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Abstract  The strategy of using Plug-in Electric Vehicles (PEVs) for vehicle-to-
grid (V2G) energy transfer in a smart grid environment can offer grid support to 
distribution utilities, and opens a new revenue opportunity for PEV owners. V2G 
has the potential of reducing grid operation costs in demand-constrained urban 
feeders where peak-electricity prices are high. Photovoltaic (PV) solar energy con-
version can also assist urban distribution grids in shaving energy demand peaks 
when and where there is a good match between the solar irradiation resource 
availability and electricity demands. This is particularly relevant in urban areas, 
where air-conditioning is the predominant load, and on-site generation a wel-
come resource. Building-integrated photovoltaics (BIPV) plus short-term storage 
can offer additional grid support in the early evening, when solar irradiation is no 
longer available, but loads peak. When PEVs become a widespread technology, 
they will represent new electrical energy demands for generation, transmission and 
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distribution (GT&D) utilities. PEVs that are parked in the early evening can play 
the role of short-term energy storage devices for PV electricity generated earlier in 
the day. In a smart-grid environment, the combination of PEVs and PV can offer a 
good solution to assist the public grid. In this chapter, results on analyses of these 
strategies applied to selected urban feeders in the metropolitan area of a capital 
city in Brazil are presented. It is shown that, in a smart-grid environment, it should 
be possible to accommodate PEVs, BIPVs, V2G and the recharging of PEVs 
(grid-to-vehicle—G2V), and at the same time assist the urban grids and supply the 
new energy demands represented by the introduction of a PEV fleet, without com-
promising the existing grid infrastructure.

Keywords  Photovoltaics  ·  Plug-in electric vehicles  ·  Vehicle-to-Grid (V2G)  ·  
Building-integrated photovoltaics (BIPV)  ·  Smart buildings  ·  Smart grids

7.1 � Introduction

Among all human activities, transportation and energy generation are the two 
single largest contributors to greenhouse gas (GHG) emissions worldwide, and 
despite technological innovation leading to lower emissions per km or per kWh, 
total global emissions due to these activities keeps increasing every year. In this 
chapter the combined use of electric vehicles and on-site, building-integrated solar 
electricity generation in the context of smart grids are presented, in order to pro-
vide utility grid support both in terms of energy (kWh) and capacity (kW).

Plug-in Electric vehicles (PEVs) have been experiencing considerable devel-
opment in recent years, and pure plug-in battery vehicles are now commercially 
available from a number of car manufacturers worldwide. PEVs have been pro-
posed as a new power source for electric utilities in the US and Japan in the late 
nineties [1, 2]. Vehicle-to-grid power (V2G) uses electric-drive vehicles to provide 
power for specific electricity markets, since the electric power grid and light vehi-
cle fleets are exceptionally complementary as systems for managing energy and 
power [3, 4]. A control signal from the grid operator can send a request for power 
to a large number of parked and plugged-in PEVs to feed energy to the grid. As 
information technology and battery technology evolve, the opportunities for PEVs 
to assist the public electricity grid in the V2G concept in a smart-grid environment 
become ever more real.

Electric drive vehicles (EVs) for V2G can be either hybrid, fuel cell, or pure 
battery vehicles (PEVs). They are all EVs in the sense that they all use an electric 
motor to provide all or part of the mechanical drive power. For V2G, each individ-
ual vehicle must have three required elements: (i) a connection to the grid for elec-
trical energy flow, (ii) control or logical connection to allow for communication 
with the grid operator, and (iii) controls for metering on-board the vehicle. PEVs 
already have a grid connection to allow for charging, and the incremental costs 
and operational adjustments to add V2G are negligible [3, 4]. Furthermore, PEVs 
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have larger batteries (e.g. 24 kWh battery capacity for the Nissan Leaf1) than plug-
in hybrids (e.g. 6–14 kWh for the DaimlerChrysler Sprinter2), or hybrid EVs (e.g. 
1.6 kWh for the Toyota Camry3).

Among all renewable energy technologies, direct solar energy conversion or 
photovoltaics (PV) is the fastest growing segment in the energy generation indus-
try [5]. In the last decade the PV industry annual production moved from mega-
watts to gigawatts, reaching the multi-gigawatt scale in the second half of the 
decade. The photovoltaic industry’s compound annual growth rate (CAGR) from 
2001 through the end of 2013 was 46 % [6]. In 2013 grid parity—when the cost 
of solar electricity becomes competitive with conventional, retail (including taxes 
and charges) grid-supplied electricity—was achieved in many places worldwide. 
Grid-connected PV used to be perceived as an energy technology for developed 
countries, whereas isolated, stand-alone PV was considered as more suited for 
applications in developing nations, where so many individuals still lack access to 
electricity. This rationale is based on the higher costs of PV, when compared with 
conventional, centralized electricity generation [7]. With the falling costs of PV 
and the increasing costs of conventional electricity, on-site PV generation became 
competitive with retail, end-consumer electricity prices also in many developing 
countries of the sunbelt.

The direct conversion of sunlight into electricity with grid-connected PV gen-
erators leads to a number of benefits to both the environment and the electricity 
system. The main technical advantage is the possibility of producing clean and 
renewable electrical power close to consumers or even at point of use, integrating 
PV generators on buildings or around urban areas. The peak shaving capability of 
distributed PV power systems reduces the strain on grid infrastructure [8–10]. A 
large number of distributed units for the same installed capacity allows for defer-
ral of a bigger network investment. This favors small- to medium-sized urban PV 
systems [11]. The traditional utility concept relies on a relatively small number 
of fairly large and centralized power plants, which quite often are distant from 
the urban centers where energy is consumed. In large countries, transmission and 
distribution (T&D) infrastructure and associated losses are considerable, adding 
value to distributed PV power that goes beyond the value of the kilowatt-hour.

PV can contribute to a distribution utility’s capacity if the demand peak occurs 
in the daytime period. Besides the advantage of peak demand reduction, PV 
systems will also contribute to a longer life of utility feeders [12]. Commercial 
regions with high midday air-conditioning loads have normally a demand curve in 
a good synchronism with the solar irradiance [9, 10, 13]. Another important factor 
in this analysis, is the comparison between the peak load values in summer and 
winter. The greater the demand in summertime in comparison with the demand in 
wintertime, the more closely the load is likely to match the actual solar resource. 

1  http://www.nissanusa.com/electric-cars/leaf/charging-range/battery/.
2  http://www.epri.com/search/Pages/results.aspx?k=Plug-In%20Hybrid%20Electric%20
Sprinter%20Van%20Test%20Program.
3  http://www.toyota.com/toyota-owners-online-theme/pdf/Batteries2011-LowRes.pdf.

http://www.nissanusa.com/electric-cars/leaf/charging-range/battery/
http://www.epri.com/search/Pages/results.aspx?k=Plug-In%20Hybrid%20Electric%20Sprinter%20Van%20Test%20Program
http://www.epri.com/search/Pages/results.aspx?k=Plug-In%20Hybrid%20Electric%20Sprinter%20Van%20Test%20Program
http://www.toyota.com/toyota-owners-online-theme/pdf/Batteries2011-LowRes.pdf
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This is the typical picture of most capital cities in many sunny, developed and 
developing countries of the sunbelt, and the match between solar generation avail-
ability and power demands in urban areas is growing with the growing use of 
air-conditioning. Utility feeders in urban areas show distinct regions where com-
mercial and office buildings dominate, and which present daytime peak demand 
curves, and residential regions where the peak demand values take place in the 
evening. To add value to the distributed nature of solar generated electricity, it is 
important to know the PV capacity of the different regions of a city when install-
ing a PV power plant, in order to select the utility feeder with the greatest capac-
ity credit. In this context, the concept of the Effective Load Carrying Capacity 
(ELCC) of PV was defined, to quantify the capacity credit of a strategically sited 
PV installation [8, 9, 13].

The widespread use of PEVs in urban environments will lead to considerably 
large new electrical energy demands, which will have to be met by new, and ide-
ally distributed, power generation plants. Especially in large and sunny countries, 
solar PV conversion can meet these new electricity requirements, offering at the 
same time clean and renewable energy to alleviate the environmental impact of 
the transportation sector, and making the most of the distributed nature of the solar 
radiation resource in a distributed generation (DG) and smart-grid scenario. In this 
environment, the combination of PEVs and PV can offer a good solution to assist 
the public grid: (i) PEVs can offer grid support to urban feeders in the early even-
ing through smart vehicle-to-grid (V2G) discharging strategies; (ii) BIPV can gen-
erate all the electricity needed to supply the new energy demands represented by 
PEVs and also offer grid support to urban feeders at daytime; and (iii) utilities can 
offer idle GT&D resources to recharge PEVs through smart grid-to-vehicle (G2V) 
recharging strategies in the early hours (00:00–06:00).

