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Abstract: Three load matching indicators (self-consumption rate, self-sufficiency rate, loss of load
probability) and the CO, emissions were evaluated for 55 Cypriot households with 3 kWp rooftop
photovoltaic (PV) generators. The calculations were performed using 30-minute generation and
consumption data from a large scale smart meter project in Cyprus. To investigate the effects of
recent advances in local legislation, an analysis for higher PV capacities (5 kWp and 10 kWp) was
also performed. The PV generation profiles for 5 kWp and 10 kWp PVs were obtained by scaling
the 3 kWp PV generation profiles. The results showed that the self-consumption of the analyzed
households varied seasonally, as it was related to their heating and cooling demand. More interestingly,
the ratio between the households” annual electricity generation and demand, formally defined here
as generation-to-demand ratio (GTDR), was found to be related to the value ranges of the studied
load matching indicators. Hence, on average, households with 3 kWp PV generators annually
self-consumed 48.17% and exported 2,415.10 kWh of their PV generation. On the other hand,
households with larger PV generators were characterized by a higher GTDR, but lower load matching
capabilities. For the cases of 5 kWp and 10 kWp PV generators, the average self-consumption fell to
34.05% and 19.31%, while the exported PV generation was equal to 5,122.47 kWh, and 12,534.90 kWh,
respectively. Along with lower load matching capabilities, households that generated more than they
consumed were also found to have a lower potential for CO, emissions reduction per installed kWp
within the boundaries of the building. In this context, the GTDR could be used by stakeholders to
characterize buildings, infer possible value ranges of more complex indicators and make evidence
based decisions on policy and legislation.

Keywords: photovoltaics; self-consumption; self-sufficiency; load matching indicators

1. Introduction

The need to reduce the energy and carbon intensity of buildings has transcended geographical
boundaries. Global building-related CO, emissions have been rising for two years in a row to a
record high 9.6 GtCO,, which is equivalent to 28% of the global emissions in 2018 [1]. This trend
has been the result of the continuously growing energy demand, the decrease in energy intensity
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improvements in the building sector and the additional cooling load from the extreme temperature
conditions [2]. Clearly, rapid and coordinated action is required to keep the building sector on track
with sustainable development goals. In order to meet the 2-degree and 1.5-degree targets, in particular,
the global emissions from the building sector should drop by 32 GtCO,, and 50 GtCO,, respectively [3].
This will likely be achieved through a combination of actions, such as the electrification of buildings [4],
the integration of renewable energy sources (RES) [5] and deep retrofit measures [6]. Amidst this
complexity, policy makers need to be guided by simple, but robust, indicators, in order to make
evidence-based decisions.

Very commonly, the energy performance of buildings is benchmarked by the intensity of primary
energy use, the building material characteristics, and the minimum requirements of the renewable
energy share or by the CO; emissions. These indicators are often found in the context of nearly zero
energy buildings (NZEBs) which, in the EU, are regulated by the Energy Performance in Buildings
Directive (EPBD) [7]. In essence, the framework set by the EPBD defines NZEBs as buildings with a
very high energy performance that cover their low energy demand by on-site or nearby renewable
energy generation. This definition is translated into legislation among the EU Member States in
different ways, based on the national conditions [8].

One commonality among EU Member States is that the energy balance calculation for each
building (the difference between the primary energy demand and the generated energy), is most often
performed over a period of one year [9]. This approach does not take into account the energy exchange
between the building and the networks of the different energy carriers. Hence, in the NZEB framework,
the electricity grid is considered to be an ideal virtual storage unit [10]. As more distributed and
variable generation becomes present, however, buildings are going to have a higher impact on the
distribution grid. This is especially relevant in the case of rooftop solar photovoltaics (PVs), which have
become key enablers of the building sector decarbonisation [11]. A Joint Research Centre (JRC) study
has found that rooftop PVs can cover up to 24.4% of the EU electricity consumption based on 2016
values [5]. Nevertheless, high rooftop PV shares can lead to overvoltage and line overload in the
distribution grid because they generate most of the energy during the daytime, when residential
buildings are rarely occupied [12].

The PV-ESTIA project aims to address this issue by studying the barriers for larger PV deployment
in buildings and exploring how energy storage in buildings can be used to tackle them [13]. To this
context though, a deeper understanding of the energy performance of buildings without storage is
required to provide a baseline. Load matching and grid interaction indicators are particularly useful
for this as they describe the temporal mismatch between the generation and consumption in buildings.
The authors of [14] have provided a summary of such indicators among which are the self-consumption
rate (SCR), the self-sufficiency rate (SSR) and the loss of load probability (LOLP).

Load matching indicators are a useful tool for comparing different demand-side measures.
They basically evaluate how well the generation and consumption profiles of the building match with
respect to time. Hence, they have been found to be quite useful when studying the integration of
rooftop PVs [15], batteries [16], thermal storage [17] and heat pumps [18]. The SCR is among the most
commonly used load matching indicators [19]. It is used to infer the amount of PV generation which is
consumed locally. As self-consumption is related to the daytime energy use, research has shown that
factors, such as age, gender and the environmental motives of consumers have significant influence
over it [20]. So far, there have been a variety of studies that evaluate self-consumption. Some of them
focus on the economic performance [21] and the optimal orientation of rooftop PVs [22], while others
investigate the long-term effects of self-consumption of a system level [23].

