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H I G H L I G H T S  

• Classical load matching indicators are incapable of advising photovoltaic capacity. 
• Novel indicators with technical optima are introduced for PV sizing. 
• Self-production can be a useful metric for maximizing renewable share on-site. 
• Grid-liability indicator is practical when planning off-grid sites.  
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A B S T R A C T   

Integration of renewable energy sources in energy systems is crucial in achieving climate goals. Transformation 
of the power system – decentralization and prosumerism has led to the spread of domestic power plants taking 
part in the process. Mismatch problem of these predominantly grid-connected systems are typically described 
with load matching indicators. Most commonly used self-consumption and self-sufficiency metrics, though come 
with limits. One of the greatest is that they are monotone as the function of the capacity of photovoltaics 
implemented, making them uncapable of suggesting a technical optimum for system size. The scope of this study 
is to introduce two novel indicators with technical optima those can serve as a sizing principle for domestic 
photovoltaic plants for different approaches. First, self-production metric is introduced which allocates photo
voltaic capacity that delivers maximum renewable utilization on-site and second, grid-liability reveals an opti
mum from the perspective of minimizing grid usage. 

A reference building is studied with two control approaches to observe both the existing and indicators. As a 
base scenario, a water heater with classical control is simulated, while in the second case, demand side man
agement is achieved via improved rule-based control, aiming to store surplus photovoltaic power production. 
Simulations reveal that the optimum capacity of the photovoltaics from the perspective of both self-production 
and grid-liability is much lower than the capacity (of 6.57 kWp) that would cover the annual electricity demands 
of the observed household. In case of the traditional control, self-production leads to an optimal photovoltaic 
capacity of 4.38 kWp, while grid-liability to a 0.73 kWp. With improved control, optimal capacities are much 
closer, 2.92 and 2.19 kWp respectively.   

1. Introduction 

Residential buildings account for a significant part of both energy 
consumption and greenhouse-gas emissions [1]. Consequently, dwell
ings are often considered in regulations aiming to mitigate environ
mental effects [2]. Aligning with the goals of minimizing energy 
consumption and enhancing the use of renewable energy sources, there 

is a rapid increase in technologies like heat-pumps and photovoltaic 
(PV) systems in the residential sector [3]. Intermittence of PV produc
tion leads to a mismatch between the generated power and the loads [4]. 
Hence, there is an increasing focus on the possibilities of matching the 
electricity generation and consumption and pushing the integration of 
PV further and further, especially, in case of electric heating and cooling 
appliances [5]. Efficacy of the different tools are most commonly 
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described with load-matching and grid-interaction indicators. These 
metrics focus on the quantification of the simultaneity of the load and 
the on-site power generation. Various indicators exist to describe the 
behavior of the system. Predominantly, self-consumption (SC) and self- 
sufficiency (SS) metrics are used, comparing the on-site utilization of the 
PV to either the PV production or the total load of the household [6,7]. 

Most of the studies seek the improvement of SC and SS indicators 
through storages and control strategies for fixed PV capacity. A group of 
studies focus on the utilization of storage and its sizing to enhance 
matching of production and consumption pattern for fix PV capacities 
and a selected control strategy. Thür et al. has investigated the effect of 
water storage size from 0.5 m3 to 2 m3 for PV capacities of 2.5 and 
5 kWp [8]. Thermal mass activation has been in the focus of the paper 
from Pinamonti et al., conducting research for the behavior of three 
levels of thermal inertia activation under different climates with a ca
pacity of 3.24 kWp domestic PV plant [9]. Ren et al. have highlighted 
the efficacy of the usage of phase change materials (PCM) for a Solar 
Dechatlon house with 5 kWp photovoltaics besides many possible design 
alternatives [10]. 

Another approach is reversing the question: sizing photovoltaics and 
selecting control methodology for a specific system to cover. Hassan has 
compared a fixed PV system and a two-axis tracking system for a 
selected household in Iraq [11]. Aiming to maximize the self-consumed 
energy, PV capacities have been observed as variables. Simulations 
based on the measured weather data and electric consumption have 
revealed that the maximum amount of annual self-consumed energy for 
the fixed system comes at a capacity of 7.15 kWp, while for the two-axis 
tracking system at 4.4 kWp. However, when comparing self- 
consumption and self-sufficiency metrics, the former yields better 
values for the fixed system, while the latter is more favorable for the 
two-axis tracking system. 

