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Abstract

High penetration of photovoltaic (PV) electricity could affect the stability of the low-voltage grid due to over-voltage and trans-
former overloading at times of peak production. Residential battery storage can smooth out those peaks and hence contribute to
grid stability. A feed-in limit allows for the easy setting of a maximum power injection cap and motivates PV owners to increase
their self-consumption. A simple control strategy for a residential battery system coupled with a PV system that maximizes self-
consumption and minimizes curtailment losses due to a feed-in limit is presented. The algorithm used in this strategy does not
require a forecast of insulation conditions. The performance of this algorithm is compared to a second algorithm—a control strat-
egy based on linear optimization using a forecast. Assuming an exact forecast, this second algorithm is very close to the maximum
self-consumption and minimum curtailment losses achievable and can be used to benchmark the simple strategy. The results show
that the simple strategy performs as well as the second algorithm with exact forecasts and performs significantly better than the
second algorithm using real forecasts. Moreover, it is shown that this result is valid for a large range of storage capacities and PV
sizes. Furthermore, it is shown that with a time resolution of 15 minutes for the input data (the resolution of most PV production
and load data) self-consumption is overestimated by about 3 % and curtailment losses are underestimated by the same amount.
Load sensitivity simulations show that different load curve shapes do not fundamentally change the results. Finally, to assess the
effect of load aggregation, the case where the strategy is applied separately to 44 households with storage is compared to the case
where it is applied to a centralized storage system of the same size as the total storage of the 44 households. The reduction of the
curtailment losses with the number of aggregated houses is showed.
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Highlights

• A control strategy for a battery system coupled with a PV
system is presented.

• With a feed-in limit this strategy does not need a PV pro-
duction forecast.

• This strategy performs as well as a strategy relying on an
exact forecast.

• A relatively small storage size allows peak injection reduc-
tion of 50 %.

1. Introduction

Residential electric energy storage systems coupled with a
photovoltaic (PV) installation could contribute to the stabil-
ity of the low-voltage grid in the case of high PV penetra-
tion by absorbing the production power peaks around midday
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[1, 2, 3, 4, 5]. Moreover, such a system increases PV self-
consumption, which can provide an economic benefit to the
system owner due to lower electricity exchange with the grid
and minimized electricity transport losses [6, 7, 8]. Economic
assessment of such systems optimizing only self-consumption
can be found in [9, 10, 11]. In Germany, financial incentives
for battery storage are available provided that the feed-in power
is limited to 50 % of the PV system’s nominal power [12]. By
2015, more than 12’000 such systems were installed in Ger-
many [13]. As shown by [14], active power curtailment allows
for stabilizing the grid voltage. Imposing a feed-in limit is a
simple and efficient method to avoid high injection peaks and
to hence minimize grid disturbances allowing for higher PV
penetration [15, 16]. However, this limit induces curtailment
losses even in the presence of energy storage systems. There-
fore, control strategies that minimize those losses and maxi-
mize self-consumption are needed. Alternative strategies than
a fixed feed-in limit prevent injection peaks are described in
[17, 18, 14].

Several control strategies that allow for the efficient shaving
of injection peaks and the maximization of self-consumption at
the same time have been proposed in the literature. Solutions
based on exact (or perfect) forecasts are presented in [19, 20].
However, forecast inaccuracies induce non-negligible changes
in the performance of the systems [21, 22, 23]. To circumvent

Preprint submitted to Elsevier Journal May 1, 2017

© 2017. This manuscript version is made available under the CC-BY-NC-ND 4.0 license http://creativecommons.org/licenses/by-nc-nd/4.0/ of 12.



those issues, strategies that do not need forecasts were devel-
oped. Zeh et al. [22] proposed a feed-in damping strategy, in
which the battery is charged using a nearly constant power de-
fined by the battery capacity divided by the time until sunset.
This approach gives better results than a feed-in chopping strat-
egy which starts to charge only when a daily maximum feed-in
power calculated with a forecast is reached. Moshövel et al.
[23] used a persistence forecast strategy based on the optimal
state of charge of the previous day. This approach resulted in a
self-consumption value 4.4 % lower compared to the one with
a perfect forecast.

In this paper, in contrast to our previous work [24] and [19,
20], a new control strategy that does not need forecast data and
is valid only in the presence of a feed-in limit is developed. The
novelty of the solution presented here compared to, e.g. [22, 23]
is that clear sky production data is used, which can be easily
simulated. This data allows for a more precise control strategy
allowing for self-consumption close to its maximum value and
a reduction of the curtailment losses.

The system under consideration and the corresponding sim-
ulation program that was developed is described. In addition to
the control algorithm that does not need forecast data, a control
strategy that maximizes financial cash flow due to electricity
exchange with the grid is introduced and discussed. This sec-
ond algorithm requires production and consumption forecasts.
It is used to benchmark the first algorithm. Both strategies are
evaluated in the frame of a feed-in limit and for the second algo-
rithm using a real or an exact (perfect) forecast as a function of
the battery capacity, the PV sizing and the value of the feed-in
limit.