Due to the fact that analyses, related to the SCR have been extensively performed, this indicator
has been most widely used to guide policy making. The EU, for instance, has provided Member States
with best practice examples for self-consumption, with the aim of improving the energy flexibility
of buildings [24]. However, the introduction of SCR in legislation is not easily done, as proven by
the UK case where an assumed SCR value is used to calculate the electricity tariffs. To date, UK
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households with PVs are assumed to have a SCR of 45% by default. At the same time, their exports are
not directly measured, but are considered to be equal to 50% [25]. Despite this fact, [26] has found
that a typical household with an annual electricity demand of 4000 kWh and a 2.9 kWp PV generator
has a SCR of 37.3%, and will more likely have exports in the range of 55-63%. Such differences
between the actual self-consumption and that assumed by legislation can lead to financial losses or false
signals. Therefore, it is important that proper analyses on a representative case should be performed
before making policy-related decisions. An example of such analysis is that of [27], which uses data
from the Smart Grid Smart City project to find that households in Australia have a SCR of 31.3%.
Similarly, [28] explores the self-consumption on an international level, through the analysis of datasets
from the UK, the USA, Australia, Germany, the Netherlands, and Belgium. Under some conditions,
the evaluation of the monthly values of load matching indicators can also be useful. In the case of
Greece, for instance, the monthly SCR values were calculated with the aim of exploring different
net-metering policy options [29].

Besides SCR, other indicators, such as SSR, i.e., the cover factor for demand, and the loss of load
probability (LOLP), have also been used in the literature [10]. However, their use has been rather
limited when compared to that of SCR, which only contributes to their absence from legislation.

To that extent, this paper provides a statistical analysis of the energy performance of 55 households
with PVs in Cyprus. By analyzing three load matching indicators (SCR, SSR and LOLP) it evaluates
the benefits and drawbacks of installing larger rooftop PV capacities, as per the recent legislation
changes in Cyprus. The analyzed measured data was obtained from a large-scale smart metering field
project in Cyprus. As a main contribution, this paper identifies GTDR as a practical figure of merit
which can be used to classify buildings with PVs for various policy measures related to load matching
metrics. It was found that GTDR provides a reliable estimate to other indicators such as SSR, SCR and
LOLP. The paper also contributes to the existing body of knowledge by investigating the relationship
between load matching indicators and the CO, emissions reduction. In this context, the CO, emissions
reductions within the boundaries of each household, as well as the CO, emissions reduction due to the
PV generation that is exported to the grid were estimated for different PV capacities.

2. Materials and Methods

This paper assesses the energy performance of households with rooftop PV generators. A dataset
containing high quality measurements of the electricity consumption and PV generation of 55 Cypriot
households was considered.

Three load matching indicators (SCR, SSR and LOLP) were used to evaluate how well the on-site
PV generation coincides with the household’s electricity consumption. Their values were calculated
on a monthly as well as on an annual basis. The monthly values were used to explore how indicators
varied among different months of the year. Furthermore, the 55 households were separated into
three categories based on their generation-to-demand ratio (GTDR). The annual values of SCR, SSR
and LOLP were then calculated for each generation-to-demand category. Moreover, the effects of
different PV capacity limits on the values of the load matching indicators were studied. For this
purpose, PV generation profiles for PV capacities of 5 kWp and 10 kWp were modelled by scaling
the 3 kWp generation data. These 5 kWp and 10 kWp limits represent past and current thresholds
set in the Cypriot legislation for rooftop PV capacity. This analysis was performed using the energy
matching chart proposed in [30]. Finally, the CO, emissions and the emissions reduction due to the PV
generation were analyzed within this context, for 3 kWp, 5 kWp and 10 kWp PV generators.
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2.1. Assessing the Load Matching Capabilities of Households

The SCR represents the share of the PV generated energy which is consumed on-site. It is
calculated as the ratio of the locally consumed PV generation and the overall PV generation,

ng 24

L X min(Piua(d, ), Ppo(d, 1))t
—1t=

SCR = , 1)

ng 24
Y XY Ppo(d, t)At

d=1t=1
where Pjy,4(d,t) and Ppy(d,t) denote average power of the electricity demand and the PV generation of
day d at time-step ¢, respectively, for the duration of each time step At. The number of days 7, in (1)
is determined by the time horizon of the calculation. It is equal to n; = 365 when the annual SCR is
calculated or equal to the number of days of the corresponding month when the SCR is evaluated on a

monthly basis.

The SSR assesses the share of the electricity demand which is covered by the rooftop PV generator.
It is equal to the ratio of the locally consumed PV generation and the total electricity demand for a

certain time period:
ng 24

D min(pload (dt), Ppy (d, t))At
SR — =L=L 2
ng 24
Z Z Pload<dr t)At
d=1t=1

Both SCR and SSR provide a qualitative evaluation of the PV generation share. For a quantitative
analysis of the PV generation share, LOLP and GTDR have been calculated.

