
Vol.:(0123456789)

SN Applied Sciences (2019) 1:406 | https://doi.org/10.1007/s42452-019-0432-5

Research Article

Analysis of self‑consumption of energy from grid‑connected 
photovoltaic system for various load scenarios with short‑term 
buffering

Witold Marańda1 

© The Author(s) 2019  OPEN

Abstract
Energy from photovoltaics (PV) is becoming an important contributor to the energy mix for many countries. However, 
its impact on the distribution network is troublesome due the uncontrollable bidirectional transfers and might lead to 
the reduction in various forms of support for development of distributed PV systems in the future. This could be avoided 
by shifting from selling to self-consumption of PV energy, so the owner of PV would benefit mostly from reductions 
in energy purchase. This would also reduce overall power demand and transfer losses in the energy network, for the 
benefit of the climate. In order to achieve this goal, the PV system must be carefully adjusted to the local consumption 
profile and annual energy demand. The paper investigates the adjustment opportunities for the PV system with various 
local consumption scenarios and optional short-term energy buffering, with view of lowering the interaction with the 
utility grid. The simulation takes into account full-year period and gives guidelines for PV and battery sizing, presented 
for systems of any size.
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1 Introduction

The renewable energy systems (RES) together with dis-
tributed approach to energy generation are changing the 
existing power utility network for the benefit of their users 
and the climate.

The most widespread are the small, grid-connected 
photovoltaic systems, targeted to satisfy household or 
small enterprise energy demands. However, the integra-
tion of large numbers of small RES with distribution net-
work creates technical problems such as excessive and 
uncontrollable transfers and energy quality issues  [7]. 
Reaching the goal of 100% renewable grid, apart from 
technical issues, would require RES systems to be designed 
with main focus on matching supply and demand over 
multiple timescales [12].

The reduction in excessive grid traffic can be achieved 
by increasing the self-consumption of locally produced 
energy. This scenario corresponds with anticipated gradual 
withdrawal of various economic incentives fostering PV 
adoption in favor of low feed-in tariffs. Thus, the benefits 
from RES systems would change from selling energy to 
savings from lower purchases of grid energy.

Moreover, grid-traffic reduction can be combined with 
achieving the energy neutrality, when the system delivers 
as much energy as it consumes from the grid throughout 
the year. This might be of great importance for the util-
ity grid if some long-term energy storage is to be imple-
mented in the future.

The key to reach the goal of grid-traffic reduction and 
energy neutrality is the proper adjustment of PV genera-
tor to the local energy consumption, taking into account 
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climatic conditions and the use of short-term (day-to-
night) energy buffering.

The existing research in the field of PV sizing is very 
broad, since there are many criteria, fields of applications, 
goals and climate specifics to be taken into account.

PV system and battery sizing versus load demand is of 
greatest importance for stand-alone PV systems, where 
the focus is on uninterruptible supply [11]. However, since 
there is no grid interaction, the sizing guidelines are not 
applicable for grid-connected systems.

For grid-connected systems, the research concerning 
self-consumption of energy concentrated on finding bat-
tery capacity versus PV array power, paying lower atten-
tion to the annual local energy consumption and its vari-
ous types [15, 19].

Other works investigated the configuration of PV sys-
tems with local storage using country- or city-level con-
sumption patterns [14] without addressing the issue of 
grid interaction. Others studied the system optimization 
for single particular loads according to economic metrics 
[1, 6], various feed-in tariffs [18] or demand balancing with 
PV arrays orientation [4].

Another important aspect of interaction of photovolta-
ics with the grid is the reduction in peak energy demands. 
The potential of PV systems with or without local storage 
for residential or office buildings was investigated [5, 10].

A new opportunity for PV-generated energy and suc-
cessful RES integration is the growing popularity of electric 
vehicles. The research already shows the advantages of PV 
for electromobility [8, 13, 17], using car battery in various 
scenarios.

This work, in contrast, focuses on finding generic guide-
lines for increasing self-consumption and lowering grid 
traffic at the same time. The simulation model is stripped 
of unnecessary details, uses four generic energy consump-
tion patterns and presents the results for the system of 
arbitrary size.