7.2 � Urban Grid Electricity Demand Profiles, Electric 
Vehicles and Photovoltaics in a Smart Grid Scenario

In most urban centers, due to the extensive use of air-conditioners and electric resist-
ance showerheads for water heating, energy demand peaks in the late afternoon/
early evening, from 19:00 to 21:00 [14, 15]. Distribution utilities impose prohibi-
tively high tariffs to business and industry in this period to avoid even higher power 
demands. These demand peaks coincide with the typical urban driver weekday hab-
its of returning home from a working day. Figure 7.1 shows the typical load curve 
of a specific urban feeder in the Brazilian metropolitan area of Florianópolis-SC 
[16]. In this example, the local distribution utility needs to provide a costly energy 
supply infrastructure to cover the 5-h period from 17:30 to 22:30. This additional 
capacity remains idle for most of the day and represents a considerable investment 
from the distribution utility, which is passed on to electricity consumers as a com-
ponent of the electricity tariff. While the potential contribution of PV in the peak 
hours shown in this example is limited, charging PEVs with solar electricity while 
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they are parked at home or at work, and using a fraction of that electricity to feed 
the utility’s grid and alleviate the load at peak hours has become a technically viable 
alternative with the advent of the smart-grid. In a smart-grid scenario, with PEVs 
and grid-connected PV integrated on buildings, the potential contribution of PEVs to 
assist in shaving the load peaks of a distribution utility feeder at peak hours can be 
assessed. Furthermore, the potential of PV to supply or complement the additional 
energy requirements represented by the incorporation of a number of PEVs to the 
urban fleet in a specific utility feeder area in the metropolitan region of small and 
large cities can also be proposed and evaluated.

The distribution utility feeder TDE05, for which Fig.  7.1 shows a load curve 
on a typical day, supplies energy to a mixed residential/commercial/university 
area. Figure  7.2 shows a color contour map with the hourly demand profile of 
this feeder for all the 8,784 h of the year, where a distinct peak (warmer colors) 
is noticeable in the early evening all over the year, from before 18:00 to after 
22:00. The figure also shows that during the early hours from 00:00 to 06:00 the 
feeder is underutilized and therefore technically able to supply energy to recharge 
a considerable amount of PEVs. Furthermore, Fig. 7.2 shows that during daytime 
hours the feeder is able to receive large amounts of PV-generated electricity from 
grid-connected, building-integrated PV generators installed in the area covered 
by this particular feeder. In the early evening, however, when solar PV generation 
is no longer available, a fraction of the surplus electricity stored in the batteries 
of parked and plugged PEVs can be made available for grid support. Figure 7.3 
shows a schematic diagram of this concept. The daily urban commute in the met-
ropolitan area of Florianópolis is very typical and representative of many metro-
politan areas around the globe, where the driver leaves home for work in the early 

Fig.  7.1   Typical load curve of urban utility distribution feeder TDE05 in Florianopólis-SC, 
Brazil. With vehicle-to-grid (V2G) strategies in a smart-grid environment, a fleet of PEVs can 
assist the grid in reducing the evening peak (green area), while solar electricity generation with 
PV integrated on buildings can provide the additional electricity requirements resulting from the 
introduction of PEVs
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Fig. 7.2   Original energy demand profile of the urban feeder TDE05 (in MW) in Florianópolis 
for the 8,784 h of the year

Fig. 7.3   Schematic diagram of the interaction of solar PV generators and PEVs with the public 
electricity grid in a smart-grid environment
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morning, driving for some 20 km on average, and leaving the car parked all day 
long. In a smart-grid, BIPV and PEV environment, this vehicle could be parked 
under a PV-covered car parking lot. Distribution utility feeder characteristics and 
load profiles can vary depending on a number of aspects ranging from climatic and 
seasonal effects (heating and cooling loads), user characteristics (residential, com-
mercial, business/public, industrial), among others, and the effects of using both 
building-integrated PV and the energy available in PEVs batteries to flatten the 
feeder’s load curve are a matter of growing interest. Figure 7.4 shows a real, typi-
cal and original load curve of the previously shown distribution utility feeder on a 
particular day. The figure also shows the peak-shaving effect of a number of PEVs 
assisting this feeder at peak hours in the evening (blue triangles), the contribution 
of PV solar generation at day-time (green diamonds), and the recharging of the 
PEV fleet during the early hours (brown circles), when conventional, centralized 
generators operate at partial load conditions.

Figure 7.5 shows, as an example for the month of March 2008 and on a daily 
basis, the total maximum number of PEVs that can (top) participate in assisting 
the corresponding feeder with peak-shaving in the evening (V2G), and (bottom) 
be recharged in the early hours (G2V) without imposing the need of any upgrade 
in the existing urban distribution system. The number of vehicles involved in 
both V2G and G2V shown in these figures is considerably smaller than the exist-
ing vehicle fleet available in the corresponding area. In a smart-grid environment, 

Fig.  7.4   Original demand profile for the distribution utility feeder TDE05 in Florianópolis—
Brazil (red circles), and the potential contribution of PV (green diamonds) for daytime hours 
peak-shaving, PEVs for evening hours peak-shaving (blue triangles), and the corresponding load 
for PEV recharging in the early hours (brown circles)
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parked and plugged PEVs will participate in V2G and G2V energy transfer trans-
actions in a first-come, first-served priority order.

Central System Operators all over the world struggle to maintain a load curve 
as flat and constant over the day as possible. With the advent of the smart grid, 
PEVs that allow for V2G, and distributed rooftop PV in residential, commercial, 

Fig.  7.5   Maximum number of PEVs that the distribution utility feeder TDE05 can take on a 
given day in March 2008, for evening peak-shaving V2G discharging (top), and early hours G2V 
recharging (bottom)
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industrial and public buildings are faced with both an opportunity, but also new 
challenges, in dispatch and control. While the conventional utility concept relies 
on a relatively small number (typically up to a few thousands), of fairly large and 
centralized generators and power plants (in the hundreds of megawatts up to the 
gigawatts level) that can be dispatched when needed, the decentralized generation 
paradigm consists of millions of dispersed and small power plants, most of which 
are intermittent in nature and cannot be dispatched in a controlled way. As the 
penetration level of these new and dispersed generation units increases, Central 
System Operators also need to introduce new control strategies for effectively 
profiting from decentralized generation.

7.3 � Photovoltaics in Buildings for PEV Recharging  
and Grid Support

PV solar energy conversion to electricity has been the fastest growing segment of 
the electricity generation market in the last seven years, and in 2013, for the first 
time, the world added more solar PV than wind generating capacity [5]. The con-
sistent cost reduction experimented by the PV industry as a consequence of vol-
ume markets, associated with the possibility of installing PV generators directly 
at the point of energy use, and the development of PV modules suited for building 
integration, make PV an ideal technology for deployment in the urban environ-
ment [17, 18]. Large-scale, centralized PV generation is an area-intensive technol-
ogy, but dispersed, building-integrated and building-applied photovoltaics (BIPV 
and BAPV) constitute a most elegant way of generating considerable fractions of 
urban electricity, without the need of dedicating exclusive surface areas for PV 
plant installations. While in BIPV generators either conventional or tailor-made 
PV modules become an integral part of the building envelope, replacing roofing 
tiles or other building elements; BAPV systems are more typically used in retro-
fits, with off-the-shelf PV modules mounted on a separate metal support structure, 
superimposed on an existing building’s roof. In any case, the building envelope 
(roofs and façades) provides the surface area for the PV plant at premium urban 
locations in many cases; the building’s electrical installation provides the electri-
cal interface of the PV plant to the public utility grid. Energy is generated at very 
close proximity to the end user, avoiding the infrastructure investments and losses 
related to transmitting and distributing electrical power, since in most of the cases 
no extra infrastructure requirements need to be provided for connecting a BIPV or 
a BAPV plant to the grid. There are additional benefits of scattering PV generators 
in the urban environment, since PV can also offer distribution utilities ancillary 
services such as grid support and demand peak shaving, especially when there is 
a good match between the solar energy resource availability and electricity loads 
(e.g. air-conditioning loads) [8, 10, 13, 18–23].

In order to optimize the annual output performance of PV generators on build-
ings, PV array orientation (azimuth) and tilt angle are a major concern, as system 
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design and electrical configuration must maximize sunlight exposure. A number 
of studies have been carried out on the performance of PV generators at various 
orientations and tilt angles for different latitudes [24, 25]. Ideally a PV generator 
should be oriented towards the equator, and at a tilt angle close to the site latitude. 
Low-latitude sites will be less sensitive to azimuth deviations for low tilt angles on 
roof-mounted PV generators, and high-latitude sites will have lower energy output 
losses for PV generators on vertical façades [25]. Single-family detached homes 
in residential suburbs can be considered the most suitable building stock for BIPV 
and BAPV generators, due to their typically large roof areas and small mutual 
shading effects, while residential and commercial multistorey buildings will often 
represent challenging aspects in PV system output optimization [26–30], as well 
as in assessing the incoming solar irradiation resource availability [31].