The percentage of time during which a household with a rooftop PV generator acts as a net
consumer is defined by the LOLP. This indicator is calculated as follows,

tP load >P, po

LOLP = @)
where T is equal to the total number of time-steps in the analyzed time horizon.

The values of these load matching indicators vary between 0 and 100%, depending on the load
profile and the capacity of the rooftop PV generator. A household with a high electricity demand
and a small PV generator is likely to locally consume a larger share of the PV generation. In other
words, it is likely to have better load matching capabilities than a household where the inverse is true.
Therefore, it is convenient to categorize different households with respect to their annually consumed
and generated energy. The GTDR is a useful parameter for such analyses. Although this ratio has been
used sporadically in the literature [15,19,30], here it has been formally defined as:

ng 24 p
P L)AL
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GTDR is calculated as the ratio of the generated and the consumed energy over a certain time
horizon which is usually equal to one year. Considering (1) and (2), GTDR is also equal to the ratio of
SSR and SCR.
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2.2. Estimation of CO, Emissions

The amount of CO, that is emitted in the atmosphere as a result of the electricity consumption of
a household is proportional to the household’s net electricity demand (NED):

ng 24

NED = Z Z max(Piong(d, t) = Ppo (d, ), 0)AL. (5)

d=1t=1

The equivalent CO, emissions for each period can therefore be estimated using the grid
factor GFc(p:
CO, = GFcooNED. (6)

The grid factor GFco, expresses the emissions intensity in kgCO,/kWh of a unit of generated
electricity for a specific power system. Using (5) and (6) one can easily calculate the CO, emissions for
a household with a rooftop PV generator, COypy). To calculate the equivalent emissions of a household
without a PV generator (COxno pv)), the term Py (d,t) is omitted from (5).

The reduction of a household’s CO, emissions, resulting from the installation a rooftop PV
generator can be estimated using the following equation:

COZ(no po) — COZ(
COZ(no

ACO,(%) = 7). 100. @)

po)
Not all of the PV generation is consumed on-site. The exported PV generation Egy;j . is equal to:

ng 24

Egnd ex Z Z 'mln Ploud(d t) va d t ‘At (8)
d=1t=

The exported electricity will be consumed by the neighboring buildings, thereby, yielding
additional emissions reductions CO»(ey) equal to:

COZ(ex) = GFCOZEgrid,ex- (9)

2.3. Input Data

As part of the SmartPV project [31], detached residential households in Cyprus were selected for
the integration of the first pilot smart meters in the island in 2015 [32]. The selected households (55 in
total) are widespread all over the non-occupied part of Cyprus, distributed in 4 different provinces.
All households were equipped with 3 kWp rooftop PV generators under the net-metering scheme,
which during the time of installation, was the maximum allowed residential PV capacity. In addition,
net-metering is the only available (but still widely exploited) compensation mechanism in Cyprus for
residential PV purposes. All PV systems are installed at an approximately 30° inclination angle due
South, which is the optimal fixed orientation for PV systems in Cyprus. The households were randomly
selected, in order to take different types of consumers, as well as different PV system manufacturers
into account. All households were connected to the grid via a single-phase connection.

Hence, two single-phase smart meters were installed in the selected households for the data
collection purposes. Specifically, the first smart meter was placed at the output of the PV inverter
(PV system’s AC-side), while the other was placed at the point of connection of the household with the
distribution grid. As a result, both smart meters shared a common AC bus, as illustrated by the simple
block diagram of the selected pilots in Figure 1. The main objective of the above was the collection of
data concerning the PV system’s operation, as well as the household’s interaction with the distribution
grid. All collected values were transferred to a local database in real-time. A set of high-quality annual
power data for the period from January to December 2018 were available for the purposes of this
research work. Specifically, the PV generation, the grid import and the grid export were collected in
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30-minute time intervals. This dataset was then post-processed to obtain the load consumption values,
using the following equation,

Pload (dr t) = va(dr t) + Pgrid,im (dr t) - Pgrid,ex(dr t)r (10)

where Pgig ex(d,t) and Pgyig im(d,t) denote the power that is exported to and imported from the grid,
respectively. All 55 households of this study have full PV generation and demand profiles for the
whole year.

Local

database

k!

Smart

meter P
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}/\ Py

-« |

Smart  Distribution
AC Bus 3
meter grid

Figure 1. Simple block diagram of the selected pilots in Cyprus.

Table 1 illustrates the annual PV generation and electricity consumption values of these households.
The calculated average value of electricity consumption of the sample (7179.40 kWh) is comparable,
despite being slightly higher, to the average electricity consumption per household as stated by the
Statistical Service in Cyprus (6288 kWh) [33]. Figures 2 and 3 demonstrate the monthly electricity
demand and the monthly PV generation for all analyzed households, respectively. It can be observed
that the maximum PV generation occurs during the period of highest electricity demand (i.e., summer),
which is a result of increased space cooling needs. Moreover, it should be noted that a relatively high
difference in the consumption levels of the analyzed households can be observed, due to the diversity
of the sample.

Table 1. Annual electricity generation and consumption of the analyzed households (n = 55).