The input data for the guidelines are only two figures: 
anticipated annual PV energy yield and annual energy 
consumption: the data that are always easily available, 
regardless the complexity of the system.

2  System configuration and operation

The investigation focuses on a typical grid-connected PV 
system with a local load and an optional energy buffer. 
The configuration of both systems is shown in Fig. 1. The 
key components are: PV generator (P), local load (L), utility 
grid (G) and battery (B).

At any time, the electrical energy flows from some 
combination of sources (B, G, P) to some combination 
of sinks (B, G, L). Thus, the systems’ operation can be 

described in the form of a state diagram, as shown in 
Fig. 2, where the states represent energy flows.

The diagrams use the notation Source(s)→Sink(s) 
developed in [16], stating that in a particular moment 
any system component, despite its complexity, can be 
either energy sink or source and the changes are trig-
gered by uncorrelated events in single components.

For the system without battery (Fig. 1a), grid (G) works 
as a backup supply for PV generator (P) and sinks the 
excess of PV energy. Therefore, only three states are pos-
sible here (Fig. 2a). At night, the load is supplied solely 
from the grid (G→L) and when solar energy becomes 
available, it contributes to load supply (GP→L). Finally, 
when solar power exceeds the load demand, its excess is 
fed to the grid (P→GL). Due to the varying nature of solar 
irradiance and load demand, the forward and backward 
transitions are very frequent throughout the day.

The load demand is always present (as defined in 
Sect. 4.2), and the instant PV startups or shutdowns are 
not considered.

The diagram for the system with battery (Fig. 1b) is 
more complex, since four components must follow addi-
tional rules:

• locally available energy always has the priority over 
grid,

• battery, when not empty, is capable to satisfy instant 
power demand,

• battery is charged only from excess of PV energy and 
never from grid,

• PV energy excess is fed to grid only when battery is 
full.

In contrast to Fig. 2a, the presence of the battery intro-
duces an intermediate layer corresponding to autono-
mous operation; thus, grid and battery are never used 
together.

If solar power exceeds the load demand, the battery is 
charged (P→BL) and feeding to the grid is possible only 
when battery is full. If solar power cannot satisfy the load 

(a) (b)

Fig. 1  System components and configuration
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demand and battery is not empty, the load is still supplied 
from local sources only: (BP→L) or (B→L).

Fluctuations of irradiance and load demand trigger the 
transitions among all the states, and there are many paths 
within the diagram the system may take throughout the 
day.

3  Energy balance

The availability of solar energy and power demand from 
the load are the only driving factors for the system. 
Let P P (t) , EP and PL(t) , EL represent the instant power 
and energy shares of the PV generator and the load, 
respectively.

3.1  System without battery

According to Fig. 3, the energy consumed by the load ( EL ) 
is delivered from PV generator ( EP ) and utility grid ( E+

G
 ). The 

excess of PV energy is fed to grid ( E−
G

 ). The gray area (self-
consumption ES ) represents the fraction of load demand 
which is satisfied solely from the locally produced energy.

Obviously, the shapes of PP(t) and PL(t) may be inter-
woven in more complex ways, but the separated areas 
(energy amounts) of the same meaning should be 
summed up.

The following relations can be identified from Fig. 3:

(1)EP = ∫ PP(t)dt = E
−
G
+ ES

Although Fig. 3 refers to a single day, Eqs.  (1) and (2) will 
hold for any sequence of successive days. Since the analy-
sis must span a representative period of time, let EP , EL , ES , 
E
+
G

 and E−
G

 be the energy amounts for the full-year period.
From (1) and (2), it follows that difference in the 

amounts of local production and consumption is equal 
to the difference in grid energy transfers on a yearly basis:

When the system is to be energy-neutral for a time period 
(i.e., produces as much as it consumes), the guiding rule 
for system sizing can be established:

It was demonstrated that energy-neutral system also gen-
erates minimal grid-traffic [17]. The rule (4) will be used as 
a reference point for other cases considered in the simula-
tion, later in the paper.