7.3.1 � The Potential of Residential and Public Building 
Rooftop PV in Supplying the Additional Energy 
Requirements of a PEV Fleet in a Smart Grid 
Environment

The widespread uptake of PEVs in urban areas brings new challenges to both the 
electricity distribution supply and control, and the new energy requirements repre-
sented by a fleet of PEVs needs to be assessed. In this section, the potential of a 
stock of residential buildings with rooftop PV integration in supplying the energy 
needs of a defined number of PEVs is presented. The existing buildings rooftops 
of both the residences where the PEVs will be plugged-in during the evening and 
early hours, as well as large-area public buildings (the local distribution utility head-
quarters building and the local university theater building), which are served by the 
same feeder, are presented and assessed. The study was carried out for both thin-
film amorphous silicon (a-Si) and traditional crystalline silicon (c-Si) PV modules 
[32]. On the University campus alone, the potential for integrating PV on existing, 
large-area rooftops is larger than 3 MWp for a-Si, and larger than 6.7 MWp for c-Si. 
Using a typical annual energy yield of 1,200–1,300 MWh/MWp for Florianópolis, 
the annual PV electricity production potential of these areas is over 3,600 MWh for 
a-Si and 8,040 MWh for c-Si. This is enough to supply electricity to a PEV fleet of 
some 1,800 cars using a-Si, and over 4,000 cars using c-Si PV modules. The next 
step in the assessment is to investigate (i) the effects of making hundreds (400–600) 
of PEVs available to assist this particular utility feeder in the urban distribution grid 
from 19:00 to 24:00; (ii) the effects of introducing a certain amount (e.g. 1 MWp) of 
grid-connected, building-integrated PV to generate enough energy to cover the new 
energy demands represented by the new EV fleet, and at the same time assist the 
utility feeder during daytime hours; and (iii) the capacity of, and the effects on, the 
utility feeder in recharging the PEV fleet during the early hours (00:00–06:00). A 
typical 4 kW PEV battery charger to recharge the Nissan Leaf 24 kWh EV battery in 
up to 6 h is assumed.



1897  Strategies for Plug-In Electric Vehicle-to-Grid (V2G) …

The first grid-connected, building-integrated PV system in Brazil was 
installed at the Solar Energy Laboratory at Universidade Federal de Santa 
Catarina in Florianópolis in 1997 [33, 34]; this PV generator includes a com-
prehensive data acquisition system that has been continuously logging electri-
cal performance, ambient and PV module temperature and plane-of-array and 
horizontal solar irradiation data at 5-min intervals [19, 33, 34]. The annual 
global horizontal solar irradiation resource averages some 1,550  kWh/m2/year, 
and there are a number of PV installations at various orientations and tilt angles 
being continuously monitored and assessed, with detailed output performance, 
ambient and PV module operating temperature, and irradiation data available. 
Two of these PV systems were used as a reference to establish the baseline for 
the typical output performance of traditional c-Si and thin-film a-Si PV genera-
tors with ideal orientation and tilt angle. Both PV systems are oriented towards 
the Equator (true North), at latitude tilt (27°), with no shading effects from dawn 
to sunset. The 2.25  kWp c-Si PV system operates on the roof top of the local 
Utility Eletrosul Energy Efficient House (Fig.  7.6), and the a-Si PV system is 
installed on the Universidade Federal de Santa Catarina’s Theater building 
(Fig. 7.7). Real operational performance data (electrical output generation values 
at 5-min intervals) collected from these two reference PV installations have been 
used to calibrate the PV output simulation method used to assess the potential 
generation capacity, in kWh generated per kWp installed, of all PV generators 
presented in this chapter. Figure  7.8 shows the monthly energy generation (in 
kWh/kWp), of the two reference PV systems, and also the measured monthly 
global radiation (in kWh/m2).

Fig. 7.6   Traditional crystalline silicon (c-Si) rooftop PV system at the Energy Efficient House, 
in Florianópolis, Brazil (27°S latitude). The PV generator faces true North, and is tilted at 27°
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A typical urban area was selected to study the PV roof integration potential of 
PV kits on single-family residential houses, and the resulting energy generation 
potential of the proposed PV generators was established. The urban area under 
study is a mixed residential-commercial area, with a predominance of detached, 
single-family, one- or two-storey houses, with negligible mutual shading effects 

Fig. 7.7   Thin-film amorphous silicon (a-Si) rooftop PV system at the UFSC’s University Theater, 
in Florianópolis, Brazil (27°S latitude). The PV generator faces true North, and is tilted at 27°

Fig. 7.8   Monthly average of the global horizontal irradiation (green dotted line, in kWh/m2), PV 
energy generation (in kWh/kWp) of the traditional c-Si PV system (blue solid line), and thin-film 
a-Si PV system (red dashed line) operating in Florianópolis, Brazil (27°S latitude)
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on roof covers. As previously shown in Fig. 7.1, the electricity demand of the util-
ity feeder supplying energy to this area presents two peaks, with an early evening 
peak around 19:00, and a second peak close to midday.

The next step consisted in analyzing the available rooftop surface area, orien-
tation, and tilt angles of this complete building stock, in order to determine the 
availability of suitable areas for PV integration. The GEO map (Corporative 
Geoprocessing Map), supplied by the city council was used to obtain the residen-
tial sample size determination of that urban zone, which is comprised of 496 sin-
gle-family houses. This information was also compared with the orthoimage of the 
area for the same year, in order to ascertain that the energy demand, solar irradia-
tion availability, and land occupation characteristics all corresponded to the same 
period. It was assumed that the PV kits defined in this study have an area small 
enough to fit on the residential buildings studied, and a conservative 7.5 % error 
margin was adopted. The sample size determination (n) of the selected residential 
buildings is a function of the total number of total residential houses (N), confi-
dence level (Z = 95 %), probability to find available area for PV kits on residential 
rooftops (p = 95 %, with q = 1–p), and error margin (E = 7.5 %), it was obtained 
from Eq. 7.1 as follows:

With the resulting n =  30.5, the roof cover blueprints of 31 residential houses 
were requested and obtained from the city council’s Urban and Public Services 
Municipal Bureau, for a more detailed roof cover area availability analysis.

Two pre-defined PV kits were designed and proposed for the integration of a-Si 
or c-Si PV technologies on all of the residential buildings rooftops. These BAPV 
generators were sized in order to be small enough to fit on the roofs considered in 
this study, and large enough in order to be able to supply a considerable fraction of 
the electricity demands in each house. It was also defined that both PV kits should 
have a similar total surface area, so that the aesthetic appearance of both types of 
installation would also be similar. The solar-to-electricity conversion efficiency of 
the thin-film a-Si PV technology is about half the efficiency of the more traditional 
c-Si PV technology. As a consequence, for a similar surface area, an a-Si PV kit 
will have about half the nominal power of a c-Si PV kit. Since the current price of 
turn key PV generators for small, residential PV installations, can be considered 
independent of the PV technology selected, this decision resulted in the a-Si PV 
kit costing about half the price of the c-Si PV kit. The a-Si PV kit considered in 
this study is rated at 0.5 kWp nominal DC power, uses four 5.0 × 0.4 m2, 125 Wp 
PV modules, with a total surface area of 8.0 m2. The c-Si PV kit is rated at 1 kWp 
nominal DC power, uses five 1.42 × 1.00 m2, 200 Wp PV modules, and has a total 

(7.1)n =
N · Z2

α/2 · p · q

E2 · (N − 1)+ Z2
α/2 · p · q

n =
496 · 1, 962 · 95 · 5

7, 52 · (496− 1)+ 1, 962 · 95 · 5
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surface area of 7.1 m2. An 8.0 m2 area was thus defined as a minimum roof area 
availability requirement for PV kit integration.

Each of the 31 sample building roof cover areas was individually analyzed for 
the PV integration potential, taking into account the land block area and orien-
tation, as well as the existing roof orientation and tilt, and the availability of the 
minimum 8.0 m2 area required for PV kit integration, oriented as much as possible 
towards the Equator (true North). This analysis resulted in a number of different 
possibilities for PV kit roof integration on these existing roof covers, with all the 
31 houses presenting an 8.0 m2 roof cover area suitable for PV kit integration. It 
was then assumed that all of the 496 houses were able to accommodate either of 
the PV kits, and the PV generation potential was then calculated in each case, to 
be further compared with the energy demand profile of the corresponding area in 
the suburb.

The expected PV energy generation for different orientations and tilt angles 
was determined based on three factors: (i) the residential houses’ roof area avail-
ability, orientation and tilt angles, (ii) the individual houses’ solar irradiation 
resource availability, which was calculated in each case from the available global 
horizontal irradiation data for the plane-of-array of each roof orientation and tilt 
angle; and (iii) the output performance of the reference a-Si and c-Si PV genera-
tors operating in the same area. Electricity consumption was estimated from the 
values obtained from the local utility and adjusted to the 496 houses analyzed.