Heinz and Rieberer have highlighted the effect of control strategies 
on load matching metrics [12]. Simulations with different control ap
proaches have been carried out for a household equipped with an air-to- 
water heat pump and radiator heat emission system show that all the 
tested controls improve SC and SS. The most improved control strategy 
of theirs has been tested for various PV capacities, and it was concluded 
that a proper control strategy could enhance both indicators regardless 
of the PV size. Nevertheless, values are highly dependent on the peak 
capacity of the PV system. For peak capacity between 2 and 10 kWp, SC 
ranges from approximately from 0.4 to 0.18, while SS from 0.38 to 
0.75 respectively. Renovation level and thermal energy storage (TES) 
size have minor effect compared to the PV size. 

Reis et al. has focused on confirming the effectiveness of demand 
aggregation when observing self-consumption [13]. Authors found that 
demand aggregation is clearly an attractive investment for more than 
6 dwellings, from the perspective of internal rate of return. More than 
that, self-consumption rates increase remarkably, from an approximate 
of 0.45 to 0.65, when appropriate building types are combined (a 
restaurant alone compared to a combination with a condominium and a 
bank), even without a storage. This can be pushed further with the use of 
battery storage, though this negatively impacts economic indicators. An 
important notice of the analyses of the measured load data is that load 
aggregation reduces self-sufficiency rates, while seeking the improve
ment of self-consumption. 

Cao et al. have depicted that self-consumption and self-sufficiency 
(referred as on-site energy matching and on-site energy fraction in the 
study) curves flatten as a function of installed PV capacity. Furthermore 
the impact is more significant in case of an office building, where the 
available area for PV is relatively low compared to the electricity con
sumption [14]. For instance, saturation of SS at about 0.6 is visible on a 
range of 0 to 250 kWp (0 to 2000 m2 PV area), of which at an area of 
approximate 200 m2 SS = 0.3 is reached. Consequently, PV sizing has a 
dominant impact on SC and SS metrics as for the available roof area of 
maximum 200 m2, in the range where self-sufficiency is almost linear 
with the PV area. 

Similar findings have been revealed by Liu et al., investigating the 
effect of climate zones and PV orientation as a function of PV size for 
large 4 – 15 storeys high residential buildings, with floor area of 1000 m2 

each floor. PV area has a significant influence on the load matching 
indicators in the observed range, as also the orientation when the 
preferred south orientation is changed to east and west [15]. On the 
other hand, tilt angle modification within a reasonable range around the 
optimum has moderate effect. Further studies also involve variable size 
of battery to investigate the impact of various equipment sizes [16,17]. 

Mentioned studies examining PV capacity as parametric reflect in all 
cases that the capacity has a considerable effect on SC and SS metrics. 
However, these indicators show an anti-correlation as a function of PV 
size While from the perspective of SC a smaller capacity is more favor
able, SS is enhanced for the larger capacities [13]. 

Alternatively, there are two frequent considerations for PV sizing. 
One is selecting a capacity which generates as much electricity as 
necessary to cover the needs of the case on an annual basis, creating a 
net zero energy building (ZEB). When sketching SC and SS as the 
function of PV capacity, this point comes as the intersection of the curves 
[18]. Though this kind of sizing does not consider impacts on the elec
tricity grid and could result in large amount of feed-back to the grid 
when there is no electricity demand to be met at the building [19]. 
Various other indicators aim this exact problem, such as capacity factor, 
relative grid interaction index, dimensioning rate and others, which are 
quite helpful from the perspective of interpreting the interaction with 
the grid, though from the perspective of PV sizing are less handy as 
usually compared to the nominal connection values of the household 
[6,20]. 

Another quite common approach is providing economic evaluation 
for calculating PV size or other equipment [21,22]. This is more com
mon and found in most of the previously mentioned studies where PV 
capacity is selected by some profit-orientated indicators. Nonetheless 
these calculations are prepared in distinctive economic environments, 
considering different tariffs, thus results vary remarkably. 

The main objective of this paper is providing novel indicators those 
first, provide a better understanding of the effect of PV sizing regarding 
energy flows with the electricity grid, furthermore, are more expressive 
when comparing different control approaches. To do so, a short 
description is provided for the Classical load-matching indicators (2.1) 
and explained why Suggested metrics (2.2) are necessary. This is fol
lowed by the detailed Specification of the testing environment (2.3) 
which helps evaluating the Results (3) through the existing and novel 
indicators. A Discussion (4) is also contributed demonstrate applicability 
of the novel metrics with existing examples of the literature. Finally, 
Conclusions (5) are drawn, including an outlook for Future research 
(5.1).  