Value Consumption (kWh) Generation (kWh)
Average 7,179.40 4,660.86
Minimum 4,729.00 3,839.72
Maximum 15,426.12 5,272.30
Std. deviation 2,168.53 332.25
+
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Figure 2. Household electricity demand (n = 55).
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Figure 3. PV generation per household; the PV capacity of all analyzed households is 3 kWp (n = 55).

This diversity of the consumption profiles was a result of the differences in households’ occupancy
levels and the differences of each building’s equipment. Last, it is worth noting that PV generators
were not installed with an optimal capacity in relation to the consumption levels of each household as
their capacity was restricted by the limits found in the legislation at that time.

3. Results

3.1. Load Matching Indicators

Although, differences appear with regard to their consumption profiles, the analyzed households
had some underlying commonalities when it comes to their energy performance. This became evident
when the monthly and annual values of the load matching indicators were studied.

3.1.1. What Drives Self-Consumption in Households?

The monthly SCR of the analyzed households is shown in Figure 4. The boxplot depiction of the
results essentially shows that, in Cypriot conditions, large self-consumption should be expected either,
in the summer time, when the cooling demand is high, or during the winter, when the PV generation is
significantly lower compared to the summer season. In spring and autumn, the household’s electricity
demand is usually lower due to the lack of cooling or heating needs. This, in turn, leads to a lower
PV self-consumption. Individual cases where almost all of the PV generation was consumed on-site
(SCR > 80%) were found in all months. This, nevertheless was not the norm. Highest individual
self-consumption was noted in July (SCR = 94.96%), which together with January, June, August and
December were the months with the highest average SCR values. On the contrary, March, April and
October were the months with the lowest SCR, during which a minimum SCR occurred in March
(SCR =19.20%). The average monthly SCRs ranged from 37.43% to 59.37%.

. T ———
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= ! + + 4 +
80 t . T
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20 B B

I I | | I I I I 1 I I |
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Figure 4. Monthly SCR values of the analyzed households (n = 55).

The share of electricity demand which is offset by the PV generation is represented by the SSR and
is shown in Figure 5. The self-sufficiency of the households was lowest in summer and winter, when
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the gross electricity demand is much higher than the PV generation. On average, SSR ranges from
21.94% in December to 41.62% in April. At the same time, the case of highest single SSR was noted in
June, while the lowest SSR of only 8.33% was found in December. Interestingly, low SSR values were
noted for months of high self-consumption.
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Figure 5. Monthly SSR values of the analyzed households (n = 55).

As depicted in Figure 5, a steep increase of the SSR is observed for the month of March. This rise is
a result of the increased PV generation, exhibited during that month, as well as the net-metering annual
“energy credit” expiration. According to the Cypriot net-metering legislation, for a bi-monthly billing
schedule, the last electricity bill of the offsetting year is considered to be the one recorded in February or
March. For the monthly billing, where the recording is made monthly, the last account of the clearing
year is the prosumer account for which the measurement was recorded in March. Any excess credits
are lost and not compensated at the end of a prosumer’s annual period [34]. For an easy comparison,
as part of the SmartPV project, the selected sample was moved to a bi-monthly billing schedule where
any excess of “energy credits” were offset at the end of March. The results of a survey questionnaire,
conducted as part of the project [35], indicated that prosumers tend to deliberately increase their
self-consumption levels during the offsetting month, in order to avoid any adverse loss of “energy
credits”.

While, SCR and SSR evaluate the share of PV generation rather qualitatively, LOLP addresses the
same issue in a more quantitative and holistic manner. In doing so, LOLP reveals how often these
households consume electricity from the grid. The results shown in Figure 6 represent the monthly
values of LOLP. Their general trend throughout the year is roughly described by an asymmetrical
“W” shape, with highest values in the winter months, and smaller periodical increase in the summer.
This trend is symmetrically inverse to the trend described by SSR.

100

i;%%%%ég %%ﬁ

I | | 1 | | | | ] | I I
Jan. Feb.Mar. Apr. May Jun. Jul. Aug.Sep. Oct. Nov.Dec.

LOLP (%)

Figure 6. Monthly LOLP values of the analyzed households (n = 55).

On average, the analyzed households most frequently consumed electricity from the distribution
grid in December. This is a result of the low PV generation during this month, thus, leading to the
highest average LOLP value of 80.56%. On a case by case basis, the highest LOLP was also found in
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December when a household was independent from the grid for 7.66% of the month (LOLP = 92.34%).
On the contrary, lowest average grid reliance, noted by low average LOLP, was found in April. This fact
relates well with the high self-sufficiency noted in April (Figure 5) when the average SSR was equal
to 41.62%.

3.1.2. Effects of Generation-to-Demand Ratio on Load Matching Indicators

The average, minimum and maximum values of the load matching indicators, which are calculated
for a time horizon of one year, are provided in Table 2. Careful considerations must be made before
generalizing the conclusions to all Cypriot households, given they are obtained from a limited dataset.
Nevertheless, these results provide a solid initial insight of the indicator values which can be crucial
for making informed policy decisions. In that regard, to the best of the authors” knowledge and
considering the limited data availability, these are the most elaborate evaluation of SCR, SSR and LOLP
for the case of Cyprus.