3.2  System with battery

The purpose of battery is to increase the self-consumption 
by shifting the excess of PV energy to periods of its deficits, 
as shown in Fig 4. The E−

B
 and E+

B
 represent energy accu-

mulated and released from the battery, the gray area of ES 
includes E+

B
, and other symbols have the same meaning 

as in Fig. 3.

(2)EL = ∫ PL(t)dt = E
+
G
+ ES.

(3)EP − EL = E
−
G
− E

+
G
= �EG.

(4)�EG = 0 ⟺ EP = EL.

Fig. 2  System operation 
diagrams: a without battery, b 
with battery

(a) (b)

Fig. 3  Daily power profiles and energy shares (for system in Fig. 1a) Fig. 4  Daily power profiles and energy shares (for system in Fig. 1b)
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The energy balance equations take the form:

The battery, in contrast to grid, can sink and source a finite 
amount of energy at a time, limited by its capacity CB . For 
a single day, E−

B
 may not be equal to E+

B
 , but that differ-

ence will never exceed CB , no matter how many charge/
discharge cycles the battery undergoes:

When CB ≪ EL , E
−
B
≈ E

+
B

 for a sufficient number of suc-
cessive days and realistically sized system. This assump-
tion is used in the simulation, and it reflects the fact that 
the battery storage has short-term character, rather than 
seasonal.

System with battery can reach energy neutrality under 
similar conditions. From (5), (6) and (7), it follows:

With the realistic assumption of day-to-night buffering 
( CB ≪ EL ), the neutrality condition (9) becomes identical 
to (4).

It is worth noting that the presence of battery also 
reduces the grid traffic, since absolute values of E−

G
 and E+

G
 

in (8) are smaller than in (3).

3.3  Dimensionless parameters

The behavior of both systems from Fig. 1 can be fully derived 
from two key characteristics PP(t) and PL(t) . The related val-
ues of EP and EL can be used as parameters for two-dimen-
sional analysis of self-consumption energy ES in terms of 
absolute values.

In order to make the results applicable to systems of arbi-
trary sizes and proportions, regardless the absolute energy 
values, the analysis was performed in function of just one 
dimensionless parameter:

Then, the self-consumption of energy can be conveni-
ently studied as dimensionless ratios in function of this 
parameter:

(5)EP = E
−
B
+ E

−
G
+ ES − E

+
B

(6)EL = E
+
G
+ ES.

(7)0 ≤ |
|
|
E
−
B
− E

+
B

|
|
|
≤ CB

(8)EP − EL = E
−
G
− E

+
G
+ E

+
B
− E

−
B

(9)�EG = 0 ⟺ EP = EL ± CB.

(10)EP∕L =
EP

EL

.

(11)ES∕L =
ES

EL

= �d(EP∕L)

(12)ES∕P =
ES

EP

= �u(EP∕L).

Those quantities can be interpreted as the “efficiency” 
of covering the load demand from locally produced PV 
energy ( �d ) and “efficiency” to utilize PV energy locally ( �u ). 
Both factors are closely related:

The change of EP∕L makes both the factors to be inversely 
proportional, and they become equal for EP∕L = 1 , which 
corresponds to the energy neutrality condition.

The introduction of energy buffer makes the battery 
capacity to be the second parameter for Eqs. (11) and (12); 
thus, the battery capacity also must be expressed as ratio 
to other energy quantities.

In contrast to annual values of EP or EL , the battery 
capacity should refer to daily transfers rather than annual, 
since it is designed for day-to-night charge/discharge 
cycles. For the period of analysis spanning n-days, let the 
battery capacity to be expressed as a dimensionless frac-
tion of average daily energy demand ( EL∕n):

3.4  System examples

The results of analysis are given as values of ES∕L and ES∕P. . 
In order to interpret the results presented in Sect. 5, one 
must translate the absolute energy values into dimension-
less parameters.

Table 1 gives some examples of systems having big dif-
ferences in absolute values that are close to each other 
in terms of EP∕L , CB∕Ld space. The parameters in the table 
are chosen with view to correspond to a few realistic PV 
systems, ranging from residential to small power plants.

The estimation of EP from nominal PV power (in Table 1) 
is based on averaged energy yield for PV in Poland and the 
battery capacity is also expressed in terms of conventional 
12 V lead–acid technology.