Abbreviations 
BEPS building energy performance simulation 
DHW domestic hot water 
DSM demand side management 
GL grid-liability 
PCM phase change material 
PV photovoltaic 
RES renewable energy source 
RBC rule-based control 
SC self-consumption 
SP self-production 
SS self-sufficiency 
TBS technical building system 
TES thermal energy storage 
ZEB zero energy building 
Notations in equations 
A load covered from the grid in a specific period 
B surplus production of the photovoltaics in a specific period 
C load covered directly on-site by the photovoltaics in a specific period 
L(t) instantaneous load of the building 
P(t) instantaneous power generation 
S(t) instantaneous storage 
t1 start of the observation period 
t2 end of the observation period 
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2. Methods and data 

2.1. Classical load-matching indicators 

Self-consumption and self-sufficiency are undoubtedly the most 
commonly used load matching indicators comparing the match or 
mismatch of electricity generation of grid-connected PV system and the 
load of the specific site [7,18]. However, as implicated by numerous 
research, they have a monotone trend as a function of PV capacity. 
Furthermore, while self-sufficiency is increasing, self-consumption is 
decreasing, hence it is impossible to optimize PV capacity aiming to 
maximize both. The reason is that these indicators either consider the 
amount of energy imported from, or the amount fed to the grid over a 
period of time [7,23,24]. In case of self-consumption, power generation 
utilized on-site is compared to the overall PV generation, while in case of 
self-sufficiency to the overall load of the household. 

Denoting the instantaneous electrical load of the building with L(t), 
instantaneous power generation with P(t) and instantaneous storage 
with S(t), PV generation utilized at any moments on-site can be 
expressed as min[L(t), P(t) + S(t)]. S(t) is positive for discharging, 
negative for charging, t is any moment of time between the start and the 
end of the observed period (t1, t2). Equations for self-consumption and 
self-sufficiency metrics are well detailed in many papers [6,14,18]. 

As explained, in case of self-consumption this utilized amount is 
compared to the total PV generation, which is written with the first Eq. 
(1). 

SC =

∫ t2
t1

min[L(t),P(t) + S(t)]dt
∫ t2

t1
P(t)dt

(1) 

While self-sufficiency is described with Eq. (2). 

SS =

∫ t2
t1

min[L(t),P(t) + S(t)]dt
∫ t2

t1
L(t)dt

(2) 

For better understanding, a visual representation is often suggested. 
Layout of the possible energy streams (Fig. 1) and the schematic outline 
of energy consumption and production (Fig. 2) provide a simple 
graphical explanation of the possible states of a grid-connected PV sys
tem, with A being the load directly covered from grid, B meaning surplus 
production injected to grid and C standing for the on-site consumed PV 
production, (A+C) describes load, (B+C) describes PV production. 

With the help of (Fig. 2), self-consumption can be expressed as: 

SC =
C

B + C
(3) 

while self-sufficiency can be written in the form of: 

SS =
C

A + C
(4) 

[18]. 
The opposite trend of these metrics as a function of PV capacity 

makes evaluation hard in many cases (see Fig. 8 for the trends of SC and 
SS). There are suggestions resolving this, for instance, energy matching 
chart, visualizing both the metrics of SC and SS and the total load on an 
energy matching chart, sizing the points to the load of each cases [25]. 
Yet, this solution as well lacks defining an optimum from the perspective 
of suggested PV capacity. 

2.2. Suggested metrics 

2.2.1. Self-production indicator 
SC and SS indicators either involve the total load of the household or 

the production of the PV system as a base of comparison. In case of grid- 
connected systems, however, both are meaningful. Hence, self- 
production (SP) aims to merge these in one single indicator and ex
press whether PV production enhances the on-site utilization or the feed- 
back in a larger extent. Comparing the on-site utilized ratio to the total 
energy flows of the case (sum of grid-covered, feed-back and on-site 
utilized amounts) self-production can be calculated as follows: 

SP =
C

A + B + C
(5) 

The equation is restricted between the minimum of zero, when there 
is no PV production, therefore C is zero, and a maximum of one, when 
the system is capable of perfectly matching the load at all times, without 
any interaction with the power-grid. 

As any moment, A and B are mutually exclusive, self-production in a 

Fig. 1. Possible energy streams for a grid-connected PV system, storage with dashed as an optional energy stream.  

Fig. 2. Schematic outline of daily loads of a household with grid-integrated PV.  
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more accurate mathematical form appears as the follows: 

SP =

∫ t2
t1

min[L(t),P(t) + S(t)]dt
∫ t2

t1
max[L(t),P(t) + S(t)]dt

(6) 

Self-production indicator has a motive of preferring the integration 
of high-capacity intermittent renewable energy sources (RES) with the 
maximization of the on-site utilized ratio. Until the pace of on-site uti
lized fraction is more significant than the increase of feed-back, for 
example, SP will increase. However, these feed-back periods must be 
managed. 