Table 2. Annual values for the load matching indicators (n = 55).

Value SCR (%) SSR (%) LOLP (%) GTDR
Average 48.17 31.77 71.02 0.70
Minimum 28.63 20.20 63.03 0.33
Maximum 88.24 42.21 86.08 0.99
Std. deviation 12.46 4.89 497 0.17

Table 2 shows that the average annual SCR is equal to 48.17%, while the reduction of the annual
electricity demand due to the rooftop PV generated ranges from 20.20% to 42.21% with an average value
of 31.77%. To an extent, these results are comparable with those obtained in [26] and [27]. With regards
to the SCR, [26] found that the SCR of a typical UK household with a 2.9 kWp PV generator was
equal to 37.3%, while the average SCR of the dataset was equal to 45%. Similarly, [27] showed that
the average SCR for houses in Australia is about 31%. The SCR for the analyzed Cypriot households
(48.17%) is, therefore, higher than that in the UK (37.3%) and Australia (31.3%). In the analyses of [26],
the annual demand reduction was found to be 24%. These differences occur as a result of the different
solar potential and demand patterns among the UK, Australia and Cyprus. More precisely, the typical
UK household has an annual demand of about 4000 kWh and generates 2900 kWh, while the typical
Australian house has an annual consumption of about 6460 kWh. From what has been provided in [27],
no information could be inferred with regards to the PV generation. The analyzed sample for Cyprus,
on the other hand, has an average electricity demand of 7179.40 kWh and an average PV generation of
4660.86 kWh. Similar to the case of the UK, where the average fraction of daytime electricity use ranged
from 0.25 to 0.28, the average share of daytime electricity use for the analyzed Cypriot households was
equal to 0.25.

The relatively high load matching capabilities of the studied households, however, do not imply
that they are not reliant on the distribution grid. Quite the contrary, the LOLP values, provided in
Table 2, show that the households relied on the distribution grid, in order to consume electricity for at
least 63.03% of the time.

Yet, not all households have equal load matching capabilities. For instance, households that
generate much less than they consume, i.e., that have a low GTDR, are likely to export only a small
fraction of the PV generation to the grid. On the opposite side, households with a high GTDR are
expected to export more energy back to the distribution grid. This case is noted with low SCR and
LOLP values and high SSR values. Figure 7 depicts boxplots of a low, medium and high GTDR.
The households were considered to have a low GTDR if it ranged from 0.3 to 0.6, a medium GTDR if
it ranged from 0.6 to 0.8 and a high GTDR if their ratio was higher than 0.8. These thresholds were
arbitrarily chosen in order to evenly distribute the households in each category as much as possible.



Energies 2020, 13, 1934 10 of 18

Separating households into categories in this manner enables decision makers to easily obtain an
estimate of the load matching capabilities for different types of households.
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Figure 7. Load matching indicator values for different ranges of the generation-to-demand ratio GTDR;
(a) SCR; (b) SSR; (c) LOLP (n = 55).

The prosumers with low GTDR generated 30-60% of their annual electricity demand. However,
their actual electricity demand was reduced by 20.20%-42.06%, or 29.95%, on average. Due to the low
PV output, they relied on the grid for 76.28% of the year, but consumed a relatively high share of their
PV generation (SCR = 61.63%). The households with medium GTDR are depicted with light-gray
colored boxplots in Figure 7. Their SCR ranged from 30.08% to 55.09% with an average value of 45.13%.
The higher PV generation led to greater reductions of the annual demand (31.81% on average) and a
notably lower grid reliance (LOLP = 69.84%) compared to the households with low GTDR. Finally,
the households which generated at least 80% of their annual demand (GTDR > 0.8) were found to
have the lowest self-consumption. Their SCR ranged from 28.63% to 47.73%, with an average value
of 37.27%.

At the cost of exporting the majority of their PV generation to the distribution grid, these
households were, nevertheless, found to be most self-sufficient. As anticipated, their average electricity
demand reduction was highest (SSR = 33.90%) and they consumed energy from the grid for the least
amount of time compared to the other categories (LOLP = 66.68%).

3.2. Exploring the Impacts of Higher PV Capacities

The analyses provided above were obtained from a set of households with 3 kWp PV generators.
Nevertheless, in 2016, the maximum allowed residential PV capacity in Cyprus was increased to
5 kWp [36], followed by a further increase to 10 kWp in 2018 [37]. In order to evaluate the effects of
these PV capacities on the energy performance of the households, the 3 kWp PV generation was scaled
to equivalent 5 kWp and 10 kWp generation profiles (denoted as “5 kWp*” and 710 kWp*” in the
tables and figures). At the same time, it was assumed that households have not changed their demand
profiles. The analysis was performed within the graphical framework of the energy matching chart, as
shown in Figure 8.

Each point in the chart represents a household through its annual SCR and SSR. Households
found below the dotted grey line are net consumers, i.e., have a GTDR < 1. The households that are
represented with points above the dotted grey line are net producers (GTDR > 1). Finally, in case a
household generates as much as it consumes (GTDR = 1), then it has equal SCR and SSR values and is
located on the grey line. The top right corner of the energy matching chart thus depicts a case of a
perfect load matching.
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Figure 8. Effects of different PV capacities on households’ energy performance; (a) 3 kWp; (b) 5 kWp*;
(c) 10 kWp* (n = 55); (* upscaled from 3 kWp PV generation profiles).

