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Abstract: Understanding the implications of introducing increasing shares of low-carbon technologies
such as heat pumps and electric vehicles on the electricity network demand patterns is essential in
today’s fast changing energy mixture. Application of heat pumps for heating and cooling, combined
with the rooftop installation of photovoltaic panels, is already considered as a convenient retrofitting
strategy towards building electrification. This may further profit from the parallel, rapid electrification
of the automotive powertrain, as demonstrated in the present study. Exploitation of the combined
battery storage of the house owners’ electric car(s) may help cover, to a significant degree, the
building’s and cars’ electricity needs. To this end, an efficient single family house’s energy system
with an optimized rooftop PV installation, heat pump heating and cooling, and two high efficiency
electric cars is studied by transient simulation. The use of TRNSYS simulation environment makes
clear the interaction of the house’s heating, ventilation, and air conditioning (HVAC) system, the
house’s and cars’ batteries, and the rooftop PV system in transient operation. The building’s and EV’s
energy performance on a daily, monthly, and seasonal level is compared with the respective demand
curves and energy sources of the Greek electricity network. The specific design of the house’s energy
system makes it a net exporter of electricity to the grid, to an annual amount of 5000 kWh. On the
other hand, electricity imports are slightly exceeding 400 kWh and limited to the first two months of
the year. In addition to the self-sufficiency of the household, the impact to the electricity grid becomes
favorable due to the phase shift of the electricity export towards the late afternoon hours, thus
assisting the evening ramp-up and adding to the grid’s stability and resilience. Based on the results
of this study, the possibility of combining the financial incentives for the purchase of an EV with
those for the installation of rooftop PV in the owners’ house is very promising and worth considering,
due to the demonstrated synergy of electrical storage with the rooftop photovoltaic installations.

Keywords: PV panels; battery storage; electric cars; heat pumps; building energy simulation; electricity
load curve

1. Introduction

Car buyers are selecting electric vehicles (EVs) in increasing numbers, attracted by the
excellent drivability of EVs and the drop in prices that follows the significant battery cost
reduction. The 6 million new electric cars that entered the fleet in 2021 correspond to about
8% of total car registrations [1]. That figure is expected to rise steeply in the near future.
For example, the US Environmental Protection Agency projects that as the greenhouse gas
standards get stronger over four years, sales of EVs and plug-in hybrid vehicles will grow
from about 7% market share in Model Year 2023 to about 17% in Model Year 2026 [2]. In the
European Union, the New European Green Deal projects that, to achieve climate neutrality,
a 90% reduction in transport emissions will be needed by 2050, where road, rail, aviation,
and waterborne transport will all have to contribute to the reduction [3]. This leads to
further strengthening of the CO2 emission performance standards for new passenger cars
and light commercial vehicles, which would require a 35% share of the European fleet
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of new passenger cars to be zero-emission by 2030 [4]. The rapid penetration of EVs is
necessary because transport accounts for 25% of the worldwide CO2 emissions [5], out of
which road vehicles are responsible for 75% [6]. Achieving net zero carbon emissions by
2050, is only possible through the rapid shift to electric cars (with the electricity produced
from low-carbon sources). This electrification of transport is carried out in parallel with
an on-going electrification of residential heating that traditionally required the burning
of fossil fuels. The prevailing problem associated with the rapid expansion of EVs is
their charging, since there is a need to plug in and recharge electric cars roughly every
150–300 km. Charging requires a certain amount of time, and if one refers to a public
charging point, it is not easily accessible today, with an additional possibility to be faulty [7].
A survey of chargers in China by Volkswagen AG found many inoperable or “ICEd”
chargers (those blocked inadvertently or deliberately by fossil-fueled cars) [8]. Only 30–40%
of China’s 1 million public points were available at any time. These facts explain the
main reason of today’s drivers’ hesitation to buying an EV, which is reported as “range
anxiety” [9]. With the rapidly increasing numbers of EVs, the charging problem is pressing
because an increasing number of drivers do not have a drive in front of their house or
a private space in their work’s car parking [9]. Currently, the world has just 1.5 million
public charging points, whereas meeting net zero emissions goals by 2050 will require
200 million chargers. For this reason, Britain and other countries are planning to require
new buildings to install chargers [10]. Thus, subsidizing EV sales is now combined with
subsidizing private companies willing to develop and operate networks of public chargers.
Studies indicate that in the long term, the public chargers will account for 60% of the total
during the next decade [11]. The future EV charging infrastructure will be composed of
a mixture of fast “long distance” chargers installed near motorways and slower “top-up”
chargers available at houses, curb sides, or in the car parks of shopping centers [12]. Thus,
grid-efficient charging is an important strategy for the integration of increasing numbers of
electric cars into the electricity grid. A legal framework is currently being discussed that
could in future oblige e-vehicle drivers to pay a surcharge for the ability to charge their
vehicles unconditionally [13]. This situation has significantly increased the integration of
photovoltaic (PV) systems and electric vehicles (EVs) in the urban environment, posing
new power system challenges, such as increased peak loads and component overloading.
For a typical residential feeder circuit of 150 houses at 25% local electric car penetration, a
study by McKinsey [14] predicted that the local peak load would increase by approximately
30% and that the evening ramp becomes steeper. This peak growth in residential areas is
not very high because of the relaxing effect of the aggregation across several households.
Additionally, the introduction of delayed or smart charging further alleviates these effects.
Thus, improved matching between PV generation and EV load through both optimal
sizing and operation of PV-EV systems can minimize these challenges. Fachrizal et al. [15]
studied an optimal PV-EV sizing framework for workplace solar-powered charging stations
considering load matching performances, by employing a novel performance metric based
on self-consumption (SC) and self-sufficiency (SS). Osório et al. [7] presented a survey of
the state-of-the-art concepts of photovoltaic (PV) panels, EVs, and batteries and how the
different associated technologies can be applied in the concept of solar (rooftop PV) parking
lots. Bhatti et al. [16] summarized and updated some important aspects of the PV-EV
charging in a review paper. Alkawsi et al. [17] reviewed studies related to the renewable
energy charging infrastructure. An integration of the rooftop PV renewable energy sources
with the enhanced power quality onboard EV charging system increases the reliability of
the overall charging process and also reduces the burden on the grid, thus optimizing the
energy cost per km. Gupta et al. [18] presented a single-phase single-stage charging system
assisted with rooftop solar photovoltaic (PV) for the e-rickshaw small cab.