Equation  7.2 was then used to estimate the energy generation potential E (in 
kWh) of the PV kits with an installed capacity P (in kWp), when installed on all 
the existing roof covers (n = number of samples), based on the corresponding ref-
erence output performance for each PV technology (GerSist, in kWh/kWp), and 
taking into account a reduction factor due to their non-ideal orientation and tilt 
angles (Def = 0.942). A weighted average of all roof orientations and tilt angles 
was used to calculate this Def output reduction factor, which was statistically 
determined as further explained.

In order to obtain the generation value (GerSist), the measured output power 
of the two reference PV generators used to calibrate the simulation of the PV 
generation potential were compared. Figure  7.8 shows that the thin film a-Si 
PV system (annual energy yield  =  1,280  kWh/kWp/year) generates more 
energy (>6  %) on an annual basis than the c-Si PV installation (annual energy 
yield = 1,205 kWh/kWp/year). Figure 7.8 also shows the profile of the monthly 
PV generation (in kWh/kWp) of the two PV systems, together with the solar irra-
diation levels for the same period (in kWh/m2). It can be clearly seen that the thin-
film a-Si PV generator is a better performer overall, especially during summer 
months. The reasons for this behavior are related to the lower temperature coef-
ficient on power of a-Si when compared with c-Si; to a spectral content of sunlight 
in summer months more suited to the spectral response of a-Si devices; and to the 
partial annealing of the Staebler-Wronski effect [35], and have been described 
in detail elsewhere [36, 37]. Also noteworthy is the fact that the energy output in 

(7.2)E = n · P · GerSist · Def
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summer months is almost double of that during the winter, in accordance with the 
solar irradiation availability at the site.

As shown by the blue diamonds in Fig. 7.9, the 31 houses sample analyzed in 
this chapter present more variations in roof cover orientation than in tilt angle. 
Roof tilt angle is associated with roofing tile model, and in this suburb most 
houses use the typical red clay tiles, tilted between 15° and 35°. Roof orienta-
tion, on the other hand, varies according to the urban grid design and architectural 
concepts, and is therefore more prone to larger variations. In this analysis, the 31 
sample roof orientations and tilts studied in detail, were extrapolated to the 496 
existing houses. The various roof orientations and tilt angles of the house sam-
ple studied will lead to varying and specific output performance behaviours of PV 
generators installed on each of these roofs, which are represented by the “Def” 
parameter in Eq.  7.2. Figure  7.9 also allows for a rapid and efficient visualiza-
tion of the expected PV generator performance on any particular roof orientation 
and tilt, with respect to the maximum theoretical performance of an ideally ori-
ented and tilted PV generator. The graph is based on irradiation values calculated 
using the RADIASOL software [38]. This software calculates the incoming solar 
irradiation levels at any surface orientation and tilt angle, based on the local daily 
averages of the monthly global horizontal irradiation. In this chapter, solar irra-
diation vales obtained from the SWERA project [39] were used to calibrate the 
RADIASOL software. In Fig.  7.9, maximum (100 %) output corresponds to the 
performance of a rooftop PV generator with ideal roof orientation (facing true 
North in the Southern Hemisphere) and tilt angle (latitude tilt = 27° for the city of 
Florianopolis), with the corresponding output for all the other possible orientations 

Fig. 7.9   Distribution of surface area availability for PV kit integration according to orientation 
(azimuth deviation) and tilt angle of the 31 residential house roof covers (blue diamonds), with 
percentage of the maximum annual PV generation potential as a function of their position in 
Florianópolis, Brazil (27°S latitude)
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(azimuth deviations from −180° to +180° off true North), and tilts (varying from 
horizontal roofs = 0°, to vertical walls = 90°) being easily visualized.

Since the variance is unknown and the sample (n) is small, variances (F) in 
orientation and tilt angle were analyzed statistically using Eq.  7.3, to determine 
deviation averages, with Sx and Sy representing the sample’s deviations for the 
small sample (n). Because most of the azimuthal deviations are statistically simi-
lar, Eq. 7.4 was used to estimate the weighted deviation (Sp) from average; Eq. 7.5 
was used to determine the deviation from the difference among averages (Sw); 
Eq. 7.6 was used to calculate the Student’s (t) distribution value; and Eq. 7.7 was 
used to compare t with the samples’ distribution, and determine whether the aver-
ages could be considered equal at a 95 % confidence level.

The statistical analysis of the average incident solar irradiation level distribution at 
different azimuth angles, demonstrated that both at the ideal latitude tilt angle of 
27°, and also at a more steep 45° tilt angle, deviations are similar, and there is no 
significant difference in average solar irradiation levels among azimuth deviations 
of 5°, 10°, 15°, 20°, 30°, 45° and 90°, for a 95 % confidence level.

The statistical analysis has also demonstrated that regarding tilt angles, for 
North-oriented (South-oriented in the Southern hemisphere) planes tilted up to 
20°, there is no significant difference in averages or standard deviations at this low 
latitude. From tilt angles larger than 30°, averages are still similar up to 45°, but 
standard deviations can no longer be considered similar. For 90° tilt angles (ver-
tical façades), both averages and standard deviations are different and cannot be 
compared. Since the statistical analysis did not reveal considerable differences in 
solar irradiation levels among the existing roof covers evaluated, a 10° step in tilt 
angle and a 30° step in azimuth angle variations were adopted in Fig.  7.9. The 
100  % generation level in the graph corresponds to an average yearly output of 
1,280 kWh/kWp for the a-Si PV technology, and 1,205 kWh/kWp for the c-Si PV 
technology installed in Florianopolis (GerSist, value in Eq. 7.2 corresponding to 

(7.3)F =
Sx2

Sy2

(7.4)Sp =

√

(nx − 1) · Sx2 + (ny − 1) · Sy2

nx + ny − 2

(7.5)Sw = Sp

√

1

nx
+

1

ny

(7.6)|t| =
x̄ − ȳ

Sw

(7.7)|t| = t α
2
(nx + ny − 2)
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640 and 1,205 kWh/year for the 0.5 kWp a-Si and 1.0 kWp c-Si kits respectively). 
For any other combination of orientation and tilt angles, ceteris paribus, average 
annual energy generation yields can be derived from Fig.  7.9. Monthly electric-
ity demand data were obtained from the local distribution utility for the TDE05 
feeder. The data obtained were peak demand measurements for each 15 min for all 
days of the year, from which daily demand curve averages, total consumption and 
also peak power demand were calculated.

After identifying the orientation and tilt angles of the 496 roof covers, and 
using the graph shown in Fig.  7.9 to assess their corresponding output perfor-
mance, the PV kits generation potential was estimated as a fraction of the max-
imum potential verified for ideally oriented and tilted PV generators. Figure 7.9 
also shows that 87 % of the PV kits will be able to generate at least 95 % of the 
maximum theoretical output for Florianópolis; about 10 % will be able to gener-
ate at least 90 % of the maximum possible; and only about 3 % of the PV kits will 
generate at least 85 % of their maximum potential. The averaged annual energy 
generation yield of the 496 PV kits proposed to be installed on these existing 
house roof covers, resulted in 94.2 % (“Def” parameter in Eq. 7.2) of the maxi-
mum theoretical potential. These results are significant, because they demonstrate 
that retrofitting PV kits to existing individual residential house roof covers which 
were not originally designed to integrate PV generators, leads to the majority of 
the BAPV installations to perform at a level which is very close to their maximum 
theoretical potential. From Fig. 7.9 it is clear that for low-pitched roofs (<10°) at 
this latitude, any roof orientation will lead to at least 90 % of the maximum theo-
retical energy generation potential. Figure 7.10 shows the potential electricity gen-
eration of the BAPV kits in three scenarios, namely:

•	 Scenario K1: All the 496 houses fitted with 1.0  kWp PV kits using the c-Si 
PV technology. Installed PV capacity = 496 kWp (In Eq. 7.2: n = 496; P = 1; 
GerSist = 1,205; Def = 0.942);

•	 Scenario K2: All the 496 housed fitted with 0.5 kWp PV kits using the thin-film 
a-Si PV technology. Installed PV capacity =  248 kWp (In Eq.  7.2: n =  496; 
P = 0.5; GerSist = 1,280; Def = 0.942);

•	 Scenario K3: Half (248) of the houses fitted with the 1.0 kWp c-Si PV kit, and 
the other half (248) of the houses fitted with the 0.5 kWp thin-film a-Si PV kit. 
Installed capacity = 372 kWp (In Eq. 7.2: n1 = 248; P1 = 1; GerSist1 = 1,205; 
n2 = 248; P2 = 0.5; GerSist2 = 1,280; Def = 0.942).