As a result, SP is suggested to be used for grids that are expanded 
enough to manage the surplus production of the observed cases for 
example sizing the PV for a specific case with the aim of covering the 
loads in the greatest extent directly on-site from solar friction or 
selecting a control strategy that could maximize on-site utilization of 
intermittent PV production. 

2.2.2. Grid-liability rate 
Management of feed-back periods leads to a need for an indicator 

that focuses on the change in grid-interaction as well. Grid-liability rate 
aims to describe the variation in the amount of energy transferred 
through the grid-connection point no matter what the flow direction is. 
This can be done by setting the load as the base of reference and 
comparing the sum of grid-covered and feed-back amounts to that (A +

B)/(A + C). 
To highlight the deviation in energy transferred via the grid, 

compared to the base case of no photovoltaics, one is subtracted, 
therefore zero means the base case, negative values suggest a decrease, 
positives an increase in the grid-transferred rates. Grid-liability can be 
described by the following equations: 

GL =
A + B
A + C

− 1 (7) 

Furthermore, GL is again zero when as much energy is fed to the grid 
that is directly utilized from PV on-site (B = C). That means the exact 
amount of grid-liability as for no PV, but with opposing direction – feed- 
ins instead of grid-coverage. 

In the form of describing loads and powers it can be expressed as: 

GL =

∫ t2
t1
|L(t) − {P(t) + S(t) } |dt

∫ t2
t1

L(t)dt
− 1 (8) 

The form comes with the lower limit of − 100 %, which describes the 
ideal case of no interaction with the grid; all loads are exactly covered 
with the PV system at all times. This is also the optimum of the function, 
a minimum value, expressing a fully off-grid operation (consequently, A 
and B are mutually zero). 

There is no upper limit for grid-liability, which practically expresses 
that with an increasing amount of PV the grid is more-and-more 
involved in managing the power balance of the specific case, as the 
energy exported to the grid diverges to infinity. 

The significance of GL is that it truly reveals whether the grid is eased 
by adding photovoltaics to a certain site, or in fact, it is responsible in 
managing increased amounts of feed-ins as the result of the mismatching 
production and load. Accordingly, it is most useful when only limited 
grid is available (like in case of energy-communities) or when off-grid 
operation is in the focus. With the help of GL, PV size could be 
appointed to minimize the need for the grid-connection or to select 
appropriate control strategies. Table 1 summarizes the description of the 
indicators. 

2.3. Specification of the testing environment 

2.3.1. Building data 
Dynamic building energy performance simulation is the most com

mon way of testing load matching indicators for different scenarios [26]. 
In the present study, a single-floor detached house was simulated with 
the net floor area of 98 m2, volume of 283 m3, compactness ratio of 1.19 
m2/m3 and glazed surface area of 36 m2. Thermal transmittance of the 
structural elements were set to meet the national nearly zero energy 
building threshold values of Hungary (external wall of 0.24, ground slab 
of 0.26, roof slab of 0.17 and glazed surfaces with 1.15 W/(m2K) 
respectively). Internal gains and ventilation rates were considered by 
the national standard [27]. 

Simulations were run with the Typical Reference Year of Budapest, 
setpoint temperatures of 20 ◦C for heating and 26 ◦C for cooling and 
resulted in net energy needs of 85.5 kWh/m2a and 4.67 kWh/m2a 
respectively [28]. Domestic hot water (DHW) consumption was 
considered by the profile suggested by the European Standard and the 
average amount of a Hungarian household of 126 l/day [29,30]. 

Typical electrical load profile curve, generated by a distribution 
system operator (based on the averaged profile of the distribution area 
of the operator, for the year of 2021) was used with an assumption of 
2.500 kWh/year annual electricity consumption for the electrical ap
pliances excluding the consumption of the technical building system 
(TBS) [31,32]. 

Geometric model of the building was set up in SketchUp [33]. The 
model was imported in TRNSYSv18, where further data (gains, weather 
conditions, technical building system layout and elements) were added 
to the model [34]. 

2.3.2. Technical Building System 
Most of nearly ZEBs are equipped with heat-pump systems for 

heating and cooling [35]. Vast majority of research consider heat pumps 
(either air-source or ground source) with water sink, as this provides an 
opportunity of utilizing TES either in the form of water tanks or building 
mass activation. In the meanwhile, air-to-air heat pumps could also 
provide an alternative for heating and cooling in residential sector, 
especially in case of building renovation scenarios [36,37]. The number 
of studies with air-to-air heat pumps is much more limited. A possible 
explanation of this is that the relatively low thermal capacitance of air 
requires the involvement of more complex technologies (such as phase- 

Table 1 
Summary of load matching indicators.  