Martin et al. [19] presented an empirical analysis based on a 10-month data set of the
charging and mobility behavior of 78 EV users in Switzerland, combined with a digital
surface model for extracting the detailed roof geometry and the rooftop PV generation
capacity of each of the EV owners’ houses. They tested four different smart charging
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strategies and found that with a simple controlled charging approach, the average coverage
was between 56% and 90%, without affecting the individual mobility behavior of the EV
owners. The increasing electrification of buildings’ HVAC by means of heat pumps already
affects and reshapes the electricity demand curve and especially the ramp rate that needs to
be supported by an increased capacity of flexible power plants during winter and summer
months. The ramp rate becomes steeper during the evening hours of these months, when
people return from work [20]. Severe episodes of summer heat waves that become more
frequent from climate change due to global warming are another source of rapid demand
increases during evening hours. Under these circumstances, the added effect of EV charging
in the electricity demand patterns is closely monitored. At high penetrations of electric cars,
a significant impact on the aggregate electricity demand and the shape of the daily demand
curve is expected. Smart management of electricity use could mitigate excessive peaks
or spikes in demand by shifting consumption to other times of the day. Now, although
the energy performance of electric cars tends to stabilize to efficiency of the order of
0.1–0.2 kWh/km [21], the energy performance of buildings is continuously improving,
leaving room for more EV charging at the single-family house level. Near-zero energy
buildings (NZEB) are demonstrating an ultra-low energy consumption. Moreover, this is
mainly addressed by the use of renewables. The European Commission routinely monitors
NZEBs in Europe, and a requirement for all new buildings to be NZEB is legislated [22].
The steady increase in photovoltaics in these buildings will allow the implementation of
semiautonomous micro-grids. These micro-grids would additionally exploit battery storage
and other forms of renewables [23–26]. Whenever the main grid falls short, microgrids
provide more resilient power. These self-sufficient energy hubs can run independently or
connect to the grid according to the needs. Microgrid design is a vibrant research sector,
involving complex tradeoffs between risk tolerance and capital investment payback period.
However, careful design is important even at the lowest level, which is the single-family
house. Here, the electrification of space heating and cooling maybe supported by rooftop
PV electricity production. This is already legislated in California for new buildings since
2019 [27]. Several studies focus on the incorporation of energy efficient buildings with
rooftop PV in residential low voltage distribution grids [28].

Experiments and computations have been conducted with rooftop PV systems sup-
ported by electric battery storage. Bagalini et al. [29] studied a 3 kWp grid-connected PV
system with 14.4 kWh usable battery storage installed in a residential apartment. System
modeling in a TRNSYS environment was combined with economic analysis to find an
optimum battery size of the order of 2 kWh/kWp of PV installation. The battery sizing is
mainly governed by the high price of the battery, whereas the PV sizing is governed by the
reduced electricity needs of the near-zero energy building concept. However, the emerging
situation with the increasing numbers of electric vehicles in modern households sets a new
challenging landscape: A high performance useable battery capacity becomes available that
may support a significantly increased PV installation size to partially cover charging of the
homeowners’ EVs. Matching the electricity consumption and production profiles should
be sought in order to ameliorate the grid’s performance. The high burden on the electricity
network caused by the EV charging can be relieved by financial incentives that maximize
rooftop PV installation capacity in this direction. Sorensen et al. [30] proposed a method-
ology to describe charging habits, electricity load profiles, and flexibility potentials of EV
charging in apartment buildings with multiple EV charge points, employing input field
data from 6878 charging sessions registered by 97 users. Doroudchi et al. [31] presented a
concept with an intelligent energy management system for a single-family house, consider-
ing electric vehicle (EV) as an active component of the building’s energy system, including
bidirectional energy exchange with the house and the grid. In the above-mentioned studies,
due to assumed average profiles plug-in and plug-out times of the vehicles, the EV charging
times are focused during the night hours (2 a.m. to 6 a.m.). Of course, no PV energy is
produced in this period. In the present study, we examine the case with the homeowner
family owning two EVs instead of one. In this case, due to the changing workplace habits
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with work from home, one of vehicles is expected to frequently remain plugged-in during
the day. This would make available the battery for charging by electricity surplus produced
by the rooftop PV during sunny days. Of course, two electric cars per household are very
rare today; however, the vehicle electrification pace set by European and US legislation is
very fast as we approach 2030 [32,33]. An equivalent assumption would be that a battery
of equal size be included in the house’s energy system. In this context, it is useful to assess
the optimal installed rooftop PV size that would refrain the electricity network from using
a significant percentage of the energy needs of the owners’ electric cars.

2. Materials and Methods

This study employs a systems model to investigate the interaction of a large rooftop
PV system with battery storage and battery charging from the two owners’ electric cars and
heat pump affects the building’s and EVs’ autonomy in everyday operation. The transient
simulation of the building energy system assists the understanding of the building’s interac-
tion with the electricity system load curves. Simulations of the “typical day operation” type
have been profitably combined with detailed consideration of the HVAC controls [34,35].
This type of simulation enables an accurate prediction of the house’s energy consumption
on an hourly basis [36,37]. Equipment size, prevailing weather conditions, and operating
schedules are conveniently modeled in the TRNSYS environment [38]. This program’s
modular structure enables the transient modeling of complex energy systems by breaking
them down into smaller components [38], configured and assembled via a visual inter-
face. The simulation engine solves the resulting system of equations. The TRNSYS library
includes numerous utility components, which include weather data and various types
of forcing functions. TRNSYS is one of the simulation programs listed in the European
Standards on solar thermal systems (ENV-12977-2). Type 56, which models a multi-zone
building, by use of the conduction transfer function (CTF) method, is compliant with
ANSI/ASHRAE Standard 140-2001 [39]. The program is extensively deployed in energy
system simulations [40–43]. The performance of this software against measurements and
results of other standard simulation tools has been amply demonstrated [44–46].