Most load profiles and PV production data are available with
a resolution of 15 minutes. The time resolution of the input data
affects the simulation results such as self-consumption share
and the assessment of the effects on the grid [25, 26]. Therefore,
the effect of the input data resolution (5 seconds to 30 minutes)
on the self-consumption and loss due to the feed-in limit us-
ing the algorithm that does not need forecast data is evaluated.
The effect of this time resolution and of its optimal choice is
discussed.

To assess the sensitivity of the results as a function of the load
curve shape, the same algorithm is applied to 44 different real
loads of households recorded in a small Swiss town. Finally,
using those 44 loads, we quantify the gain in peak shaving and
self-consumption by aggregating loads.

2. Methods

2.1. System configuration

There are two main system configurations for a PV system
coupled with a battery: the DC-link configuration, in which the
battery is connected before the DC/AC converter, and the AC-
link configuration, in which the battery is connected through
a bidirectional AC/DC inverter directly to the AC home grid
[27, 6]. The choice of configuration does not significantly
change self-consumption simulation results, and the DC-link
configuration is used here. Like in the study by Magnor et al.

[28], an energy-flow model is applied in this work. Note also
that, within this study, power flow from the grid to the battery
is not allowed.
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Figure 1: Layouts of PV-systems coupled with a battery storage in the AC- and
DC-link configuration.

The efficiency values as a function of input power of the DC-
DC converter and the DC-AC inverter are calculated according
to typical curves of commercially available systems [29]. If
not stated differently, the converter and inverter nominal power
is equal to the DC nominal power of the PV installation. The
temperature and voltage dependence of the inverter efficiency
are neglected; its efficiency depends only on the input power.
A simple battery model with a fixed round-trip efficiency of 90
% is used, which is representative of standard Li-ion batteries.
The choice of a Li-ion battery is motivated by the potentially
lower cycle cost in the long term due to a higher cycle number
and lifetime [30].

The battery storage capacity is defined as the effective capac-
ity. For example, a battery with 10 kWh storage capacity and a
minimal recommended state of charge of 20 % has an effective
capacity of 8 kWh.

2.2. Description of the control algorithms

In this work, two control algorithms that optimize financial
balance (cost minimization) with regard to electricity exchange
with the grid (buying or selling electricity, cash flow) are stud-
ied. In the presence of a feed-in limit, this objective is equiv-
alent to first minimizing the losses due to feed-in power cur-
tailment and then enhancing self-consumption (as long as the
feed-in tariff ≥ 0 and < electricity price). The two control algo-
rithms are:

• Cost minimization without a forecast (co. opt. w/o fore-
cast,), requiring only clear sky PV production data. This
algorithm implements the simple strategy that we propose,
which is applicable only if a feed-in limit exists.

• Cost minimization based on PV production and the load
forecast using a linear optimization (co. opt. re. forecast
with real forecast). Using an exact forecast (co. opt. ex.
forecast), this algorithm gives results close to the best fi-
nancial balance (discrepancies arise due to the lower time
resolution used for the optimization - 30 minutes - com-
pared to the simulation time resolution - 1 or 15 minutes)
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Nomenclature

B+ Battery charging energy at time t
B− Battery discharging energy at time t
Bloss Battery losses
Bcap Battery capacity
F+ Feed-in tariff
F− Retail electricity price
FiL feed-in limit
g f Power exchanged with the grid
Lt Load at time t
Ltot Total load energy
MEP Maximum excess PV energy
PVt PV production at time t
PVcs Simulated clear sky PV production

PVtot Total PV production
S OC State of charge of the storage
t Time step
max. sc. Maximization of self-consumption
min. curt. loss. Minimization of curtailment losses
co. opt. w/o forecast Cost minimization without forecast
co. opt. re. forecast Cost minimization with exact forecast

using linear optimization
co. opt. re. forecast Cost minimization with real forecast us-

ing linear optimization
curt. loss. Curtailment losses
SC Self-consumption
C Cashflow
PV Photovoltaic

and can be used to benchmark the co. opt. w/o forecast
algorithm.

Those strategies are useful only if the battery cannot absorb the
complete daily PV production. To further benchmark the ef-
fectiveness of the algorithms, two more control algorithms are
introduced:

• Maximization of self-consumption (max. sc.). The battery
is charged (if the state of charge allows) as soon as the PV
power exceeds the load (or consumption) and is discharged
as soon as the PV power is lower than consumption. This
strategy is often implemented in simple home storage sys-
tems.

• Minimization of PV production losses due to the feed-in
limit (min. curt. loss.). Excess PV power that would be
curtailed by the feed-in limit is stored (if the state of charge
allows) in the battery. The battery is discharged as soon
as PV power is lower than consumption. This strategy is
applicable only in the presence of a feed-in limit.