Following the analysis of PV kit installations in a BAPV configuration, the whole 
roof cover areas of the residential houses sample were evaluated in order to deter-
mine the PV generation potential in a BIPV configuration, with tailor-designed PV 
systems for each house. While the BAPV alternative results in economies of scale 
due to PV kits standardization and volume production, the BIPV option results in 
an optimized deployment of the existing roof cover areas, leading to net energy-
positive buildings. The nearly 80,000  m2 surface areas available on these exist-
ing roofs corresponds to a PV capacity of nearly 5  MWp for the thin-film a-Si 
PV technology, and over 11  MWp for the more traditional c-Si PV technology. 
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Assuming the average solar generation potential for the areas considered, this 
installed capacity translates into an annual energy generation potential of some 
5,800 MWh/year for the thin-film a-Si PV technology, and around 12,300 MWh/
year for the c-Si PV technology, when installed in a BIPV configuration on all of 
the available areas of the 496 existing houses in this suburb. This is enough to sup-
ply electricity to a PEV fleet of some 2,900 cars using a-Si, and over 6,100 cars 
using c-Si PV modules, which by far exceeds the total fleet of vehicles registered 
in this suburb.

7.3.2 � The Potential of Rooftop PV and PEV Vehicle-to-Grid 
(V2G) Strategies in Peak Demand Reduction in Urban 
Areas in a Smart Grid Environment

In order to establish the potential of rooftop PV in a public building in both 
supplying the additional energy requirements of a PEV fleet, and in providing 
grid support to the local utility in a smart grid environment, the local public utility 
Eletrosul Headquarters building in Florianópolis was studied. Figure 7.11 shows 
the 1 MWp solar PV installation integrated on both the building’s roof (450 kWp) 
as well as in the surrounding parking areas (565 kWp distributed in nine parking 
canopies). In order to evaluate the best energy flux strategies over a daily period, 
three phases were defined along the 24-h period, namely: Phase 1—daytime (solar 
PV feeding the Eletrosul Headquarters building  +  V2G from the parked PEV 
fleet to the Eletrosul Headquarters building); Phase 2—nighttime (V2G from the 
parked PEV fleet to the Eletrosul Headquarters building at peak demand hours); 

Fig.  7.10   Monthly PV energy generation potential (in kWh/month) under Scenarios K1 (496 
units of the 1.0 kWp c-Si PV kit), K2 (496 units of the 0.5 kWp a-Si PV kit) and K3 (248 units 
of the 1.0 kWp c-Si PV kit and 248 units of the 0.5 kWp a-Si PV kit)
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and Phase 3—nighttime (G2V from PEV owners residence power sockets to 
recharge PEVs in the late night and early hours). Figure 7.12 shows a schematic 
diagram with these three phases distributed over the 24-h period. Phase 1 is the 
longest period, when sunshine is available, and when the PV generator assists the 
building owner (and the distribution utility) in reducing the power demand from 
the grid and in modulating the load curve; in case of PV generation reduction 
caused by unfavourable meteorological conditions, parked and plugged-in PEVs 

Fig.  7.11   Aerial view of the Eletrosul Megawatt Solar PV plant in Florianópolis, Brazil (27° 
South), showing the (450 kWp) rooftop and the nine parking canopies (565 kWp), which com-
prise the 1 MWp solar power plant

Fig.  7.12   Definition of the three phases in which different energy management strategies 
are applied, namely: Phase 1—daytime (solar PV feeding the Eletrosul Headquarters build-
ing + V2G from the parked PEV fleet to the Eletrosul Headquarters building); Phase 2—night-
time (V2G from the parked PEV fleet to the Eletrosul Headquarters building at peak demand 
hours); and Phase 3—nighttime (G2V from PEV owners residence power sockets to recharge 
PEVs)
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can assist in this task with V2G, contributing to grid reliability. Phase 2 is the 
shortest period, and coincides with the distribution utility’s load peak; this is the 
period in which V2G is most valuable, as end-user tariff rates can be 10 times as 
high as in off-peak periods. Phase 3 is also considerably long, when most of the 
generation, transmission and distribution assets are idling because of low power 
demand from the grid, and is therefore ideal for PEV recharging due to low tar-
iff rates and abundant grid resource availability. The combination of daytime solar 
electricity generation and both daytime and nighttime V2G electricity injection 
can thus effectively assist in reducing distribution utility demand peaks. The effect 
of additional PEV battery cycling will affect battery lifetime, and is a function 
of both the depth of discharge (DOD) and the number of cycles. To analyze the 
impact of V2G in the urban area distribution utility feeder previously presented, a 
MATLAB simulation environment was implemented. This environment allows the 
import of measured demand data, allows the use of different charge and discharge 
strategies, and the analysis of the influence of the V2G-interactions on the given 
energy demand profiles. The simulation delivers the possibility to calculate annual 
costs of battery degradation, energy costs and revenue in relation to parameters 
like maximum DOD.

Figure  7.13 shows a bar graph of the Eletrosul Headquarters building load 
curve on a typical weekday, with the three phases shown in blue (Phase 1), red 
(Phase 2) and green (Phase 3) bars. This public building is representative of office 
buildings all over the world, where air-conditioning loads occurring in Phase 1 are 
the single largest load and dictate the curve profile. Solar electricity generation is 

Fig. 7.13   Eletrosul Headquarter building’s load curve on a typical weekday, with Phase 1 domi-
nated by air-conditioning loads during working hours (blue bars); Phase 2, in the early evening, 
when distribution utility tariff rates are as high as 10 times the off-peak tariff rates (red bars); and 
Phase 3, characterized by low nighttime loads (green bars)
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reasonably well matched to such a load profile, and PV can effectively assist in 
shaving the daytime peak. Figure 7.14 shows the PV generation (red bars) for the 
same day presented in Fig.  7.13 superimposed on the load curve, and Fig.  7.15 
shows the bar graph resulting from the PV contribution on the final Eletrosul 
Headquarter building’s load curve.

Fig. 7.15   Resulting load curve at the Eletrosul Headquarter building on a typical weekday, with 
the one megawatt solar PV generator’s contribution during Phase 1

Fig. 7.14   Eletrosul Headquarter building’s load curve on a typical weekday, with the one mega-
watt solar PV generator’s contribution (red bars) during Phase 1
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Based on the parked and available PEVs that can further assist in modulating 
this load curve, Fig. 7.16 shows the V2G contribution possible on the same date 
(red bars), and Fig. 7.17 shows the resulting effect on the Eletrosul Headquarter 
building’s load curve.

In Phase 2, when a number of PEVs owners have arrived home and have 
plugged their vehicles in onto wall sockets for either recharging the vehicle’s 

Fig. 7.16   Resulting load curve at the Eletrosul Headquarter building on a typical weekday, with 
the one megawatt solar PV generator’s contribution during Phase 1, and the potential contribu-
tion of parked and plugged PEVs available for V2G (red bars)

Fig.  7.17   Resulting load curve at the Eletrosul Headquarter building on a typical weekday, 
with the one megawatt solar PV generator’s contribution during Phase 1, and the contribution of 
parked and plugged PEVs available for V2G
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battery or supplying the remaining PEV’s energy to the utility grid, a consider-
able amount of energy can be transferred to the grid via V2G, as the yellow bars 
in Fig. 7.18 show. In a smart grid environment, PEVs parked at each of these vehi-
cles owners residences can credit the V2G injected power in favor of the Eletrosul 
Headquarter building. In the late night and early hours, when most of the genera-
tion, transmission and distribution assets are idling (Phase 3), the PEV fleet can be 
recharged with the most inexpensive electricity, as shown in Fig. 7.19.

Fig.  7.19   The effect of recharging the parked and plugged-in PEV fleet in the late night and 
early hours (Phase 3–yellow bars) on the Eletrosul Headquarter building’s load curve

Fig. 7.18   The effect of using V2G electricity from parked and plugged-in PEVs (yellow bars) 
on the Eletrosul Headquarter building’s load curve in the early evening (Phase 2) to alleviate 
power demands from the utility grid
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The combined use of all these strategies can be effectively used to both allevi-
ate the public grid and reduce power demand peaks, as well as provide all the new 
energy requirements represented by a fleet of PEVs.