2.1. Building Simulation Details

The reference house selected for this study (Figure 1) is a two story, single family house
with a basement. The total floor area is 257.83 m2, out of which the conditioned zones are
141.81 m2. The level roof has 2 m overhangs in the northern and southern directions. The
south facing rooftop PV installation has a 20◦ tilt angle.

A plan view of the 35 rooftop PV panels is seen in Figure 1, where minimal shading
effects are achieved. Climatic data are inserted in the form of a typical meteorological year
(TMY), which comprises hourly input data of ambient temperature (DB), relative humidity,
wind direction and wind speed, and total/direct solar horizontal radiation for the city
of Volos.

2.2. HVAC System Modeling Details

A 10 kW capacity air-to-water heat pump is employed (SEER = 20, HSPF = 11). The
nominal heating capacity of 10 kW is produced at 7 ◦C (DB) ambient temperature. The
nominal cooling of 10 kW is attained at 35 ◦C DB [47]. The hydronic distribution network
comprises a fan coil unit for each conditioned room. Efficient lighting by means of LED
lamps and (A+) electrical appliances are included. The HVAC control assumes a free-
floating fan coil; that is, the fan coil’s air output temperature is not fixed but allowed to vary
a little above or below the set point, according to the energy balance of the coil at each time
step. The air source heat pump is modeled by a modified version of Type 668 [48]. Domestic
hot water is produced by a solar thermal collector, as required by Greek legislation. The
solar thermal collector and tank are installed on an overhang above the third parking lot,
as shown in Figure 1. The heat pump characteristics are presented in Table A2.
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2.3. Electric Car Consumption and Performance Data, Batteries Simulation Details

The real energy consumption of the EVs lies between 130 and 260 Wh/km, depending
on the average velocity and ambient temperature. City driving at warm temperatures gives
the lowest electricity consumption. As regards the Li-ion battery performance and the
accurate estimation of the state of charge, capacity, and power fade analysis, research is
on-going, and the various modeling approaches are described in [49,50]. In the present
study, a generic battery model relating battery voltage, current, and state of charge from
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the TRNSYS library is employed, based on Hyman (modified Shepherd) equations [51]. In
the specific mode employed, the power is given as input.

The most significant part of the battery charging task is prescribed to be covered
by the house chargers: This is assumed to correspond, for each car, to a daily trip of
city driving to workplace (2 × 10 km = 20 km for 200 days, amounting to 4000 km),
with average electricity consumption of 150 Wh/km and a weekend excursion (highway
driving, 2 × 100 km = 200 km for 25 days, amounting to 5000 km) with average electricity
consumption 240 Wh/km. The total requirements for the two cars amount to 3600 kWh,
or about 300 kWh/month. The house is equipped with two level 2, 3.7 kW, 1-phase home
chargers (220 V/16 A), each of which can fully charge an EV’s 82 kWh battery in 22 h [52].

The low limit of battery fractional state of charge is set to 0.2 in the control unit of
the inverter, which regulates the output from the rooftop PV installation. Technical data
of the 3-phase inverter are listed in Table A2 (Appendix A). In the specific simulation,
the assumption is made that one car battery is always connected to the charger. Another
important assumption on the specific energy system simulation is that while staying at
home, the car batteries are charged exclusively by the inverter fed by the PV installation.
That is, no charging is made at home with power from the grid.

2.4. Photovoltaic System Simulation Details

The manufacturer’s data [53] are not sufficient for detailed PV modeling. De Soto
et al. [54] derived the PV module operating curve based on the manufacturer’s data by mod-
eling the module as an equivalent one-diode circuit based on five parameters: IL (the light
current), I0 (reverse diode current), RS (module series resistance), RSH (shunt resistance),
and α (modified ideality factor). The I–V curve is modeled by the following expression:

I = IL − I0

(
e

V+IRS
α − 1

)
− V + IRS

RSH
(1)

The factor α is derived from cell temperature TC, the number of cells in series NS, the
usual ideality factor ηI , the Boltzmann constant k, and the electron charge q:

a =
NSηIkTC

q
(2)

By using the I–V values from the manufacturer’s data, these equations can be solved
to give the values of Table 1.

Table 1. Values for the five-parameter model used in Type 194.

Parameter IL,ref I0,ref RS RSH a

Value 9.705 A 0.2991 nA 0.06054 Ω 5000 Ω 2.664

The 35 rooftop PV panels are arranged in portrait orientation as shown in Figure 1.
Panel dimensions are 1048 × 1765 mm, and nominal output is 370 Wp (technical data in
Table 2). Thus, the rooftop PV installation is sized at 12.95 kWp.
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Table 2. Technical data of the 370 Wp monocrystalline silicon PV modules NU JC370, as used in
Type 194.

PV Module Parameter Value Comments

ISC at STC 1154 A Short circuit current
VOC at STC 40.81 V Open circuit voltage
IMPP at STC 10.75 A Current at max power point
VMPP at STC 34.42 V Voltage at max power point

Temp. coefficient of ISC (STC) 0.057%/K αISC
Temp. coefficient of VOC (STC) −0.263%/K βVOC
Number of cells wired in series 2 strings × 60 modules
Module temperature at NOCT 318 K
Ambient temperature at NOCT 293 K

Module area 1.85 m2

Module efficiency 20.0%

2.5. TRNSYS Types and Simulation Details

The system’s components interaction is presented in Figure 2. The 3-zone building
model of the reference house is conditioned by the HVAC system based on the air-source
heat pump. The rooftop PV installation is included, and each one of the two EVs’ batter-
ies is connected to the respective house’s charger whenever the car stays at the house’s
parking places.
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Apart from Type 56 and the standard utility components of the TRNSYS environment
(Type 54—weather generator, Type 16—solar radiation processor, Type 69—effective sky
temperature, Type 501—ground temperature calculation, Type 33—psychrometrics), spe-
cific TRNSYS component models for the PV panels (Type 194), the inverter (Type 48b), the
48 V car batteries (Type 47c), and the HVAC system (Type 668, Type 753a, Type 108) are
employed in the simulations, based on subroutines acquired from the TRNSYS and the
TESS libraries [48].
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3. Results

A simulation for a full year (8760 h) with a time step of 0.1 h consumes one minute of
CPU time on an 8-core Ryzen 5 processor.