4  Simulation model

The simulation of systems from Fig. 1 requires PV power 
data PP(t) and consumption profiles PL(t) for the repre-
sentative period of 1 year.

(13)ES∕P =
1

EP∕L

ES∕L.

(14)CB∕Ld = n
CB

EL

(15)ES∕L =
ES

EL

= �A(EP∕L,CB∕Ld)

(16)ES∕P =
ES

EP

= �E(EP∕L,CB∕Ld).
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The calculations were performed in terms of energy trans-
fers in 5-s time steps. The operation of energy buffer is sim-
plified: no charge/discharge losses or limits on current rates 
are considered.

The simulation software was custom-made in Python pro-
gramming language, with the use of dedicated numerical 
and graphical libraries.

4.1  PV power profiles

Solar power generated by the PV generator EP is computed 
according to standard approach as in [21] using solar irradi-
ance as input data.

The irradiance (G) was recorded for the year 2018 in the 
Solar Lab of Lodz University of Technology with a calibrated 
CM21 Kipp & Zonen pyranometer, facing South at 30◦ incli-
nation angle. The measurement was performed with the 
resolution of 5 s, and the collected data cover 97% of the 
period.

The ambient temperature ( Ta ) was also measured in order 
to calculate the temperature of PV cells ( Tc ), taking into con-
sideration parameter NOCT = 48 ◦C , as follows:

The temperature excess over 25◦ (standard test conditions) 
�T  is then:

Since the power profile PP(t) must be normalized to give 
annual PV yield EP = 1 , the actual size of PV generator and 
conversion efficiency are both included in the normaliza-
tion coefficient k. The computation of PV energy is done 
from global irradiance (at inclined plane) Gi , with correc-
tion for PV cells temperature:

where i goes through all the 5-s measurement intervals 
of �t and the temperature coefficient � is assumed − 0.5%

—typical for silicon PV cells.

(17)Tc = Ta + G(NOCT − 20)∕800.

(18)�T = Tc − 25.

(19)EP = k

∑

i

Gi(1 + ��Ti)�t

4.2  Load demand profiles

There exists a multitude of relevant electricity consump-
tion profiles. Taking a household as an example, there are 
great differences in daily profiles due to heating/cooling 
needs [9], set of electrical appliances [2, 3] or habits of 
occupants [20], just to name a few reasons. Therefore, the 
some arbitrary selection was made in order to keep the 
conclusions more general and comparative.

The choice of energy consumption patterns was moti-
vated to address a wide spectrum of real-life cases that 
share some similarities. Therefore, the proposed profiles 
emphasize the generic features of various daily energy 
consumption, i.e., a bimodal distribution for households, 
daily activity for offices, constant consumption for produc-
tion plants or night charging of electric vehicles.

Four different types of load demand profiles PL(t) were 
prepared for the simulation. They are elaborated for the 
purpose of this article and do not borrow any data from 
other sources.

The profiles are prepared with 1-h time resolution for 
all days in a year, taking into account weekly and monthly 
variations. Separate daily profiles were prepared for week-
days, Saturdays and Sundays, and correction coefficient 
was applied for each month. All the PL(t) profiles are nor-
malized over the year to fulfill the condition EL = 1

For convenience, they are named as:

– Household (Fig. 5)—profile with two major power peaks 
and significant consumption decrease during summer 
months,

Table 1  Examples of systems 
and their parameters

Nominal PV 
power (kWp)

EP annual 
yield (kWh)

EL annual cons. (kWh) CB bat. cap. 
(kWh)

CB bat. cap. 
(Ah) at 12 V

EP∕L CB∕Ld

1 1000 5000 0 0 0.2 0.0
3 3000 3000 4 342 1.0 0.5
50 50,000 20,000 11 913 2.5 0.2
500 500,000 1,000,000 274 22,831 0.5 0.1

household

0h 3h 6h 9h 12h 15h 18h 21h 24h
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C
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Fig. 5  Power demand profile of type “household”
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– Office (Fig.  6)—profile with daytime peak, reduced 
activity on Saturdays, shutdown on Sundays and 
increased consumption in Summer,

– Production plant (Fig. 7)—profile with nearly constant 
consumption over 24 h, with slight decrease during 
weekends,

– Charging (Fig. 8)—profile corresponding to overnight 
charging of electric vehicle, regardless of weekday, but 
with increased demand during summer months.