The effects of additional charging and discharging PEV batteries in the V2G 
and G2V context presented previously needs to be further assessed, in order to 
estimate the costs involved, and a cost-benefits analysis was carried out [40]. It 
is assumed that PEVs are used during the day for shopping and working, and 
that they start becoming available for V2G as of 18:00. The shortfall in electri-
cal energy represented by the energy needed to charge the fleet of PEVs driving 
a given distance per year, is supplied by BIPV and BAPV generators spread on 
rooftops around the corresponding #TDE05 feeder area, as previously shown. 
For price calculations the energy price of US$ 0.18/kWh was assumed, includ-
ing taxes. The assumed car specifications were drawn from [41], as shown in 
Table  7.1. The battery price assumed from the international market is US$ 
300/kWh [42], including taxes. The metering device (US$ 50), a communica-
tion device (US$ 50), and the additional hardware needed to allow the feeding 
of energy to the grid (US$ 33.33/kW) were also assumed including all taxes. All 
these values are summarized in Table 7.1, and are expected to decrease with tech-
nology development and scaling effects. Although the battery efficiency and life-
time both depend on the charge and discharge rate, battery efficiency is assumed 
at 84 % [43]. It is known that the battery suffers from deep cycling, and that a low 
DOD will lead to very long battery lifetimes, measured in cycles. This simulation 
is based on the approach of Rosenkranz and the Fraunhofer ISE’s model, as shown 
in the following equation [41, 44]:

where NCycles is the expected battery lifetime in cycles as plotted in Fig. 7.20. This 
equation leads to an approximately linear dependence of costs per stored energy, 
depending on the DOD, which can be seen in Fig. 7.21.
The charging and discharging power is limited by the grid connection. In most 
of the countries, standard plugs allow a maximum current of 10–20 A. Thus we 
limit the maximum power at PMax = 4.4 kW, based on the standard 20 A sockets, 
at 220 V. The DC-AC converter efficiency is assumed as ηconverter = 98%, since 
state-of-the-art, commercially available inverters for photovoltaic applications 
reach this efficiency [45]. The efficiencies and power limits are shown in the flow 

(7.8)NCycles = 1331 DOD−1.8248

Table 7.1   Electric vehicle 
assumed for the simulations 
in this study (data from 
Dallinger et al. [41]), shown 
in both the Brazilian currency 
R$, and in US$)

Description Value

Battery capacity 25 kWh

Maximum driving range 200 km

Battery price R$ 10,201 $ 5,481

Meter for invoicing R$ 140 $ 75

Communication system R$ 280 $ 150

Additional electronics R$ 410 $ 220
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diagram in Fig.  7.22. In this figure also the points for PCharge and PDischarge are 
defined, which will be further defined.

In this simulation, charging is performed between midnight and 6:00 with a 
charge rate as follows, where ESoC is the energy stored in the battery:

(7.9)PCharge(n) = min

(

ECapa − ESoC(n)

tRemaining(n)

,ηBatteryPMax

)

Fig. 7.20   Estimated battery lifetime in cycles, as a function of the depth of discharge-DOD

Fig. 7.21   Energy storage costs as a function of the depth of discharge-DOD
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where ESoC(n) is the energy at the given time-step, in kWh. The value ECapa is the 
battery capacity drawn from Table 7.1. The value tRemaining(n) is calculated as the 
time difference between the current time-step and the end of the charge interval, 
measured in hours.

The new State of Charge (SoC) is therefore

With time-steps Δt 15 min.
The demand seen by the grid is therefore increased to

where DNew is the resulting demand, and DOld is the original demand, as measured 
by the distribution utility company.

Everyday, the energy for driving is discharged. With the maximum driving 
range given in Table 7.1 for the PEV selected for this study, the 200 km result in a 
driving energy EDrive = 5 kWh for average daily driving.

While the analysis of daytime charging is outside the scope of the present analysis, 
in the medium term plugging in might also be possible during the day for staff 
driving to work every day and parking their cars in assigned parking lots in many 
public and private, small and large companies. This can also lead to V2G and G2V 
strategies to assist the public grid when cars remain parked during working hours 
as previously discussed.

7.3.2.1 � Strategy 1: Assumptions for Profit Maximizing with Local 
Electricity Pricing Model

Distribution utilities around the globe are migrating to a pricing model based on 
time-of-use for all customers, including residential electricity consumers. To 
reduce peak demand, a three-level tariff is proposed for residential users. The 

(7.10)ESoC(n+ 1) = ESoC(n)+ PCharge(n)�t

(7.11)DNew(n) = DOld(n)+
PCharge(n)

ηBatteryηCharge

(7.12)ESoC(n+ 1) = ESoC(n)− EDrive

Fig. 7.22   Efficiency and power flows
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energy price during the peak interval from 18:30 to 21:30 is 5x higher than the 
off-peak price. One hour before and one hour after the peak interval, the energy 
price is set at 3x higher than during the off-peak period. Together with net-meter-
ing regulation for PV generation on individual consumer units, time-of-use tariffs 
can contribute to grid stabilization when associated with a PEV that is recharged 
in the early hours (G2V), and assist the utility grid during peak hours in the eve-
nings (V2G). Power trading like proposed by Hartmann and Özdemir [46] can add 
additional revenue to EV car owners, but in most cases this has been analysed with 
spot-market prices like the European Energy Exchange (EEX). In Strategy 1, bat-
teries are charged in the morning and energy is sold only during the peak-hours 
interval, even if the actual demand is already low by any reason. The power being 
discharged to the grid, shown in Fig. 7.22, is estimated from the available energy 
and the limits of power electronics:

The parameter DODMAX is the maximum allowed DOD, which is going to be 
varied during different simulations. Here PMax is divided by the converter effi-
ciency ηConverter, because PDischarge is measured before the converter, as defined in 
Fig. 7.22.

The battery charge level is updated according to Eq. 7.14:

The demand values are, as a consequence, reduced to:

7.3.2.2 � Strategy 2: Assumptions for Grid Stabilization

For a fixed number of 250 EVs, as proposed in a recent study carried out in the 
2,000 households mixed residential/commercial suburb supplied by feeder 
#TDE05 [47], a static upper power limit is introduced. These PEVs will dispatch 
power to the grid to avoid power demands surpassing this upper limit. Applying 
a merit-order strategy, the upper limit can be interpreted as the point where V2G-
energy is cheaper than dispatching other reserves, including transmission and 
distribution costs, in a strategy designed to avoid overloads and promote grid sta-
bilization. In this case, grid stabilization is a service provided by the car owner to 
the utility, and the costs for this service are estimated. Discharge power for each 
car is calculated with a modification of Eq. (7.9). Here Δt is used, because there is 
no time limitation like in the first strategy:

(7.13)PDischarge (n) = min

(

ESoc(n)− (1− DODMax ECapa)

tRemaining (n)

,
PMax

ηConverter

)

.

(7.14)ESoC(n+ 1) = ESoC(n)− PDischarge(n) ∗�t

(7.15)DNew(n) = DOld(n)− ηBattery ∗ PDischarge(n)

(7.16)PDischarge(n) = min

(

ESoc(n)− (1− DODMaxECapa)

�t
,

PMax

ηConverter

)
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As many cars as possible discharge with the highest discharge power, which is 
limited by the grid connection, until the new demand curve is below the upper 
limit, or there are no more cars available. The battery charge level is updated 
according to Eq. (7.10). The new demands are calculated as per Eq. (7.11).

Each day the costs for battery degradation by cycling are calculated sepa-
rately with and without discharge caused by the V2G-service. At first the DOD is 
calculated

Then the number of estimated cycle lifetime NCycles with the calculated DOD is 
calculated using Eq. (7.8).

The costs for this discharge are then calculated with

where PriceBattery is drawn from Table  7.1. The sums with and without V2G-
service are stored separately to be compared afterwards.

In order to supply the new annual energy demands (MWh/year) resulting 
from a proposed fleet of some 250 EVs in the mixed residential/commercial sub-
urb under study, the incorporation of rooftop PV generators on the single-family 
houses in the suburb was proposed. We have previously identified the potential 
of the roofs in that area, which resulted in some 79,000 m2 of total roof surface, 
and where more than 50 % of the area are ideally oriented and tilted for receiving 
at least 95 % of the theoretical maximum solar irradiation daily average density 
of 4.74  kWh/m2 [32]. Only areas where at least 1  kWp of PV could be inte-
grated have been used in the simulation, resulting in more than 43,000 m2, where 
7.9 MWp of rooftop PV capacity can be incorporated.

Figure  7.2 has shown the high energy consumption profile during the day 
(between 8:00 and 18:00), especially during the warmer and sunnier summer 
months. The seasonality of demand shows a good match with the photovoltaic 
generation profile; the months with the largest energy demands are also the sunny 
summer months. Figure 7.23 shows that the integration of PV roofs on residen-
tial buildings in the region supplied by feeder #TDE05 can drastically offset the 
energy consumption especially during summer months. Figure  7.23 also leads 
to the conclusion that during daytime hours this feeder is able to accommodate 
these large amounts of photogenerated electricity from grid-connected, rooftop 
PV generators without the need of any additional distribution system upgrade. The 
potential of photovoltaic found for the region supplied by the #TDE05 feeder was 
7.9  MWp, using high efficiency, commercially available crystalline silicon solar 
modules, and should be regarded as an upper limit for PV integration in that build-
ing stock. The corresponding total annual PV generation expected is just under 
8 GWh/year, enough electricity to supply over 4,000 PEV units, each driving more 
than 12,000 km/year.