The simulation gives a lot of detail on the variation in the numerous energy system’s
variables. In addition to the usually reported energy system variables employed in building
simulation, the following additional variables, considered essential to the understanding of
the electrical system’s behavior, are presented in the figures below:

Battery state of charge: This corresponds to the total battery capacity (i.e., refers to
the sum of the two batteries’ state of charge, based on the assumption mentioned in the
previous section).

Power to grid: The electric power exported to the electricity grid.
Power from grid: The electric power imported from the grid whenever the batteries

cannot cover the house’s and EVs’ electricity needs.

3.1. Monthly Systems Performance and Annual Summary

Integration of the results on a monthly basis is a good starting point for the analysis.
A comparison of the predicted monthly electricity consumption of the house plus the

two electric cars is presented in Figure 3, compared with the monthly electricity production
of the photovoltaic installation. The heat pump’s consumption varies according to the
season and is negligible or zero during the neutral months of April, October, and November.
The heat pump’s performance will be detailed in the next figure. Now, continuing with
Figure 3, the electrical consumption for the house’s lighting and appliances amounts to the
order of 300 kWh/month, and the respective electricity consumption for the home charging
of the two electric cars amounts to about 10 kWh/day or 300 kWh/month. These are
assumed to be evenly distributed throughout the year in the current simulation study. The
total annual electricity consumption of the house plus the two electric vehicles is predicted
to amount to 9250 kWh, or about 65 kWh/m2y. Now, the total electricity produced by the
large rooftop PV installation amounts to 17,200 kWh, which is almost twice the electricity
requirement of the house plus the two electric cars. One may observe that this size of high
efficiency PV installation not only results in a zero-energy house (plus the two electric
vehicles) but also results in the house being a net exporter of electricity to the network from
April to October. As regards the electricity production of the rooftop PV installation, as
already mentioned above, it is optimized for the summer because of the selected panels’ tilt
angle of 20 degrees. On the other hand, due to the specific house’s (and cars’) consumption
and production profiles, we observe from Figure 3 that it is necessary to import some
electricity from the grid during the months December to March.

The monthly electricity consumption and heating and cooling energy production
summary for the heat pump during the year is presented in Figure 4. The seasonal heat
pump capacity and coefficient of performance (COP) is seen on a monthly basis. Average
COP in winter ranges between 3.9 and 4.9. Monthly average COP during summer varies
between 3.3 and 3.8. Summer cooling loads are considerably higher. This is due to the
prevailing climatic conditions (mild winters, relatively hot summers). The annual electricity
consumption of the heat pump amounts to 2150 kWh, or about 15 kWh/m2y, which is a very
low consumption, due to the house’s insulation standards and the heat pump’s efficiency.
The house’s electricity production significantly outperforms its electricity consumption
during summer. This includes the consumption of the two electric vehicles.

It is interesting to compare in Figure 5 the trend in the monthly electricity self-
consumption of the house (including the owners’ electric cars) with the rooftop PV pro-
duction. The total annual electricity consumption of the house plus two EVs is about 60%
of the total PV production. Thus, on a total annual basis, a detached, energy-efficient
single-family house with two electric cars goes beyond zero energy with the maximum
possible rooftop PV installation size.
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Figure 3. Monthly electricity production and consumption during one full year.

As discussed above, with the specific rooftop PV size, the house plus two EVs is
a net exporter of electricity during all months except for December and January. Now,
the significant electricity storage capacity of the batteries of the two EVs will be proven
to be an important asset to the house’s energy system since they allow minimization of
the instantaneous needs for electricity from the network on a daily basis, increasing self-
sufficiency of the house and minimizing the load to the network. This will be further
analyzed in the next section.

Figure 6 shows the net electric power that can be sent to the network on a monthly basis.
The monthly electricity consumption of all Greece for 2021 is comparatively presented.

Now if one observes the respective trends in the monthly electricity demand (total
and the respective demand without the photovoltaic production) of Greece during 2021,
the following remarks can be made: Although the absolute maximum of electricity load
is observed in July, if we deduct the electricity produced by photovoltaics, the maximum
demand from the rest of production types is in December/January. However, these months
are characterized by an increased wind and hydroelectric power production (Figure 5);
thus, the maximum demand for fossil fuel electricity remains in July and August. Further
increase in rooftop PV installed capacity in Greece is beneficial in that context and expected
to allow for increased penetration of electric cars, profiting from their significant electricity
storage capacity.
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3.2. Hourly Systems Performance and Interactions

Now we proceed to study the daily and hourly systems performance in more detail by
exploiting the transient simulation capabilities of the TRNSYS software. With the increased
penetration of heat pumps, they are seen to impact on the shape of the daily electricity
demand curve during the winter (December to February). This happens because during
the summer the space cooling is already accomplished by electricity. On the other hand,
additional electricity demand is expected during winter as heat pumps replace gas and
oil-fired boilers. This trend could increase the required ramp rate of electricity generators
during spikes in heating demand. On the other hand, the increased penetration of electric
vehicles in the Greek car fleet, which continues at a fast pace, is expected to impact the
electricity demand curve, especially during the evening ramp, as the people return from
work. This would contribute to a fast ramp of electricity generation capacity and would
require additional overnight levels of electricity demand.

