levels of self-

sufficiency (ƺL), self-consumption (ƺG) and operational billing savings (∅) indexes when the Peak 

Pricing Curtailment (PPC) DSM strategy has been considered: ƺL, ƺG and ∅ range from 34% to 

37%, from 90.5% to 99% and from 30% to 37%, respectively. In a similar manner, with the PPC, 

the equivalent use of the grid connection (CFImp) is reduced by 13%, the annual electricity fed into 

the grid is reduced by 76% and load matching indexes are improved compared to the case with 

only a PV system: 11% (ƺG), 4% (ƺL) and 8% (Behavior Ratio - BR). The increases in load 

matching rates have indicated that the DSM innovative approach provides an interesting 

alternative in making effective use of the excess on-site renewable electricity that is not used by 

the load. In particular, the self-consumption of the building (ƺG) has been demonstrated to be very 

high in this building case (ƺG is 97% in Case 3 – PPC and 92% in Case 4 – SEC) as the load 

profile is usually more than 200 kW throughout the year, which gives rise to a wide daily use of 

the photogenerated electricity during the year (the total annual PV generation directly used by the 

load is significant at 86%). Apart from that, yearly variations in the power grid imports factor (FImp) 

have indicated that unexpected load power peaks are a barrier to designing an efficient DSM 

approach.  
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Simulations have been carried out in Case 3 (PPC) with a Lithium-ion NMC battery technology. 

In this case, with a higher usable battery capacity (80% Depth-of-Discharge - DoD), the yearly 

discharged electricity increased by 12% compared to the simulations made with VRLA AGM 

battery type. However, the increase in the battery DoD has indicated small differences in terms 

of the LMGI indexes compared to the simulations made with VRLA AGM technology (i.e., the 

annual values of the self-consumption - ƺG and the energy autonomy - Ab indexes increase by 1% 

and 4%, respectively). The analyses have concluded that the increase in the usable capacity of 

the battery and other functionalities, such as battery efficiency, does not change the indexes 

significantly when considering a fixed pattern of PV-battery installed capacity over the assumed 

load consumption profile. 

As determined through the Seasonal Electricity Curtailment (SEC) strategy, the grid connection 

capacity (PGCC) can be reduced from 1,200 kW to 800 kW (a 33% potential reduction), providing 

a significant yearly savings on the capacity charge (∅c) of 35% and yearly savings on the energy 

charge (∅e) of 30%. However, it has been shown that the PPC strategy is more significant,  

providing 38% savings in energy charges on annual bills (∅e), thus producing higher operational 

billing savings than the other analysed cases (annual ∅ = 35%). Although, high battery costs and 

the short-term battery replacement make the system investment unprofitable with a payback time 

longer than lifetime of the PV system (30 years). Considering the VRLA AGM battery technology, 

and under the current financial conditions in Brazil, the payback is above the PV system’s lifetime 

for battery costs of more than 1,100 R$/kWh (283 €/kWh) in Case 3 (PPC), due to the high initial 

investment in the system and the high operation and maintenance costs (equipment 

replacement). In turn, considering the scenario with only a PV system under the Brazilian net-

metering system, better outcomes are achieved with a 14-year payback time and the grid parity 

condition can be achieved, making this a more attractive option. 

On the other hand, by allowing the battery to be charged from the grid, the economy of the project 

can be improved: (1) considering a VRLA AGM battery, ∅ increases from 35 to 43% and the 

payback time is reduced to 17 years; (2) considering a NMC battery, ∅ increases from 33 to 54%, 

however due to the high NMC battery costs, the LCOE is high 2.27 R$/kWh (0.58 €/kWh) and the 

payback time is still longer than 30 years. This analysis has concluded that with this plan a greater 

daily percentage of battery electricity is discharged during the highest pricing periods, which 

makes it easier to increase the savings on bills, even as the battery is performing as a consumer.  

With the intention of improving the economy of the PV hybrid systems and providing a positive 

impact on the grid parity proximity in Brazil, lower PV and battery costs are still required, allowing 

the profitability of the battery storage application. The use of battery energy storage systems will 

take priority when the initial costs of storage technologies are driven down due to overall 

investment and policy supports. Some factors are crucial for the progress of PV competitiveness 

in Brazil: the development of discount rates, the development of electricity prices and the 

continually falling of PV and energy storage devices prices.  

As a general conclusion, energy storage devices in combination with PV generators and demand-

side management can make an important contribution to the significant increase in internal 
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consumption, to the integration of renewable energy into the electricity grid and to the 

development of smart grids and sustainable cities. The proposed solutions for energy 

refurbishment in buildings provided with PV, BESS and DSM have established a number of 

aspects advantageous for the widespread development of smart grids and Net Zero-Energy 

Buildings (NZEB): 

 Increasing the load matching rates, to encourage the development of a new generation of 

NZEBs.  

 Providing significant improvements in the energy performance of the buildings through 

intelligent battery control methods, thus increasing the possibilities of reducing electricity 

costs. 

 Reducing the need for energy services through the local self-consumption framework, leading 

to improvements in the local RES integration capacity, energy conservation and long-term 

energy-climate challenge. 