(7.17)DNew(n) = 1−
ESoC(n)

ECapa

(7.18)CostDegradation(n) = CostDegradation(n− 1)+
PriceBattery

NCycles
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Braun and Rüther [22] have previously shown the role of grid-connected, 
building-integrated PV generation in commercial building energy and power loads 
in a warm and sunny climate. Not only can PV systems installed on residential 
roofs contribute strategically to alleviate urban distribution networks, shifting peak 
demand when there is a good correlation between loads and the solar radiation 
resource availability, but they can also supply all the energy requirements of a 
number of PEVs that is considerably larger than the number of residential house-
holds in the corresponding suburb.

7.3.2.3 � Strategy 1: Results for Profit Maximizing with Local Electricity 
Pricing Model

The strategy of discharging cars only during peak hours in the early evening when 
tariffs are highest, leads to high revenues for car owners and avoided costs for 
the distribution utility. This leads to a new demand profile as shown in Fig. 7.24. 
Unfortunately, and not surprisingly, two new peaks are resulting, right before and 
right after dispatch, using this V2G grid-support strategy. Figure 7.25 shows the 
simulated hourly demand profile of the urban feeder #TDE05 resulting from both 
the 7.9 MWp of PV generation (daytime hours feed-in), and PEVs V2G grid-sup-
port in the early evening (during the distribution utility peak hours) for a typical 
day, as well as the PEVs recharging demands in the early hours (00:00–06:00). 
It is clear that the PEV contribution in the distribution utility’s official early 
evening peak hours can be anticipated to 18:00 to make an optimized use of the 
PEVs potential, for a larger number of PEVs might be available for V2G before 

Fig. 7.23   Simulated new demand profile of the #TDE05 feeder with the solar power contribu-
tion of 7.9  MWp of PV generators spread over residential rooftops in the corresponding area. 
Data were calculated using the real demand profile and the corresponding solar irradiation profile 
for the same period
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18:00. The incorporation of PV to generate the new energy demands represented 
by the new PEV fleet is comfortably accommodated during the daytime hours. 
Figure 7.24 and 7.25 also show that the early hours recharging of the PEVs has to 

Fig. 7.24   Strategy 1: Simulated demand profile of the #TDE05 feeder, with the new demands 
represented by the early hours (00:00–06:00) charging of 250 EVs, the contribution of 7.9 MWp 
of PV generation during daytime hours, and the V2G contribution of the same 250 EV fleet to 
grid support in the peak hours of the early evening (19:00–21:00) at 75 % maximum DOD

Fig. 7.25   Strategy 1: Simulation example of the new demand profile of the #TDE05 feeder on a 
typical day, with the new demands represented by the early hours (00:00–06:00) charging of the 
250 EVs proposed fleet, the contribution of 7.9 MWp of PV generation during daytime hours, 
and the V2G contribution of the same 250 EV fleet to grid support in the peak hours of the early 
evening (19:00–21:00) at 75 % maximum DOD
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be closely monitored to avoid overloading the grid. The new energy demands are 
represented for a 250 PEVs fleet, which is the optimal value for cars participating 
in grid stabilization as will be further shown.

The annual revenue as a function of DOD for an individual PEV is plotted 
in Fig.  7.26. With a DOD of 40  % the revenue already exceeds US$ 1,000 per 
year, where the annual revenue is calculated as the difference between the annual 
income and the annual costs. The income does not increase with a higher DOD 
after 75 %, because of the power limit PMax given by the grid connection, and thus 
the maximum DOD cannot even be reached.

The costs are the sum of the additional hardware needed for V2G shown in 
Table 7.1 divided by 10 years, the price of energy recharged for G2V, and the bat-
tery degradation caused by V2G, as shown in the stacked area plot in Fig. 7.27. 
The cost for the grid connection does not increase with increasing the maximum 
DOD. The money paid for recharged G2V energy rises linearly with increasing the 
maximum DOD, and reaches a maximum when the power limit of the grid con-
nection is reached. The battery degradation increases nonlinearly with the DOD, 
as Fig. 7.20 implies.

The time-of-use pricing model shows a large drawback. With an increasing 
market share of storage using the contract strategy proposed in this work, grid sta-
bility will suffer. To point out this effect, the corresponding mean squared error 
was calculated according to Hartmann and Özdemir [46], as shown in Eq. 7.19, 
where the upper limit N is the number of time-steps within a year. The mean 
square is a measure for the deviation between the average demand Dav and the cur-
rent demand D(n). The optimal demand profile is a constant, thus no power mar-
gins for higher demands have to be provided. The Mean Square Error (MSE) is 
zero for D(n) = Dav = const.

Fig. 7.26   Strategy 1: Annual revenue for one PEV as a function of the DOD with the #TDE05 
feeder
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If the demand varies a lot, a very robust grid with high power reserves has to be 
established yielding higher investment costs. If there is a high variation in demand, 
the MSE value is very high as well. Thus a high MSE value is bad for grid sta-
bility. The error was calculated for simulations with the number of PEVs varying 
between 0 and 1,000, and the DOD varying between 0.2 and 1.0. The maximum 
number of cars analyzed is 1,000, which is a rather high value when compared 
with the 6,949 residential and 1,099 commercial consumer units in the area.

The MSE-values are displayed as a color map in Fig. 7.28, where the number of 
PEVs used is varied along the horizontal axis, and the maximum DOD is varied 
along the vertical axis. N = 30,912, corresponding to the 15 min time steps over 
the 8,760–1,032 h (excluding 43 missing days for which no data were available) of 
the year. The MSE without V2G-activity is calculated as 2.91 MW. Values below 
this reference point represent a higher grid-stability. It turns out that there is a 
maximum grid-stability of 2.57 MW, reached with 250 cars and a maximum DOD 
of 75 %. Thus, optimizing the car owners’ revenue does not necessarily increase 
grid-stability, and these conflicting interests should be properly addressed by gov-
ernment-induced energy policies regarding PEVs and V2G strategies.

In Fig.  7.24 the new demand profile as a result of Strategy 1 was shown. 
Recharge and discharge intervals are clearly seen as horizontal stripes where the 
breaks are caused by time-changes because of daylight saving. The figure points 
out that even during times of low demand, colored in blue, energy is delivered 
from PEVs to the grid, which does not contribute to grid-stabilization, but gener-
ates revenue for the PEV owners.

(7.19)MSE =

N
∑

n=0

(D(n)− Dav)
2, N = 30, 912

Fig. 7.27   Strategy 1: Accumulated annual costs for V2G and G2V as a function of the DOD for 
an individual PEV
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7.3.2.4 � Strategy 2: Results for Grid Stabilization

In Strategy 2 the aim was to stabilize the distribution grid, making more use of 
the V2G approach by applying a deeper DOD level when necessary, while allow-
ing the #TDE05 feeder to reach the maximum load limit of 6.25 MW before ena-
bling V2G at the utility’s peak-hours time. Figure 7.29 shows the resulting effect 

Fig.  7.28   Strategy 1: Mean squared error for different amounts of electric cars and different 
DOD levels

Fig. 7.29   Strategy 2: Simulated demand profile of the #TDE05 feeder with the new demands 
represented by the early hours (00:00–06:00) charging of 250  PEVs, the contribution of 
7.9  MWp of PV generation during daytime hours, and the V2G contribution of the same 
250 PEV fleet to grid support in the peak hours of the early evening (19:00–21:00) at 75 % maxi-
mum DOD, only when the distribution utility’s 6.25 MW upper demand limit is reached
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on the feeder’s load profile. Figure 7.30 shows the same typical day as Fig. 7.25, 
using Strategy 2 instead. It shows that there is a lower upper limit and there are 
no large peaks created by G2V, as seen in Fig. 7.29. Analyzing the demand data 
with Strategy 2, it turns out that there are several days where the V2G service is 
not used at all, because the 6.25 MW utility demand limit for feeder #TDE05 is 
not reached. There is also a small number of days when the PEVs’ battery capacity 
or discharge power limit are not large enough to reduce the demand to the upper 
limit, resulting in a remaining peak. Nevertheless this strategy will work well, 
if the dispatch of spinning reserves is more expensive than the dispatch of V2G 
services. The steep drop in the feeder #TDE05 demand curve at noon shown in 
Fig. 7.30 indicates a large potential for PEV recharging (G2V) at the workplace 
for the electric cars fleet.