Thus, apart from the effects on the overall electricity demand levels, the change in daily
demand patterns and the associated flexibility requirements must be seriously examined
and discussed. In this discussion one should keep in mind that the traditional and reliable
source of flexibility, in the form of open cycle, aeroderivative gas turbines are hit by the
legislation because of their high carbon emissions intensity.

The effect on the daily demand curves and flexibility requirements may be better
understood if one examines the average daily electricity load curve of the Greek system
during the first half of January 2021. The average curve of the electricity demand of Greece
during the first half of January 2021 is presented in Figure 7. During the weekdays, we
observe that the first characteristic peak (morning peak) is higher than the evening peak.
However, if we deduct the average hourly PV generation in Greece during the specific
days, we see that the evening peak is significantly higher, at about 6 GW. Moreover, the
evening ramp now becomes clearly visible, requiring an additional flexible power source
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of 650 MW to be added each hour between hours 16:00 and 18:00 (a total of 1.3 GW for
two hours). Now, it is apparent from this figure that there is a quite significant margin for
increasing installed PV capacity since the system exploits about 2.5 GW of fossil electricity
from 9:00 to 16:00, out of which about 1.8 GW is fueled by natural gas. That is, there exists
a margin for doubling the installed PV capacity in Greece before seriously affecting the
shape of the curve with a risk of over-generation during the noon hours (California duck
curve) [55].

On the other hand, the added flexibility gained by the increased battery capacity of
the house owners’ electric cars is a serious advantage in this context because it normally
significantly exceeds the electric cars’ daily needs. The damping and equalizing effect of
the car batteries’ capacity will be demonstrated in the transient simulation results that are
presented next.

Aiming to understand and compare the transient behavior of the house energy system
during the same period, winter operation is presented in Figure 8 for the first 10 days of
January. The HVAC control operation is apparent here.
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Figure 6. Monthly variation in net electric power sent to the network. Total monthly electricity
demand for Greece (2021) is shown for comparison.

During the first two hours, the heat pump continuously runs to heat the house up start-
ing from 15 ◦C. In the sequel, the room thermostat cycles on/off to keep room temperature
at the set point of ◦C.

For simplicity, the batteries are assumed to start empty at the first day of the year.
The batteries are seen to charge quickly during the first, third, fourth, and fifth days of
January, reaching about 20% of their total capacity. Upon exceeding their 20% FSC, they are
allowed to discharge whenever necessary to cover electrical consumption of the heat pump,
lighting, and electrical appliances. In addition, the car batteries are discharging when each
car is in motion. Low sunshine and increased consumption by the heat pump during the
last days of this period are seen to discharge the batteries up to their discharge limit of 0.2.

A closer examination of the transient behavior of the system can be studied in the
example of Figure 9, where we focus on only two days of the start of January. The battery
state of charge is starting from low levels at 20%. The battery is charging during the day
and discharging during the evening due to the heat pump operation. The next morning the
battery charges only slightly because the heat pump is operating to meet the low ambient
temperature levels. It is interesting to see that, due to the low state of charge of the batteries
in this period, the system needs to import electricity from the grid in three instances during
this period: during the night starting at 168 h, during the next night and very early morning
where the heat pump starts and the PV installation does not receive enough solar irradiance,
and during the next evening where the battery is at its low state of charge.
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Next we shift our focus to the average daily electricity load curve of the Greek system
during the first half of May 2021, presented in Figure 10. During the weekdays, we observe
again that the first characteristic peak (morning peak) is higher than the evening peak,
but when we subtract the average hourly PV generation, the evening peak is significantly
higher, at about 5.4 GW. Moreover, the evening ramp becomes now clearly visible, requiring
an additional flexible power source of 550 MW to be added each hour between hours 17:00
and 20:00 (a total of 1.65 GW added in 3 h). Again, there exists a quite significant margin
for increasing installed PV capacity since the system exploits about 2–2.5 GW of fossil
electricity from 9:00 to 16:00, out of which about 1.5–2.0 GW is fueled by natural gas.

A graph of the house energy system’s operation during the same period (first days
of May) is presented in Figure 11 for comparison. Most of April and the first days of May
usually belong to the spring neutral season of the year. Thus, heating demand is off, and
the batteries are seen to be charged close to 100% of their capacity for this period. During
the last four days, a lot of sunshine increases solar gains of the house, and the heat pump
operates in cooling. The battery that becomes fully charged during the day easily covers
the evening and night loads by discharging during these periods. A cloudy day observed
after 3120 h also causes a discharging of the battery of up to 95%, to be recovered during
the next day.

A closer look at the situation in this neutral period of May is presented in Figure 12,
with two consecutive days depicted, the first of which is a cloudy day, as mentioned above.

As already reported, the battery starts with a near 100% state of charge because of
the reduced electricity consumption of the previous days, since the heat pump remains
shut down in the neutral season. The battery is discharging during the night in order to
cover the house’s and cars’ demands. However, it continues to charge during the noon of
the second day, while addressing at the same time the needs of the heat pump in cooling
operation. This happens because of the high electricity production from the PV installation,
due to high insolation and more favorable panels’ tilt angle for the summer. It is observed
that under these circumstances, the house and EVs remain completely autonomous from
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the electricity network. Moreover, the house starts exporting electricity to the grid during
the afternoon of the second day, thus assisting the grid to address the evening ramp (see
Figure 10). The connection of a car’s battery during the morning and noon hours has a
buffering action on the export of electricity to the grid, thus shifting it later in the afternoon
to a time that this electricity is needed by the grid.

The next season of interest in our analysis is the summer season. Thus, we shift our
focus to the average daily electricity load curve of the Greek system during the first half
of June 2021, presented in Figure 13. This was a period with several heat waves; thus,
during the weekdays, we observe a very high characteristic peak in the noon (morning
peak), reaching 8 GW. Obviously, this is much higher than the evening peak due to the
space cooling requirements (air conditioners).
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Figure 8. Ambient temperature, room temperature, heat pump consumption, and PV inverter outlet
power, during the first 10 days of January. The room thermostat is set to 20 ◦C. The battery starts
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requirement for the cars’ and the heat pump’s operation.
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Figure 9. Ambient conditions, room temperature, heat pump electricity consumption, and electric
power at the PV inverter outlet during two consecutive days in January, starting at midnight.