Indicator 
(also known as) 

Trend as a function of installed 
PV capacity 

Equation Min Max Optimum Optimum at 

Self-consumption (Supply cover factor, On-site energy 
matching [6,14,41] )  

a decreasing curve (1),(3) 0 % 100 
% 

100 % minimum or no PV 

Self-sufficiency (Self-generation factor, Load cover 
factor, On-site energy fraction [6,14,41])  

an increasing curve (2),(4) 0 % 100 
% 

100 % maximum PV capacity available 

Self-production provides an extremum in the 
form of a maximum 

(5),(6) 0 % 100 
% 

100 % a specific PV capacity appointed by the 
optimum of the curve 

Grid-liability has a minimum as extremum (7),(8) − 100 
% 

+ ∞ − 100 %  
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change materials), to provide reasonable storage capacity for demand 
side management (DSM). [10,38]. On the contrary, electric resistance 
boilers that are often matched for DHW production when having and air- 
to-air heat pump systems, offer a high potential in on-site utilization of 
PV capacity [39]. Consequently, a combination of air-to-air heat pump 
for heating and cooling, and an electric water heater, covering DHW 
needs was considered in the simulations. TRNSYS component Type 786, 
variable speed compressor air-to-air heat pump was used with a rated 
heating capacity of 6.0 kW and rated cooling capacity of 5.0 kW. For 
DHW generation and storage, Type 156 storage tank with parameters of 
a typical electric water heater, a capacity of 0.12 m3 and electric resis
tance heating of 1800 W was used. 

In case of the grid-connected PV, panels of 365 Wp were oriented as 
optimal for the region, south facing, tilt angle of 35◦ [40]. PV array was 
simulated using Type 103, considering an overall system efficiency of 
0.92. To determine the optimal PV capacity based on the introduced self- 
production and grid-liability indicators, simulations had been run from 
no PV to 11.68 kWp (32 panels) PV capacity. There was no battery 
storage simulated in this study. 

2.3.3. Control strategies 
Operation of the air-to-air heat pump was common for both strate

gies. From the perspective of DHW generation control, two scenarios 
were considered. First, a conventional control for the appliances was 
analyzed and second, DSM was applied in order to assess surplus PV 
production - resistance heating of the water tank was modulated to the 
excess power [41]:  

a) Standard control strategy: DHW tank with a setpoint temperature of 
50 ◦C, temperature dead-band of 4 ◦C. Electric resistance heating 
with a capacity of 1800 W, on–off control strategy. (Setpoint of 50 ◦C 
is the favorable from the perspective of energy losses and calcium- 
carbonate remains – scaling, though a minimum requirement from 
the perspective of avoiding legionella growth [42,43].) 

b) Improved rule-based control (RBC) for DHW production: DHW set
point temperature is based on the power balance of the household. 
Until the tank has not reached 50 ◦C, DHW control is the same as in 
the standard scenario. After reaching 50 ◦C and in case PV produc
tion exceeds the accumulated load of the household, setpoint is 
increased to 70 ◦C and resistance heating is modulated in the range of 

0–1800 W to store surplus power of the PV instead of grid-injection 
(Fig. 3). 

In Section 3, synchrony of the possible PV production with both air- 
to-air heat pump operation and simple DHW generation (a) and air-to- 
air heat pump and improved DHW generation (b) is analyzed and 
compared. 

3. Results 

3.1. Qualitative analysis of the control strategy 

Heatmaps of PV production (Fig. 4) and electric loads (Fig. 5) of the 
simulated case clearly reveal the difficulty of intermittent renewable 
energy source integration. Expectedly, PV production shows a peak in 
the middle of the year and the middle of the days (Fig. 4). 

In contrast, on the demand side, electric load of the household ap
pliances, the heat pump, and the classical DHW generation approach, 
peaks are mostly out of this timeframe. 15-minute averaged electric load 
of the household shows clear evening peak (Fig. 5). Though deviations 
are assumably higher with improved resolution, it is considered to have 
moderate effect from this order of magnitude [44]. Furthermore, 
compared with heat pump power and resistance heating power, elec
trical load of appliances is much lower. 

In case of the heat pump operation, cooling provides a match with 
the PV generation as a result of increased irradiation. While for the 
summer period this provides the opportunity of direct on-site utilization 
of the PV for cooling, it is the opposite for the winter period. PV pro
duction is during the day, however solar gains reduce heat-needs in this 
period, meaning that electricity needs for heating appear at night, 
leading to a mismatch. 