In this case it also has to be noted that PEV owners’ revenue is not maxi-
mized, in contrast to Strategy 1. Again the overall grid stability is measured using 
Eq. (7.19) to compare Strategy 2 with Strategy 1. For 250 electric cars the mini-
mum reachable MSE value is 2.57 MW for Strategy 1, and 2.55 MW for Strategy 
2, with an upper limit of 5 MW. Even if this difference is small, better knowledge 
of driving behavior will lead to greater improvement of MSE values for Strategy 
2, but not for Strategy 1. A comparison of different upper limits and their impact 
on grid stability evaluated with MSE is given in Fig. 7.31, where the upper limit is 
varied between 4 and 8 MW. It turns out that the PEVs contribute best to grid sta-
bilization in terms of MSE with an upper limit of 5 MW. From the grid operator’s 

Fig. 7.30   Strategy 2: Simulation example of the new demand profile of the #TDE05 feeder on a 
typical day, with the new demands represented by the early hours (00:00–06:00) charging of the 
250 PEVs proposed fleet, the contribution of 7.9 MWp of PV generation during daytime hours, 
and the V2G contribution of the same 250 PEV fleet to grid support in the peak hours of the early 
evening (19:00–21:00) at 75 % maximum DOD, only when the distribution utility’s 6.25 MW 
upper demand limit is reached
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perspective, the upper limit should be chosen so that the dispatch of PEVs is 
cheaper or equal to the dispatch of other resources. Calculating the service costs 
as the sum over the years of grid connection hardware, costs for efficiency losses 
and battery degradation divided by V2G energy delivered, leads to Fig. 7.32. It can 
be observed that the service cost per delivered energy is very high for a high upper 
limit, because the fixed costs have to be covered without selling large amounts 
of energy to the grid. Furthermore the service cost for low upper limits is high, 

Fig. 7.32   Strategy 2: Service costs for V2G service for each PEV per energy as a function of the 
upper limit where V2G is active, and a 75 % maximum DOD level

Fig.  7.31   Strategy 2: Grid stability as a function of the upper limit (in MW), where V2G is 
active with 250 PEVs participating in grid stabilization, and a 75 % maximum DOD level
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because of intensive battery degradation. Comparing Figs. 7.31 and 7.32, it turns 
out that a reasonable compromise between costs and grid stability can be observed 
between 4.0 and 5.5 MW.

To compare both strategies, the MSE was plotted in Fig. 7.33 as a function of 
the annual service cost per PEV. It can be observed that using Strategy 2, a lower 
MSE, and thus a higher grid stability, can be achieved. In addition, Strategy 2 fits 
well in the concept of merit order, whereas Strategy 1 does not. In Fig. 7.29 new 
energy demands caused by Strategy 2 are exposed. During times of low demands, 
no energy is delivered to the grid. During times of high demands, peaks are shaved 
to the upper limit of 5–6  MW. In times of extraordinary high demands, battery 
capacity even at high DOD levels is not enough to shave peaks sufficiently, as seen 
during the days 61 and 62 at night in Fig. 7.29.

7.3.2.5 � Energy Balance

In this section an overall energy balance is discussed. Both Tables 7.2 and 7.3 pre-
sent the energy balance along the year for Strategy 1 and Strategy 2 respectively. 
Table 7.2 shows the energy balance considering Strategy 1, with 250 electric cars 
participating in grid stabilization, with a 75 % maximum DOD level, as well as 
the PV contribution of 7.9 MWp of rooftop generators spread all over the metro-
politan region supplied by the #TDE05 feeder. Photovoltaic energy is sufficient 
to compensate for energy losses due to conversion and battery cycling efficiency, 
as well as the energy demands caused by PEV driving. As expected, PV energy 
generation is higher in the summer season, and thus the balanced energy is high 
during December and January. Over the year, Strategy 1 leads to 1,063 MWh of 

Fig. 7.33   Comparison between Strategy 1 and Strategy 2 regarding MSE, plotted as a function 
of annual costs per PEV including all V2G hardware, battery degradation and energy losses
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electricity supplied to the grid with V2G, 1,801 MWh of electricity drawn from 
the grid with G2V, and 7,863 MWh of electricity generated by the 7.9 MWp of PV 
rooftops. There is therefore a considerably large positive annual balance of elec-
tricity fed to the public grid (V2G + PV generation − G2V) of 7,124 MWh.

In Table 7.3 the energy balance for Strategy 2 with 250 cars participating in grid 
stabilization, a 75  % maximum DOD level, the PV contribution of 7.9  MWp of 

Table 7.2   Energy balance for strategy 1

Balance: (V2G + PV − G2V) Rows and columns may not add horizontally or vertically due to 
rounding

Months Valid days V2G (MWh) G2V (MWh) PV (MWh) Balance 
(MWh)

January 29 95.7 158.6 799.7 736.9

February 28 92.4 157.1 689.0 624.4

March 29 95.7 162.7 838.5 771.6

April 29 95.7 162.7 748.6 681.6

May 31 102.3 173.9 682.8 611.1

June 18 59.4 101.0 411.3 369.8

July 16 52.8 89.7 293.8 256.8

August 24 79.2 134.6 609.7 554.3

September 27 89.1 151.4 491.3 429.0

October 30 99.0 168.3 664.6 595.3

November 30 99.0 168.3 797.1 727.9

December 31 102.3 173.9 837.2 765.6

Annual 1,062.6 1,802.2 7,863.6 7,124.0

Table 7.3   Energy balance for strategy 2

Balance: (V2G + PV − G2V) Rows and columns may not add horizontally or vertically due to 
rounding

Months Valid days V2G (MWh) G2V (MWh) PV (MWh) Balance 
(MWh)

January 29 64.3 119.6 799.7 744.4

February 28 88.0 151.7 689.0 625.3

March 29 97.7 165.1 838.5 771.1

April 29 91.4 157.3 748.6 682.7

May 31 102.3 173.8 682.8 611.3

June 18 59.0 100.4 411.3 369.9

July 16 53.9 91.1 293.8 256.6

August 24 80.8 136.7 609.7 553.8

September 27 89.0 151.3 491.3 429.0

October 30 20.4 165.6 664.6 519.4

November 30 96.9 168.7 797.1 725.3

December 31 93.0 166.0 837.2 764.2

Annual 936.7 1,747.3 7,863.6 7,053.0



216 R. Rüther et al.

rooftop generators spread all over the metropolitan region supplied by the #TDE05 
feeder, and an upper limit of 5 MW for the feeder demand is presented. It turns out 
that the overall energy gain is larger than with Strategy 1. Strategy 1 is optimized 
for electric car owners’ revenues, and the losses are thus not necessarily minimized. 
With Strategy 2 fewer losses occur because the V2G option is used only to stabilize 
the grid, and not to maximize car owners’ revenues. Over the year, Strategy 2 leads 
to 936 MWh of electricity supplied to the grid with V2G, 1,747 MWh of electricity 
drawn from the grid with G2V, and the same 7,863 MWh of electricity generated 
by the 7.9 MWp of PV rooftops. The positive annual balance of electricity fed to 
the public grid (V2G + PV generation − G2V) is in this case very similar to the 
one resulting from Strategy 1, totaling 7,053 MWh. In both cases, the surplus elec-
tricity generated by making use of the full PV potential of the local residential roof-
tops is enough to feed a PEV fleet of some 4,000 cars.

7.4 � Conclusions

In this chapter the potential of using PEVs and onsite solar PV generation in a 
smart grid environment, to both assist peak demand reduction in urban utility grids 
and to supply the additional energy requirements of a PEV fleet were assessed. 
Real electricity demand data, and real local solar irradiation and PV generation 
data were used to assess the potential contribution of using both V2G and PV gen-
eration strategies to assist the distribution utility #TDE05 feeder in peak shaving 
in the early evening. Commercial/public building and detached, single-family resi-
dential building rooftop PV generation spread over the area supplied by this utility 
feeder allowed to produce electricity well in excess of the additional amounts of 
electricity required by a number of PEVs to be owned by a fraction of the local 
residents. On the basis of a simulation with time-steps of one hour using measured 
demand data, PV systems have shown to have the potential to reduce load fluctua-
tions in the urban grid. The power generated correlates well with the demand data 
and might thus reduce the daytime demand peak. A 7.9 MWp PV system installed 
in the urban region shown here can compensate the consumption of air-condition-
ing in the commercial buildings. This analysis points out that there is a potential 
for PEVs to stabilize the grid in regards of peak load shaving. The introduction 
of time-of-use distribution utility tariffs, with higher energy prices at peak times 
also for residential consumers, should in fact result in reduced demand during peak 
time, but might also create new peaks around this time interval. As shown with 
Strategy 1, assumed there is a net metering contract, this policy might be exploited 
leading to revenues for PEV owners, but not necessarily to grid stabilization. This 
effect is sensitive to the number of PEVs into consideration. The second strategy, 
with a fixed limit, allows for the concept of merit order, and is therefore more suita-
ble for the utility. To make use of this strategy, PEV owners would need to receive a 
small reward just for having the car connected to the grid. Only in rare cases, when 
demand exceeds a specific limit, the stored energy would be solicited by the utility.
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