Now, when we subtract the average hourly PV generation, which is very big, reaching
about 2 GW during these days; the evening peak becomes higher, at about 6.8 GW. However,
the evening ramp is not significant maximizing between 16:00 and 17:00, where it requires
an additional flexible power unit of 600 MW for just 1 h. However, during this hot summer
season, the maximum ramp rate of about 1 GW/h is observed between the hours 5:00
and 6:30 during the morning ramp-up. This necessitates the respective capacity in flexible
power units (open cycle gas turbines).

Further increase in the installation of PV units assists the grid in addressing this ramp
with reduced deployment of flexible units. The gradual increase in heat pump units for
space heating, on the other hand, adversely affects both the morning and especially the
evening ramp. This is studied by means of field measurements and transient simulations.

Thus, there exists a very significant margin for increasing installed PV capacity in
the Greek system since it uses about 5 GW of fossil electricity from 8:00 to 17:00, out of
which about 4 GW is fueled by natural gas. Thus, the Greek system would significantly
benefit during the summer months by additional PV installations. PV peak power levels
could be doubled to 2 GW without compromising the system’s stability. This would reduce
the dependence on expensive natural gas. The additional PV power does not deteriorate
system stability during the neutral months (see for example Figure 10). The synergy will
become more favorable with the increasing electricity consumption of the electric cars
entering the fleet, provided that they are adding to the network’s storage in the mode
demonstrated in this study.
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Figure 10. Average daily variation in the Greek system electricity load curve during weekdays and
weekends during the first half of May 2021. For comparison, the load curves without the contribution
from Photovoltaics is drawn in the same figure.

A graph of the system’s operation for the first days of July is presented in Figure 14,
in order to comparatively study the house energy system’s transient operation during the
same season. The heat pump operates quite frequently in cooling mode to address the high
cooling needs of the heat waves.

High ambient temperatures are observed from 4330 h, causing an increased deploy-
ment and consumption of the heat pump during the hot hours. The specific heat pump is
optimized for summer operation because the space cooling loads are significantly higher
than the heating loads for the specific climatic conditions. The battery starts at high charg-
ing levels and oscillates between 90% and 100% FSC due to the quite significant production
of the rooftop PV installation, which outperforms the house’s and cars’ demand and the
added, significant consumption of the heat pump. The heat pump’s consumption lowers
and the battery charging levels stabilize even higher, between 95% and 100% FSC when
the ambient temperatures drop after 4460 h. Since the battery now remains fully charged
for some intervals during midday, the house becomes a net electricity producer and sends
power to the grid.

The modified transient behavior of the house’s energy system during this period is
seen in more detail in Figure 15, where we focus on two consecutive days of the same
period in mid-July. The battery charge variation is seen in more detail. Moreover, the power
exported to the grid is shown superimposed. The charging/discharging behavior of the
battery is seen more clearly in relation to the PV production and the electricity load profiles
of the house, EVs, and heat pump. The power sent to the grid during the afternoon peak to
9 kW and last about 2 h. Again, the favorable buffering effect of the car battery connected
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to the house’s network in shifting the power export to grid towards the afternoon hours is
apparent in this figure.
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Figure 11. Transient performance of the system during the first half of May. As the cooling season
starts, the room thermostat is set to 25 ◦C. The battery that was charged up to 80% of its capacity
starts to discharge due to the onset of space cooling after 3120 h.

Next, we shift the discussion to the average daily electricity load curve of the Greek
system during the mid-November 2021, presented in Figure 16. During the weekdays, we
observe again that the first characteristic peak (morning peak of 6.5 GW is somewhat higher
than the evening peak. However, when we subtract the average hourly PV generation
the evening peak prevails at 6.25 GW. The evening ramp is not very steep, requiring an
additional flexible power source of a total of 1 GW to be added in total for the 5 h between
14:00 and 19:00. Again, there exists quite significant margin for increasing installed PV
capacity, since the system exploits about 3.5 GW of fossil electricity from 8:00 to 16:00, out
of which about 3 GW is fueled by natural gas.

Figure 17 presents the system’s performance during the respective period (ten week-
days in mid-November). This is usually a neutral season, which does not require heating
or cooling.

According to this figure, the battery fractional state of charge starts to lower, especially
during the cloudy days with reduced production of the rooftop PV installation, which are
seen to be more frequent during the specific time interval in November. Moreover, the tilt
angle selected for the PV panels is not favorable for the winter operation with low solar
altitude angles.
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The situation is better understood if we focus on two consecutive days of the same
period (Figure 18). As already seen in the previous figure, the battery starts very low with
a near 80% state of charge, mainly due to low PV production (cloudy days). A significant
increase in the state of charge is observed during the second day—a clear sky day with high
insolation. It is interesting that, despite the reduced state of charge, the battery continues to
keep the house autonomous from the grid. This is favored by the neutrality of the season
that keeps the heat pump shut off.
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Figure 12. Ambient conditions, room temperature, heat pump electricity consumption, and electric
power at the PV inverter outlet, during two consecutive days in mid-May, starting at midnight.

Thus, the low PV production during the first day suffices for the loads and a slight
charging of the battery. The battery is discharging during the night hours to cover some
minor electric loads.