The names of profiles loosely correspond to the activities 
they may represent in real life. Obviously, such profiles 
cannot fit all, but—in author’s opinion—choosing a single 
particular real-life example would not be better.

This approach makes the conclusions more general and 
applicable to any systems that exhibit some resemblance 
to the generic patterns.

4.3  Power profiles examples

In order to illustrate the proportions of normalized power 
profiles PP(t) and PL(t) , four various examples are shown in 
Figs. 9 and 10. All examples show single-day profiles, but 
the normalization was done for full year.

The profiles proportions reflect the ratio EP∕L = 1 , which 
always leads to overproduction of PV energy in summer, 
for climate of Central Europe.

Figure  9a demonstrates mismatch between PV and 
household-type demand in summer, whereas Fig.  9b 
shows good match for office-type profile, but also highly 
variable PV power, very common in this climate.

Figure 10c, d represents the consumption types with 
the greatest mismatch between the production and con-
sumption, leading to great daytime overproduction of PV 
in case of production plant, and total separation in case 
of charging profile.

office
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P
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m
.)
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Fig. 6  Power demand profile of type “office”

prod.plant

0h 3h 6h 9h 12h 15h 18h 21h 24h
0.0

max

P
ow

er
(n
or
m
.)

Mon-Fri Saturday Sunday

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

0.6

0.8

1.0

C
or
r.

co
eff

.

Fig. 7  Power demand profile of type “production plant”

charging
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Fig. 8  Power demand profile of type “charging”

Fig. 9  Examples of normalized 
power profiles: household and 
office

(a) (b)
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5  Simulation results

The analysis of energy self-consumption was carried out 
as numerical computation of ES∕L and ES∕P in 2D space of 
EP∕L and CB∕Ld parameters.

According to (11) and (12), the factor ES∕L has the 
interpretation of fraction of load demand that is covered 
from locally produced energy, whereas ES∕L is a fraction 
of PV energy that can be utilized locally.

5.1  System with no energy buffer

The comparison of all four types of systems without 
battery is shown in Fig.  11. The horizontal axis gives 
the information how big is the PV generator versus 
load demand: 0.0 means no PV at all and 4.0 represents 
greatly oversized PV array. Since the values of ES∕L ES∕P are 
energy proportions that can never exceed 1, the vertical 
axis displays percents.

The energy neutrality condition ( PP∕L = 1 ) is marked 
with (0) symbol, where according to (4) always ES∕L = ES∕P . 
This point will serve as a reference for other results.

Household-type system, without energy buffer-
ing, can reach ES∕L of only 30% at (0). Enlarging the PV 

generator is not advisable in this case, since the improve-
ment would be significant, at the cost of great increase 
in grid traffic.

For the office-type system, the value of ES∕L can reach 
almost 60% at (0) due to the best match of its consump-
tion to PV energy availability. In the extreme case, for 
the charging-type profile the results are always 0, since 
consumption and production do not overlap.

In all cases, however, increasing PV over EP∕L = 1 is not 
recommended. On the contrary, a smaller PV array sized 
down to EP∕L = 0.5 may be considered as cheaper and 
still delivering comparable ES∕L , but at a cost of higher 
energy purchase from the grid.

5.2  System with energy buffer

The presence of energy buffer in the system greatly 
improves both factors ES∕L and ES∕P for all types of con-
sumption profiles. Figures 12, 13, 14 and 15 show the 
results for each profile type separately, for several values 
of battery capacity CB∕Ld , ranging from 0.0 to 5.0.