DHW production comes with the same level of loads as the heat 
pump, but in a more patterned way, aligning with the domestic hot 
water consumption of the household. Comparison of PV production and 
DHW power reveals, that most of the electricity consumption of hot 
water generation is also out of the high peak PV periods. Regardless of 
the day of the year peak DHW loads appear once early in the morning at 
around 7–8 am., and once at night, in the period of 7–10 pm. Only a 
minimal DHW generation appears during the day when there is PV peak 
production. Improved RBC of DHW generation aims to balance this 
mismatch, shifting electric load of hot water production to periods with 
surplus PV production. 

Fig. 6 sketches the efficacy of the improved RBC of DHW production 
for a spring day. This clearly suggest that there are periods when DHW 
generation can completely be achieved with the use of PV. This type of 
control strategy is the most effective during spring and fall periods, 

Fig. 3. Improved rule-based control strategy for demand side management of 
domestic hot water generation with the electric water heater. Fig. 4. PV production of a south faced, 35◦ tilted 365 Wp module.  
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when there is enough radiance for high amount of PV production and 
relatively low or no need for heating or cooling (Fig. 7). 

Comparison of the accumulated load diagrams of the original case 
and the improved RBC case assuming PV capacity of 2.92 kWp suggest, 
that when there is available excess power, from spring to autumn, RBC 
helps managing DHW generation to morning periods with an extended 
timeframe as of setting a higher temperature to the boiler to assess PV 
surplus power. 

Furthermore, night-time DHW generation becomes unnecessary, as 
the higher temperature is enough to mostly cover these periods as well, 
starting the cycle the other morning again. This also highlights the 

improvement of matching the load to excess PV. Use of the control 
strategy comes to a limit in winter period when PV production is mod
erate and consumed also by the heat-pump for heating. 

3.1.1. Effect on self-consumption and self-sufficiency 
Self-consumption and self-sufficiency also reflect, that even in case of 

such a layout, on-site PV use can be successfully increased with proper 
control of the DHW generation. Evaluation of the improved RBC through 
the classical load matching indicators for PV capacities in the range of 
0 – 11.68 kWp can be seen in Fig. 8. For the capacity of 2.92 kWp, it is 
shown that SC can be pushed from originally 46.0 % to 62.9 % while SS 
is increased from 21.1 % to 33.6 %. 

Furthermore, intersection of curves SC and SS are approximately at 
the same PV capacity, 6.57 kWp for both controls. As this point stands 
for the net ZEB PV capacity [18], this implicates that the change of 
overall energy consumption due to the different control strategy is 
insignificant. DHW generation data justifies this assumption, as 
comparing no PV scenario with 11.68 kWp, the difference is only 5 % 
(1,936 and 2,032 kWh/year respectively), which aligns with the results 
of similar studies [39]. 

Classical load matching indicators successfully highlight the 
improvement of on-site utilization that can be achieved by a specific 
control strategy. However, SC and SS are uncapable of suggesting a 
specific capacity to install, as the metrics show an opposite monotonicity 
as a function of PV capacity. Novel self-production and grid-liability rate 
indicators aim filling this gap. 

3.1.2. Effect on self-production and grid-liability 
Introduced self-production and grid-liability indicators are useful 

from the perspective of PV sizing. As described earlier in Table Table 1, 
both metrics have an optimum for the PV capacity suggested for the TBS. 
In case of self-production, the optimum is a maximum. The higher the 
value, the more amount of energy is covered directly by the PV. 

Fig. 9. Reveals, that originally, the amount of energy need provided 
directly on-site from the PV comes mostly at in the range of 10–20 %. 
With the improved RBC this can be increased significantly, even up to 
30.0 % (II.rbc). The trend of the curve reveals that in case of relatively 
small PV capacities the increased power output of PV panels is consumed 
by the household mostly. However, a further push in peak capacity in
creases periods, when feed-in is necessary to manage PV power, as RBC 
cannot handle increased amounts. The share of the PV is getting fed to 
the grid will be greater than the amount utilized on-site. 

As the consumption, A + C, is almost the same for all PV sizes, even 
the improved RBC cases, SP expresses the change in on-site utilized PV 
production (C) and electricity fed back to grid (B). Thus, it successfully 
highlights that when increasing the amount of renewable energy, after a 
certain point electricity is produced more to the grid (B) than for self- 
usage (C). 

This also leads to the fact, that the PV capacity that would achieve 
net ZEB system (6.57 kWp, Fig. 8.) is not the best from the perspective 
on-site utilization of photovoltaics, because high amount of feed-ins 
have to be considered due to the mismatch of PV generation and the 
loads of the household (Fig. 5). 