Overall, the total annual electricity imported from the network is computed to be
about 420 kWh, and the annual electricity exported to the network is 5000 kWh (Figure 19).
In order to comparatively assess the performance of the system when only one EV is
available, the respective amounts of energy exchanged with the grid are presented in the
same figure. In this case, the house will need to import about 2100 kWh from the grid and
will be able to export about 4500 kWh to the grid. That is, the addition of the second EV to
the household reduces by 80% the electricity imports from the grid, without affecting the
total amount of electricity exported.
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In this context, it is interesting to see in Figure 20 how these amounts are distributed
in the course of the year in the form of the instantaneous and power levels transmitted to
or from the network.
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Figure 13. Average daily variation in the Greek system electricity load curve during weekdays and
weekends during the first 10 days of July 2021 (a heat wave episode was recorded in this period). For
comparison, the load curves without the contribution from Photovoltaics is drawn in the same figure.

As already reported and explained in the transient simulation diagrams, these are
instances of short duration, not exceeding 1–2 h in a day. As seen in Figure 20, the electricity
imports from the grid are mainly concentrated during January and February, where the
car batteries’ charging levels are low and frequently drop to the FSC = 0.2 threshold. The
electricity exports to the grid are concentrated during the summer months from May to
September. The grid power input levels peak at 1 to 3 kW, whereas the levels of power
output to the grid are significantly higher, ranging between 4 and 11 kW. The house and two
electric cars remain completely autonomous from the network from March to December,
where the batteries remain at high levels in their state of charge.

It is interesting to compare the situation when there is no electric car connected to
the house’s network during the day. For a fair comparison, the electricity consumption
profile of two electric cars is also considered in this case. However, the system now lacks
the favorable synergy of a battery storage connected during the peak PV production hours.
The results are presented in Figure 21. Obviously, the system is now frequently exchanging
electric power with the external network during all year. Moreover, there is a frequent shift
between peaks of electricity exported and imported from the network every day, which
is a source of instability to the network. As already discussed in the previous section, the
favorable effect to the system’s stability could also be attained by the existence of a separate
battery of equivalent size to a car’s battery.

In order to better quantitatively assess the performance improvement with the second
EV, an alternative comparison can be made between the monthly performance of the two
alternative systems, when the power exchange between the house and the network is
integrated on a monthly basis. This is presented in the graph of Figure 22.
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Figure 14. Transient performance of the system during the first 10 days of July. The room thermostat,
which controls the heat pump operation, is set to 25 ◦C. The battery starts at high charging levels
due to the insignificant consumption of the heat pump during the neutral season and drops to 25%
of its total capacity due to the significant power requirement for the car and the heat pump cooling
operation.

The favorable effect of the car’s battery connected to the network during the day is
apparent in the comparison of monthly exchanges of electricity with the grid. When two
EVs become available to the household, the house’s network becomes self-sufficient to a
large extent; it imports small amounts of electricity mainly during January and February.
On the other hand, it exports large amounts of energy to the network during the summer
months; however, as already explained, the electricity export is phase-shifted to the late
afternoon hours, when this is favorable for the evening ramp of the grid. On the other
hand, the existence of only one EV is seen to produce a year-round, reciprocating inward
and outward exchange of electricity with the grid (Figure 22), which is not favorable to the
network’s operation, as discussed above.

The results of this study point to the role of equipment sizing optimization, which
may be carried out at the system-level of the single-family house to fully exploit the new,
important storage capabilities presented by the high penetration rate of electric vehicles in
the fleet. Optimal sizing of the various components in the specific case study may lead to
a wide range of partial or complete autonomy for the house’s electricity network, which
during the summer months becomes a net electricity exporter to the grid.
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Based on the results of this study, the possibility of combining the financial incentives
for the purchase of EVs with those for the installation of rooftop PV in the owners’ house is
very promising and worth considering because of the favorable synergy of electrical storage
with the rooftop photovoltaic installations. Future studies with similar approaches may
improve our understanding of the energy performance and interactions of the combination
of a large size PV system with the energy systems of commercial building, including the
battery storage from a significant number of employees’ electric vehicles connected to
chargers during working days.
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Figure 15. Ambient conditions, room temperature, heat pump electricity consumption, and electric
power at the PV inverter outlet, during two consecutive days in mid-July, starting at midnight.



Solar 2022, 2 207
Solar 2022, 2, FOR PEER REVIEW 22 
 

 

 
Figure 16. Average daily variation in the Greek system electricity load curve during weekdays and 
weekends during mid-November 2021. For comparison, the load curves without the contribution 
from Photovoltaics is drawn in the same figure. 

 
Figure 17. Transient performance of the system during 10 days in mid-November. The battery starts 
at low charging levels due to high heat pump consumption during the cooling season; however, it 
cannot significantly increase its charging state because of low irradiance on these cloudy days. 

2000

2500

3000

3500

4000

4500

5000

5500

6000

6500

7000

0 4 8 12 16 20 24

Working_day_average
Working_day_average_non_PV
Weekend_average
Weekend_average_non_PV

0

1

2

3

4

5

6

7

8

9

10

12

14

16

18

20

22

24

7536 7560 7584 7608 7632 7656 7680 7704 7728 7752 7776

El
ec

tr
ic 

Po
w

er
 [k

W
],B

at
te

ry
 F.

S.
 C

ha
rg

e 
%

 [x
10

]

Te
m

pe
ra

tu
re

 [o C
]

Time [hours]

Ambient Temperature, DB [ C]
Zone 2 Temperature, DB [ C]
Heat Pump Consumption [kW]
Inverter Power Out [kW]
Battery_FSC
PV_Power_to_Inverter [kW]

Figure 16. Average daily variation in the Greek system electricity load curve during weekdays and
weekends during mid-November 2021. For comparison, the load curves without the contribution
from Photovoltaics is drawn in the same figure.
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Figure 17. Transient performance of the system during 10 days in mid-November. The battery starts
at low charging levels due to high heat pump consumption during the cooling season; however, it
cannot significantly increase its charging state because of low irradiance on these cloudy days.
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Figure 18. Ambient conditions, room temperature, heat pump electricity consumption, and electric
power at the PV inverter outlet during two consecutive days in mid-November, starting at midnight.
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grid with one or two EVs in the household.
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Figure 20. Power levels imported or exported to the electricity grid in the course of the year.
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the car battery connected during the day.
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Figure 22. Comparison of the electrical energy monthly in and out of the house with one or two EVs
in the household.