 Analysing the complexity of NZEB-grid interaction and the implication of PV hybrid systems 

on the load supply. 

 Helping to maintain grid stability conditions and providing support for electricity supplying 

quality in the urban context. 

6.2 Future works 

On the basis of the work presented in the Thesis, making use of PV allied with Demand-Side 

Management (DSM) strategies, the following lines of research are proposed: 

 It could interesting to extend the analysis of PV hybrid systems allied to the DSM strategies 

proposed in this study to different building topologies (i.e. hospitals, schools, shopping 

centres and industries). Different types of building have different electricity consumption 

profiles (magnitude, electricity time-of-use influenced by the users behaviour and billing 

structure, such as billing periods and time-of-use electricity prices) that makes the study of 

the DSM methods (i.e., Peak Pricing Curtailment – PPC or Seasonal Electricity Curtailment 

– SEC) possible in order to increase the electrical load matching rates, to reduce grid impacts 

in PV-Distributed Generation and to reduce the electricity costs. Different types of battery 

technology (i.e., lead-acid, lithium-ion, vanadium redox, depending on whether it needs to 

provide higher energy or power density) could be applied through simulation mechanisms in 

order to research which technology is the most suitable for each application. The load 

Matching and Grid Interaction (LMGI) indicators proposed in this work could be used to 

characterize the electricity performance of the buildings and the grid impacts in PV-Distributed 

Generation. Furthermore, economic aspects of the proposed solution could be evaluated, in 

terms of Levelized Cost of Electricity (LCOE), grid parity, electricity bill savings and payback 

time. 

 Another significant approach would be to consider the use of photovoltaic hybrid solar tracker 

systems to be applied theoretically in different building topologies. The aim of this study would 
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be to evaluate the impacts on the PV generation of electricity and on the Load Matching and 

Grid Interaction (LMGI) indicators, since the improvement in the local generation in a limited 

roof area (as generally arises in the buildings framework) is an important aspect that should 

be considered in the next generation of NZEBs. 

 The issue of safe grid penetration levels for distributed renewable energy is a widely 

researched and hotly debated topic. Penetration is highly dependent on a variety of factors 

(loads, climate, grid quality, consumer behaviour, etc.) and hence varies from place to place. 

Technical concerns with integrating higher penetrations of photovoltaic systems include grid 

stability, voltage regulation, power quality (voltage rise, sags, flicker, and frequency 

fluctuations). When considering high penetration scenarios of PV on the distributed power 

grid, the analysis of the grid interaction aspects could be considered not for only an individual 

building but also for a cluster of buildings (i.e., condominiums or in a district electrical feeder 

that is connected with Distributed Generation (DG), such as photovoltaics). In this way, the 

analysis of the grid interaction parameters proposed in this study could be applied in 

community DG levels in order to evaluate the grid impacts (safe penetration limits). 

Measurements effected by current and voltage, voltage waveform, relationship phase 

between the waveforms of a multi-phase signal, power factor and frequency could be included 

in the analysis in order to evaluate the distributed power grid quality. 

 Future electric mobility options may lead to concepts, such as running cars with on-site 

generated electricity. Electric cars may be considered as part of the building loads, such as 

appliances and their batteries as part of the short-term electric storage capacity for the 

electricity system of the building. Household energy management could be applied in future 

works on PV hybrid systems and electric cars. Comprehensive life cycle assessments, and 

the comparison of operation electricity and PV generation could also acquire a greater 

significance. 
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6.3 Dissemination of results 

6.3.1 International journals 

Almeida Dávi, G., Caamaño-Martín, E., Rüther, R., Solano, J., 2016. Energy performance 

evaluation of a net plus-energy residential building with grid-connected photovoltaic system in 

Brazil. Energy and Buildings 120, 19-29; Doi: http://dx.doi.org/10.1016/j.enbuild.2016.03.058. 

Almeida Dávi, G., Asiain, J. L., Solano, J., Caamaño-Martín, E., Bedoya, C., 2017. Energy 

refurbishment of an office building with hybrid photovoltaic system and demand-side 

management. Energies 2017, 10(8), 1117; Doi: 10.3390/en10081117. 

6.3.2 International conference 

Almeida Dávi, G., Castillo-Cagigal, M., Caamaño-Martín, E., Solano, J., 2016. Evaluation of Load 

Matching and Grid Interaction Indexes of a Net Plus-Energy House in Brazil with a Hybrid PV 

System and Demand-Side Management. 32nd European Photovoltaic Solar Energy Conference 

and Exhibition. Munich, Germany, 2697-2703. Doi: 10.4229/EUPVSEC20162016-6AV.4.31. 

Solano, J., Olivieri, L., Caamaño-Martín, E., Almeida Dávi, G. Assessing the Potential of Hybrid 

PV–Battery Systems to Cover HVAC Loads under Southern European Climate Conditions. 32nd 

European Photovoltaic Solar Energy Conference and Exhibition. Munich, Germany, 2404 – 2410. 

Doi:10.4229/EUPVSEC20162016-6CO.12.4. 
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