Figure 8a depicts the energy matching chart for the case of households with 3 kWp PV generators.
The results demonstrate that, for the given dataset, a 3 kWp generator was insufficient to cover the
annual demand, thus making the households net consumers. The SCR, SSR and LOLP ranges were
equal to 28.63-88.24%, 20.20-42.21%, and 63.03-86.08%, respectively, as shown in Figure 9. About 90%
of the analyzed households covered at least 25% of their annual electricity demand from RES when
a 3 kWp generator was installed. Furthermore, Figure 8b illustrates the energy performance of the
households with a 5 kWp PV generator. It was found that the analyzed households self-consumed
between 1388 kWh and 5665 kWh. With an average SCR of 34.05%, they reduced their annual electricity
demand by 2645 kWh and exported about 5122.47 kWh. The mean SSR in this case was equal to 37.05%.
Moreover, the SSR and SCR values for the 5 kWp case were rather close. As a consequence, when
the households were analyzed with 5 kWp PV, most of them generated as much as they consumed.
More specifically, the average GTDR was equal to 1.16 and the standard deviation was equal to 0.29.
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Figure 9. Load matching indicator values for different rooftop PV capacities; (a) SCR; (b) SSR; (c) LOLP
(n =55). (* upscaled from 3 kWp PV generation profiles).

Finally, the analysis of the case for 10 kWp PV capacity is shown in Figure 8c. When the energy
performance of the households was analyzed assuming a 10 kWp PV generator was installed instead of
the 3 kWp PV generator, all of the households generated more than they annually consume (minimum
GTDR = 1.09). In some cases, the PV generation exceeded the annual demand by a factor of 3.33
(maximum GTDR = 3.33). The average GTDR of the analyzed households was equal to 2.32.

One should acknowledge that the 10 kWp PV generator may not be most cost optimal solution for
every household. Regardless, this analysis focuses on investigating the impact that a PV generator of
this capacity would have on the analyzed sample population. Since all households generated more
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than they consumed, their electricity exports were, on average, equal to 12,534.90 kWh, i.e., about
80% of their PV generation. When compared to the 3 kWp and 5 kWp calculations, this resulted in
additional exports of 10,119.80 kWh and 7412.41 kWh, respectively. On the other hand, the average
self-consumed PV generation was equal to 3001.32 kWh (average SCR = 19.31%).

Despite the increased PV generation, the households with 10 kWp PVs still relied on the distribution
grid between 56.48% and 66.32% of the year. This is not a notable improvement when compared to
the 3 kWp and 5 kWp cases (Figure 9c), especially if one considers that the self-sufficiency of the
households was increased by only 10.00% and 4.72%, compared to the 3 kWp, and 5 kWp cases,
respectively. This shows that excessive PV capacity yields low SCR in the absence of demand side
measures or suitable energy storage systems.

3.3. Relationship Between Load Matching and CO, Emissions

Figure 10 depicts the monthly variation of the CO, emissions throughout the year. The results
show that the emissions follow the same annual trend as the net energy consumption of the household.
The grid factor in Cyprus for the analyzed year was equal to GFcop = 73.52 gCO,/kWh (provided on the
pack page of electricity bill in Cyprus (see supplementary materials), calculated as in [38]). When the
households were analyzed without a PV generator (Figure 10a), their average monthly emissions
ranged from 310.92-679.19 kgCO,, with the extremes occurring in April and July, respectively. Installing
a 3 kWp PV was found to reduce the monthly average of the CO; emissions by 89.55-217.45 kgCO,,
with the smallest reduction occurring in February and the largest reduction occurring in July (from
comparison of Figure 10a,b). As a result, the average households’ emissions with 3 kWp PVs ranged
between 183.97-465 kgCO;. The distribution of the emissions within each month is more elaborately
shown in Figure 10.
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Figure 10. Household CO, emissions from electricity consumption; (a) no PV generator installed;
(b) 3 kWp PV generator installed. (n = 55).

On an annual basis, the 55 analyzed households emitted an average of 5278.37 kgCO, due to their
electricity consumption, as shown in Table 3. This value is comparable to the average emissions of
a 99 household dataset from Texas, US that has an average electricity demand of about 11,500 kWh
(the average demand of the dataset analyzed in this paper was 7179.40 kWh) [39]. The results indicate
that the electricity consumption in Cyprus is more carbon intensive than that of Texas. The high solar
irradiation combined with the highly carbon intensive power sector makes the installation of rooftop
PVs very convenient in Cyprus. PVs can offset a part of the households” demand by supplying it
locally, instead of through the dominantly fossil fuel-based power system, and thus, reduce the island’s
overall emissions.
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Table 3. CO, emission and average ACO, emissions for different PV capacities (n = 55).