4. Conclusions

Understanding the implications of the introduction of increasing shares of heat pumps
and electric vehicles on the electricity system demand patterns is essential in today’s fast
changing environment and energy mixture.

The accelerated electrification of the car fleet in Europe and elsewhere makes available
a large amount of electricity storage to a house’s energy system. The interaction of this
storage with the house’s rooftop PV installation and the heat pump’s and cars’ electrical
consumption, if studied in detail, may lead to optimal sizing of the system’s components
towards further increasing energy efficiency and autonomy of the household.

A detailed, transient simulation of a house’s HVAC system along with the rooftop PV
installation and the batteries of the owners’ electric cars was carried out for a full year. The
results clearly show the interaction of these systems on an hourly basis, along with the
daily and seasonal balance between electricity consumed and supplied to the network. The
analysis was carried out in view of the daily and seasonal data of electricity demand from
the Greek power grid in 2021. According to the results of the simulations and the seasonal
performance of the Greek electricity grid, a doubling of the currently installed PV capacity
is possible in Greece without significant risk of overproduction during the noon hours in
all seasons. A large portion of this added capacity could be in the form of large rooftop PV
installations in large buildings but also in detached houses. It turns out that exploiting the
increasing storage capacity of the electric vehicles introduced to the market reduces the
necessary flexibility to be added to the network. That is, in addition to the self-sufficiency
of the household, the impact on the electricity grid becomes favorable due to the phase
shift of the electricity export towards the late afternoon hours, thus assisting the evening
ramp-up and adding to the grid’s stability and resilience.

Thus, before taking care of the micro-networks, significant optimization may be
carried out at the level of the single-family house, which under the examined circumstances
becomes a net electricity producer. With the addition of the second EV, the household
(including the cars) becomes more autonomous, with the annual electricity imported from
the grid reduced by 80%, keeping the annual energy exported to the grid to the same levels.
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Moreover, electricity is only needed to be imported from the grid during the first two
months of the year, instead of all months with a single EV household.

Based on the results of this study the possibility of combining the financial incentives
for the purchase of EVs with those for the installation of rooftop PV in the owners’ house is
very promising and worth considering due to the demonstrated, favorable synergy of EV
storage with the rooftop photovoltaic installations.

Future studies could further explore, with similar methodologies, the energy per-
formance and interactions of the combination of a large-size PV system with the energy
systems of commercial buildings, including battery storage from the employers’ electric
vehicles.
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Appendix A

This section contains more details and data on the house’s location, climate type and
building envelope characteristics, and the characteristics of the heat pump employed in
this simulation, as well as technical data of the reference single-phase inverter.

The house is located in Volos, a coastal city in Greece, latitude 39◦21′, longitude 22◦56′,
with a warm and temperate climate, average monthly temperatures ranging between 8 and
10 ◦C during winter and 25 and 28 ◦C in summer and 500 mm annual precipitation.

The insulation values used (Table A1) adhere to current legislated standards in Greece.
Double-glazed windows are employed with U = 1.29 W/m2K and g = 0.333 (solar heat gain
coefficient). Window-to-wall ratio is 0.25. Shading is applied to the vertical openings of the
house, resulting in shading coefficients ranging from 0.70 for the south-facing openings to
1.00 for the north-facing ones (according to the specifications set for the reference building
by the Greek building energy efficiency standard). Ventilation rates comply with the
requirements of ASHRAE 62.2-2004 [56]. The operation schedule provides uninterrupted
heating or cooling of the house.

Table A1. Insulation data (U-values) for the building envelope (reinforced concrete structure).

Shell Type Layers U (W/m2K)

Roof insulation Reinforced concrete slab, extruded polystyrene,
lightweight concrete, ceramic tiles 0.293

Concrete column Reinforced concrete, extruded polystyrene 0.334

Outside Wall Ceramic brick, extruded polystyrene, ceramic brick 0.313

Floor insulation Reinforced concrete slab, extruded polystyrene 0.564
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Table A2. Heating and cooling mode characteristics of the air-to-water heat pump.

Heating Mode
Outdoor Ambient Temperature (◦C)

18.0 15.0 13.0 10.0 8.5 7.0 4.5 2.0 0.0 −3.0 −6.0 −8.0 −10.0

KW 1.17 1.14 1.12 1.10 1.08 1.07 1.05 1.04 1.03 1.02 1.00 0.98 0.96
COP 5.8 5.6 5.4 5.2 5.0 4.9 4.6 4.4 4.2 4.0 3.8 3.6 3.5

kW thermal 6.79 6.38 6.05 5.72 5.40 5.24 4.83 4.55 4.32 4.08 3.80 3.53 3.36

Cooling Mode Outdoor Ambient Temperature (◦C)
29.4 35.0 40.6 46.1

kW thermal 5.61 5.26 5.28 5.39
kW 1.7 1.95 2.2 2.45

EER 11.3 9.3 8.3 7.4
COP 3.3 2.7 2.4 2.2

Table A3. Specifications of the StecaGrid 10,000 + 3-phase inverter [57].

Parameter Value

DC input side (PV generator) -
Maximum input voltage 845 V
Minimum input voltage 350 V
Number of MPP tracker 1
Maximum input current 32 A

Maximum input power at maximum active output power 10,800 W
Maximum recommended PV power 12,500 W

AC output side (grid connection) -
Grid voltage 320 V, . . . , 480 V

Rated grid voltage 400 V
Maximum output current 16 A

Maximum active power (cos ϕ = 0.95) 9800 W
Maximum apparent power (cos ϕ = 0.95) 10,300 VA

Rated frequency 50 Hz
Night-time power loss <2.5 W

Distortion factor (cos ϕ = 1) <3%
Power factor cos ϕ 0.95 capacitive, 0.95 inductive

Maximum efficiency 96.3%
MPP efficiency >99%
Standby power 9 W
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