Like classic metrics, self-production also reflects the efficacy of the 
improved control, as its value is notably higher for all PV capacities, 
meaning that the improved RBC is working properly. However, it con
tains the surplus information about the advised PV capacity in case of 
aiming to maximize RES share for a site with accounting the feed-backs 
also. From this perspective, Fig. 9 highlights that there is a shift in the 
capacity of the suggested PV size when applying different control stra
tegies. To assess a notable increase in SP, from 17.3 % in the original 
case (II.o) to 30.0 % (II.rbc) in the improved RBC case, a PV capacity 
reduction is advised from 4.38 kWp to 2.92 kWp. 

Grid-liability focuses on the change in grid-usage. It has a minimum 
point as an optimum (III.o and III.rbc), expressing the reduced amount of 
energy transfer via the grid, to a base of no PV. For small capacities of 

Fig. 5. Electric load of household appliances, heat pump and domestic hot 
water production across the year. 
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PV, on-site utilization of the panels can be fully reached (as expressed 
with SC = 100 %). Though after a certain point, the increased amounts 
of feed-ins are more significant than the production for self-usage. For 
the standard control case the maximum modification in grid-liability is 
− 8.5 % (III.o). The improved RBC provides much better result, as 
anticipated, with an optimum of − 26.3 % (III.rbc) energy transfer via 
the grid compared to the base scenario. 

Again, improved control has not only an effect on providing a 
decreased minimum for GL, but also on the preferred PV size as well. It 
can achieve the same amount of interaction with the grid as the 

Fig. 6. Hot water production with original control (A) and effect of improved hot water production control (B) on the load diagram of the household for 14th, May, 
assuming PV capacity of 2.92 kWp. 

Fig. 7. Heatmap of accumulated electrical load of the household with the 
original control, and the improved rule-base controlled hot water production, 
for 2.92 kWp PV. 

Fig. 8. Self-consumption (reddish) and self-sufficiency (greyish) curves as a 
function of PV capacity, with the original (dashed) and the improved rule-based 
control (continuous). 

Fig. 9. Self-production (blueish) and grid-liability (reddish) indicators as a 
function of photovoltaics capacity for the different control strategies of the 
technical building system, original (dashed) and improved (continuous). 
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reference base, up until the capacity of 5.11 kWp (IV.rbc) (instead of the 
2.19 kWp (IV.o), when no improved control is used). This means that 
with improved RBC and capacity of 5.11 kWp PV the same amount of 
energy is transferred via the grid as when no PV assessed. Though this 
case, feed-backs also appear in the transfer. It should be highlighted, that 
similarly to self-production, minimal grid-liability can be achieved with 
a much lower capacity of PV than it is needed for the net ZEB energy 
balance. 

4. Discussion 

4.1. Potential of self-production and grid-liability curves 

As an extent to the interpretation of the quantitative and qualitative 
results, a general overview is suggested for the introduced self- 
production and grid-liability metrics. Unlike self-consumption and 
self-sufficiency indicators, self-production and grid-liability come with 
optima – a maximum and a minimum respectively, when sketched as a 
function of PV capacity. Hence, they suggest a capacity for the photo
voltaics when sizing for a specific application. Self-production metric 
has a preference of selecting the capacity for the photovoltaics, that 
provides the maximum available PV utilization on-site. Either loads 
covered from grid and surpluses fed back worsen the results. After 
reaching the maximum utilization, the curve of SP is slowly decreasing, 
reaching the limit of using PV production on-site thus producing elec
tricity for the grid. SP thereof is suggested when extensive grid network 
is available for the user and rapid integration of renewables is a priority, 
while having regards that other participants will also consider imple
menting such technologies. Consequently, self-production is a suggested 
metric in such cases as the nearly ZEB regulations for the residential 
sector. 

If the priority is given on a higher independency from the grid, grid- 
liability could be the useful metric to select the size of PV installed. This 
expresses that compared to the reference load, what is the reduction that 
can be achieved with a certain layout and control strategy. Fully off-grid 
utilization is described with a grid-liability rate of − 100 %, expressing 
that to the reference, the proposed scenario is capable of totally being 
independent from the grid. Such metric can be useful when the aim is to 
create off-grid sites or communities with limited uptake of surplus 
renewable energy. 

4.2. Outlook with novel metrics 

Results shown in Section 3.1.2 highlighted that both self-production 
and grid-liability indicators can allocate a recommended PV size for a 
selected TBS layout and control strategy. However, as the metrics could 
be practical in many other comparisons, an outlook is provided from 
other perspectives found in the literature. 