Value No PV 3 kWp 5 kWp * 10 kWp *
CO2average (kg) 5,278.37 3,627.26 3,333.28 3071.77
CO2 min (kg) 3,476.80 2,240.16 2,041.83 1,901.12
CO2max (kg) 11,341.44 8,267.92 7,550.31 6,707.52
ACO; (%) - 31.77 36.85 41.80

(* upscaled from 3 kWp PV generation profiles)

Installing a 3 kWp PV generator was found to reduce the annual emission by 882.33-3,351.49 kgCO»,
or 1651.11 kg CO,, on average. This is equivalent to an average annual reduction of 31.77%. For larger
PV capacities, the CO, emissions reduced even further, although the relation between the PV capacity
and the CO, reduction was not linear. For instance, a 5 kWp PV generator reduced CO, emissions in
the range of 1020.95-4164.81 kgCO,, or 1945.09 kgCO, on average. On the other hand, a 10 kWp PV
generator was found to reduce the CO, emissions between 1150.67-4782.00 kgCO, (2206.59 kgCO,
on average).

This is explained by the relationship between the CO, emissions and the self-sufficiency of the
household. The analysis showed that the reductions of the CO, emissions (ACO;) are equal to the
value of the SSR for each household. This observation is clearly shown in Figure 11 where ACO; has
been plotted against SSR. Since the CO, emissions were estimated using the grid factor, these results
are not unexpected, as both SSR and ACO, are proportional to the reduction of the gross electricity
demand. The findings elaborated above shed light on the relevance of the SSR as a load matching
indicator. As its value is a clear indication of the relative emissions reduction, its enhanced integration
into legislation could contribute to the debate related to the energy performance of buildings.

40
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Figure 11. Correlation between annual self-sufficiency and reduction of CO, emissions (3 kWp PV).

The improvement of a household’s SSR, however, is limited by its load matching capabilities.
After a certain PV capacity threshold, the incremental improvement in the SSR is reduced, as the
household simply cannot consume more energy locally and the energy from the additional PV capacity
is exported to the grid [40]. As a result, the emissions for the 10 kWp PV generator are not significantly
lower than those of the 3 kWp case, as demonstrated in Figure 12.

More specifically, increasing the PV capacity more than three times (from 3 kWp to 10 kWp)
additionally reduced the emissions by only 25%. To further explore this idea, the emissions reduction
per installed PV capacity (kgCO,/kWp) were calculated for all of the previously explored PV cases.
Figure 13 illustrates that the 10 kWp generator achieves the lowest CO; reduction per installed kWp
(115.07-478.20 kgCO,/kWp), compared to the 5 kWp (204.19-832.96 kgCO,/kWp) and the 3 kWp
generator (294.11-1117.16 kgCO,/kWp) cases. One should note, however, that these values have
been calculated considering the boundaries of each household individually. In reality, the excess
PV generation that is exported to the grid will offset a portion of the electricity consumption of the
neighboring consumers. As a result, larger PV capacities will increase the share of renewable energy in
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the power system and therefore reduce the CO, emissions on a system level. In doing so, the rooftop PV
generator of one’s household contributes to the system-wide mitigation efforts, despite not achieving
significant emissions reductions within its own boundaries. More specifically, PV exports, from a
10 kWp generator, contribute to reducing the CO, emissions of the Cypriot power sector by about
6828.87-11,278.16 kgCO, per year, or 9215.65 kgCO, on average.
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Figure 12. Annual household CO, emissions as a function of GTDR (n = 55). (* upscaled from 3 kWp
PV generation profiles).
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Figure 13. Reduction of CO, emissions per installed PV capacity on a household level. (* upscaled
from 3 kWp PV generation profiles).

To take these dependencies into account, the analysis should be broadened outside the boundaries
of a single building and towards a net zero energy community. An investigation of this topic may
indeed be stimulating, but it is outside the scope of this paper and will not be discussed further.

The main takeaway from Figures 12 and 13 is that the CO; emissions are very well correlated
with the GTDR, regardless of the PV capacity. Based on this concept, simply increasing the PV capacity
is not the best strategy in achieving this goal on a household level. In other words, the GTDR is a
better indicator of the CO2 emissions reduction potential within the building boundaries than the PV
capacity itself.

4. Discussion

The Cypriot power system is an islanded and dominantly fossil fuel-based system. This inherent
inflexibility is rather unfortunate because Cyprus is among the countries with the highest solar potential
in the EU. To utilize this fact, it has recently increased the PV capacity limit for net-metering installations
to 10 kWp and offers a subsidy program to all new prosumers (€5,000,000 in total). Through this
programme, owners of rooftop PV generators can receive a subsidy of up to €1000, while vulnerable
owners (meeting specific socioeconomic criteria) can receive up to €3600 [41]. The declining PV
installation cost in Cyprus is expected to significantly increase the penetration of residential PV systems
under net-metering. As most of the rooftop PV experience in Cyprus comes from 3 kWp PVs, it was
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necessary to explore the possible future impacts of the new legislation on the energy performance of
households with larger PV capacities.