The interpretation of results is done for the following 
conditions:

Fig. 10  Examples of normal-
ized power profiles: production 
plant and charging

(c) (d)

Fig. 11  E
S∕L and E

S∕P for all consumption profiles, without battery
Fig. 12  E

S∕L and E
S∕P for household-type profile, with battery
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• (0)—(Zero) reference point for energy neutrality and 
lack of battery, any deviation from this condition 
involves higher grid traffic,

• (E)—(Economy) system with small battery of capacity 
CB∕Ld = 0.5 and the same PV array as for (0),

• (B)—(Battery) system with twice as big battery com-
pared to (E), but with the same PV as for (0),

• (P)—(PV) system with twice as big PV array compared 
to (E), but with small battery as for (E),

• (T)—(Top) system with doubled both battery and PV 
size compared to (E).

For household-type system (Fig. 12), good results are 
achieved at (E), boosting ES∕L from 30 to 60%. For bet-
ter performance, any enlargement of PV must be done 
together with bigger battery (T), since points (B) and (P) 
alone offer no real improvement. Downsizing the PV below 
EP∕L = 1 is still a good alternative.

Both office and production plant-type systems (Figs. 13 
and  14) achieve remarkable ES∕L = 70% at (E), and no fur-
ther expansion is recommended. PV downsizing may be 
considered for production plant-type, but office-type with 
smaller PV would loose benefits of battery.

For charging-type system (Fig. 15), energy buffering 
changes everything dramatically. Here, a bigger battery is 
always better, up to capacity CB∕Ld = 1.0 at (B). At (E), ES∕L 
reaches 40% and at (B) 70%. PV oversizing is not recom-
menced, but downsizing is possible.

6  Conclusions

The paper analyzed the opportunities to increase the 
utilization of locally generated PV energy (i.e., the self-
consumption-to-load demand ratio) with view to main-
tain equal balance between using and feeding energy to 
the grid and keeping the interaction with utility grid at 
minimal level.

The analysis was carried out by simulating the opera-
tion of PV system with various proportions of PV array and 
battery size versus own energy consumption and using 
day-to-night energy buffering.

The simulation was performed using the full-year (2018) 
solar data, for climate of Central Europe, and four various 
energy consumption patterns: “household,” “office,” “pro-
duction plant” and “vehicle charging,” with weekly and 
seasonal variations.

The consumption cases represent the generic types of 
daily profiles, i.e., a bimodal distribution for households, 
daily activity for offices, constant consumption for produc-
tion plants or night charging of electric vehicles.

In order to satisfy the energy neutrality condition and 
achieve the minimal grid traffic, it was found that the 
optimal size of PV array, in terms of annual yield, should 
match the annual demand of local energy consumption. 
The presence of battery does not change the energy neu-
trality, but further reduces the grid traffic

Fig. 13  E
S∕L and E

S∕P for office-type profile, with battery

Fig. 14  E
S∕L and E

S∕P for production plant-type profile, with battery

Fig. 15  E
S∕L and E

S∕P for charging-type profile, with battery
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Under those conditions—without energy buffering—it 
is possible to reach 30–60% demand coverage from PV 
for “household,” “office” and “production plant” demand 
patterns. Optionally, PV array can be downsized to 0.5 of 
the optimal value and still maintain 20–50% of demand 
coverage annually. On the other hand, the PV oversizing is 
not recommended, since doubling the PV array size gives 
only few percent improvement, at the cost of increased 
grid traffic.

For “vehicle charging” profile, this coverage is zero 
due to the total mismatch in energy production and 
consumption.

The presence of relatively small battery can boost the 
demand coverage to 60–70%, lowering grid traffic at the 
same time. The recommended battery capacity, for “house-
hold,” “office” and “production plant” profiles, should be 
close to half of the average daily consumption. Increasing 
battery or PV size is not recommended, while PV downsiz-
ing may be considered.

Greatest benefits are observed for “vehicle charging” 
profile, where the demand coverage grows nearly propor-
tionally to battery size, up to a recommended battery size, 
which is equal to average daily consumption.

The presented results have the merit of translating solar 
irradiance data and energy consumption patterns into 
simple guidelines for PV system sizing with energy neu-
trality and grid interaction in view. The input data for the 
guidelines are only: anticipated annual PV energy yield, 
annual energy consumption and resemblance to one of 
the generic energy consumption profiles.

The results are applicable to systems operating in cli-
mate of Central Europe, but the approach and the method 
are universal for systems of any size.
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