For instance, both self-production and grid-liability could be used 
even in case of comparing various control strategies. Heinz and Rieberer 
compared control strategies for an Austrian residential house, to judge 
the efficacy of different control strategies from the perspective of PV 
integration [12]. Regardless of detailing the specific strategies, results 
for eight different approaches can be seen in Fig. 10. SC and SS metrics 
can be reproduced with the data provided for a 7 kWp photovoltaics and 
1 m3 hot water tank. In general, it can be concluded, that where SC and 
SS metrics are the higher, SP and GL are better. However, GL helps 
indicating that in all cases whatsoever, grid usage is increased with the 
control strategy compared to a no PV scenario. This is probably due to 
the size of the PV As even with the best control strategy (“fully inte
grated”), 7 kWp of PV is a capacity that in the context increases the need 
for the grid with 8 %. However, for this slight increase of grid-usage, 
there is a significant ratio of renewable usage as SP is the highest in 
this case with approximately 23 %. Anticipating a similar trend of curves 
GL and SP as in Fig. 9., it is suggested that reducing PV capacity could 
significantly decrease grid-liability. 

Besides selecting among control strategies, could be other ap
proaches when the new metrics are useful. Hassan evaluated SC and SS 
indicators for a household in Iraq. A fix and a two-axis tracking system 
were compared parametrically for the PV capacity [11]. Fig. 11. Helps 
revealing further anticipations about the proposed systems. While it is 
explained that the tracking system enhances PV production, GL clearly 
reveals that it can also significantly increase the need for feed-back to 
the grid with an increasing PV size. As in the meanwhile SP remains 
approximately the same, it can be concluded that the increase of feed- 
back is much more dominant, than the increased on-site utilization of 
PV production. 

5. Conclusions 

The urgent transition to a sustainable residential building sector is 
generally foreseen with the integration of renewable energy sources, 
especially grid-connected photovoltaics. The intermittence of power 
generation of these domestic plants leads to the mismatch problem of 
production and consumption, which is usually described by load- 
matching indicators, especially self-consumption and self-sufficiency. 
These metrics are effective in comparison of for instance control ap
proaches, however as both are monotonic curves as a function of the 

Fig. 10. Classical and novel indicators for different control strategies used by 
Heinz and Rieberer for 7 kWp PV integration for an Austrian household [12]. 

Fig. 11. Self-production and grid-liability metrics with the results of Hassan 
comparing a fix axis and a two-axis tracking system [11]. 
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capacity of the photovoltaics, are limited when it comes to the sizing of 
PV. In this paper we suggested two novel indicators with optima that 
could resolve this. 

One is the self-production indicator, that is to describe the amount of 
energy utilized directly on-site by the household, compared to the sum 
of load covered from grid, energy exported to grid, and energy utilized 
on-site. Self-production can be a useful indicator when aiming to 
maximize renewable share on a site that is connected to a grid which is 
sufficiently extensive for the management of feed-in periods. 

The other proposed indicator is grid-liability rate, which expresses 
the change in grid-usage (either feed-in or from-grid periods) compared 
to the total load of the case. Grid-liability is advantageous when the 
connected grid is limited, or the goal is minimizing the interaction with 
the grid, such as in case of an off-grid operation or energy-communities. 

Both the proposed indicators, also self-consumption and self- 
sufficiency metrics were tested with the help of building energy per
formance simulations in TRNSYS, with a technical building system of 
air-to-air heat pump for heating and cooling and electric resistance 
boiler for domestic hot water needs. It is proven that demand side 
management (with power modulation) of the electric boiler for storing 
surplus photovoltaic capacity is favorable for all the indicators. 

The study justifies that when accounting grid exchange, the advised 
PV sizes are much lower than that of the net ZEB suggestions. Introduced 
metrics self-production and grid-liability provide simple and illustrative 
indicators to allocating the optimum capacity of the photovoltaic system 
to certain sites. With the original control strategy, compared to the 
approximate net ZEB providing capacity of 6.57 kWp, an approximate 
capacity of 4 kWp is suggested from self-production while 1 kWp from 
grid-liability perspective. While with the improved control, suggested 
capacities are much closer, approximately 3 kWp and 2 kWp respec
tively, but still much lower than of the 6.57 kWp capacity. 

Besides the reduced capacities suggested, proper control indisput
ably improves both novel and classic metrics. 

Eventually, demonstrating the applicability of the introduced met
rics, an outlook is also provided with results of the scientific literature. It 
is suggested how self-production and grid-liability indicators could 
improve the interpretation of different control strategies and could help 
in the problem of selecting the photovoltaics for a specific site. 

5.1. Future research 

The novel indicators bring up various questions that are necessary to 
answer. Most importantly, sensitivity analysis is to be carried out for the 
weather data, building specifications, technical building system layout 
(including PV orientation, use of batteries, etc.) and electric profile. 
Furthermore, the quantitative comparison of other load matching and 
grid interaction indicators (capacity factor, relative grid interaction 
index, dimensioning rate is planned to be carried out. 
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