Initially, the results have demonstrated that the load matching capabilities of Cypriot households
are governed by the cooling and heating demand. On an annual basis, a household with 3 kWp
PV generators has an average SCR of 48.17%, which was found to be higher than what has been
reported in the literature from similar analyses in the UK and Australia. With a PV capacity of 5 kWp,
households had an average SCR of 34.05%, reduced their annual remand by 2645 kWh and exported
about 5122.47 kWh of the energy to the grid. If the analyzed households were to install a 10 kWp PV
generator, their load matching capabilities would decrease even further. As a result, the grid would
have to accommodate additional exports of 10,119.80 kWh and 7412.41 kWh, when compared to the
3 kWp, and 5 kWp cases, respectively. Moreover, the results also showed that a 10 kWp generator
achieved lower CO, reduction per installed kWp (115.07-478.20 kgCO2/kWp) when compared to the
5 kWp (204.19-832.96 kgCO2/kWp) and the 3 kWp generator (294.11-1117.16 kgCO2/kWp). At the
same time, however, it is worth noting that these exports are consumed elsewhere. Hence, they
contribute to reducing the CO, emissions on a system-wide level. In the specific case of the analyzed
households, the PV exports are responsible for additionally reducing about 6828.87-11,278.16 kgCO,.
This clearly demonstrates that an oversized rooftop PV generator does not significantly outperform a
properly sized one, with respect to the achieved self-sufficiency and emissions reduction within the
building boundaries. However, as it results in notably larger exports, larger PV capacities contribute
to higher system-wide emissions reductions. Hence, future issues from the additional stress on the
old distribution grid in Cyprus could be anticipated if the installation of very large rooftop PVs
goes unmanaged.

In a more general sense, the analysis provided some interesting observations with regards to the
GTDR. While this value can be calculated or estimated quite easily, it provides a good indication of
a household’s energy performance, given it affects all of the analyzed parameters (SCR, SSR, LOLP
and CO; emissions). For example, one can expect a building that generates as much as it consumes
(GTDR = 1.0) to have a higher self-consumption and lower exports that a household that generates twice
the energy it consumes (GTDR = 2.0), despite achieving comparable emissions reduction. Because of
this, the GTDR can be used by stakeholders to infer possible value ranges of more complex indicators
such as the SCR, SSR, LOLP and the CO, emissions. As was demonstrated in this paper, this is possible
if buildings are categorized with respect to GTDR. Once an extensive analysis has been performed
over a wide population sample, policy makers can be informed of the concrete value ranges of SCR,
SSR, LOLP and the CO; reductions that should be expected for each GTDR category.

Within this framework, different policy measures can be proposed. These results are of significant
importance to the activities of the PV-ESTIA project, especially with regards to the preparation of joint
policy recommendations targeting grid operators and relevant stakeholders. For instance, households
with a large GTDR (a limit can be introduced in the legislation) can be stimulated to undertake
demand-side measures that will improve their self-consumption. Examples of such measures are the
integration of a home energy management system that will schedule the operation of deferrable loads
during daytime, or the installation of a battery energy storage system. Ten of the implemented pilots,
within PV-ESTIA, consist of residential PV generators coupled with a battery storage unit. The project
developed an innovative management scheme which reduces the impact of buildings with PVs on the
grid and tested it in laboratory conditions. The findings of this paper can, therefore, be used to further
adapt the innovative management scheme given the different building categories. This will enable
households to utilize the larger PV capacity limits, but in a way that will have a low impact on the
grid. Another approach would be to counter-incentivize households to oversize their rooftop PVs by
changing the netting scheme. A self-consumption driven net-billing scheme is an example of such
measure. When it is used, the price at which the exported PV generation is remunerated reduces as
larger fractions of the PV generation are injected in the grid.
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5. Conclusions and Outlook

The statistical analysis of the energy consumption and PV generation of 55 Cypriot households
led to the following conclusions: (1) best load-matching was achieved during the summer and winter
months. Although this result was specific to Cyprus, it numerically demonstrates that load-matching
is driven by a combination of consumption habits, climate conditions and local policy; (2) the analyzed
load matching indicators (SCR, SSR and LOLP) are related to the GTDR; (3) oversized PVs only
marginally reduce the on-site CO, emissions within the building boundaries. At the same time, they
reduce the system wide CO, emissions, but at the cost of large amounts of exported energy; (4) the
on-site CO, emissions reduction of a household is related to its SSR.

With this in mind, policy maker need robust, but simple metrics that can guide their decision
making for this complex issue. In that context, the GTDR has been identified as a practical indicator
to be used for various policy measures related to rooftop PVs, as it provides a reliable estimate of
other indicators such as SSR, SCR and LOLP. The GTDR can easily be integrated into legislation and
used by policy makers to decide on possible measures in light of the dynamical developments of the
rooftop PV legislation. Along with the findings of this work, a number of questions have risen from
the analysis. In this paper, the GTDR ranges were arbitrarily chosen so as to populate each category
as evenly as possible with the available data sample. Future research should try to determine these
ranges so that they more accurately represent the different types of buildings. Moreover, the effects of
energy storage should be explored with the aim of determining a threshold value of the GTDR above
which stimulating self-consumption is most cost-beneficial.

Supplementary Materials: The following are available online at http://www.mdpi.com/1996-1073/13/8/1934/s1,
Back of electricity bill containing data on grid factor for the analyzed year.
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