2.2.1. Cost minimization without a forecast
This simple algorithm (co. opt. w/o forecast) optimizes the

financial balance due to grid exchange in the presence of feed-
in limits and constant electricity/feed-in prices without the need
for a forecast. This algorithm needs only the theoretical clear
sky maximum PV production curve to minimize curtailment
loss and to maximize self-consumption. For this purpose, the
maximum clear sky PV production is calculated for each minute
using the PV lib toolbox [31]. The maximum excess PV energy
MEP is the energy necessary to absorb the clear sky PV pro-
duction power that is higher than the feed-in limit:

MEPt =

∫ 10 hours

t+1
(PVcs,t − FiL) · dt

∣∣∣
PVcs−FiL>0 (1)

with PVcs the simulated clear sky PV production, FiL the feed-
in limit and t the time step. The excess PV energy is calculated
for the next 10 hours as, for each considered day in Switzerland,
the period of excess PV production is shorter than 10 hours. For
places with longer daylight, this time span should be increased.
The battery is controlled as follows and is summarized with an
if/then flowchart in Figure 2:

• Excess PV power that would be curtailed by the feed-in
limit is stored (if the state of charge allows) in the battery.
Moreover, if the battery’s available capacity is sufficient
to absorb the maximum excess PV production of the next
10 hours (battery storage capacity Bcap minus the state of
charge S OC is higher than the maximum excess energy,
Bcap − S OC > MEP), the battery is charged until this
limit.

• If PV power is higher than the load power (gridflux g f =

PV − L < 0), the battery is charged only if its capac-
ity is sufficient to absorb the maximum excess PV energy
(MEP).

• If PV power is lower than the load power (g f < 0), the
battery is discharged.

• The system boundaries must be satisfied (battery capacity,
inverter power limits).

2.2.2. Cost minimization with forecast
This control algorithm optimizes the gain or cost (co. opt.

forecast) due to exchange with the grid (selling or buying elec-
tricity) and depends on feed-in tariffs and electricity costs. This
algorithm is valid with and without the feed-in limit and needs
forecasts. A schematic representation can be found in Figure 3.
This algorithm was introduced in a previous study by Riesen et
al. [24].
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 gf>0
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Figure 2: If/then flowchart of the co. opt. w/o forecast strategy, with SOC the
state of charge, Bcap the storage capacity, FiL the feed-in limit, g f = PVt −

Lt the power exchange with the grid (gridflux) which is the PV production
PVt minus the load Lt at the actual time step t and MEP the maximum excess
energy.
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Figure 3: Schematic representation of the cost minimization algorithm with
forecast (co. opt. forecast) algorithm.

Every 24 hours, a cost optimization of the energy flux to or
from the battery is done according to the forecast data for the
next 48 hours of PV production (see subsection 2.2.5), house-
hold load and buying/selling prices. The energy flux is then
converted to an optimal state of charge for each simulation time
step (in our case 1 or 15 minutes). For this optimization, a linear
programming algorithm is applied because of faster computing
and a guarantee to find the global optimum. A description can
be found in the appendix 7. The inverter and converter effi-
ciencies are considered as constant (not dependent on the input
power) to allow a linear optimization. This is considered to be
an acceptable approximation as the power intensities that con-
tribute the most to the energy fluxes are at high input powers
where the efficiency of the inverter is relatively constant (with
input power). Moreover, this algorithm also allows us to add
an additional cost that is proportional to the daily maximum
injected power to the objective function, a power tariff. The ef-
fect of this tariff is the minimization of the injected power value
into the grid. This functionality is not used in this work but is
mentioned in the appendix.

At each simulation time step, the control algorithm defines

the battery flux in order to reach the optimized state of charge
if allowed by the following rules:

• The resulting energy fluxes have to respect the different
limits of the system (inverter power limit, power flux limits
of the battery, storage capacity).

• If there is a feed-in limit, the PV power exceeding that
limit is stored as long as the previously cited constraints
are met disregarding the optimal state of charge (SOC). If
this is not possible, this excess PV power (defined as curt.
loss.) is lost. In practice, this means that the maximum
power tracker of the PV system is no longer operated at
maximum power point .

2.2.3. Maximization of self-consumption
This algorithm (max. sc.) charges the battery (if the state

of charge allows) as soon as the PV power exceeds the load
(or consumption) and discharges it as soon as the PV power is
lower than consumption.

2.2.4. Minimization of PV curtailment losses
With this algorithm (min. curt. loss.), the excess electricity

resulting from PV power being curtailed by the feed-in limit is
stored in the battery (if the state of charge allows). The battery
is discharged as soon as the PV power is lower than consump-
tion.

2.2.5. Simulation data
The following load profiles are used:

Reference load is based on data measured at one-minute time
steps of a Swiss household of five people (one family
house with central oil heating), from April, 2012, to
March, 2013, located near Neuchâtel. The annual load
consumption was 4943 kWh.

High time resolution load is based on data measured at five-
second time steps of the same household as the reference
load, from September, 2014, to September, 2015.

15 min loads are based on data measured with smart meters at
15-minute time steps in a town in the canton of Neuchâtel
from April, 2012, to March, 2013. The data comprise rep-
resentative loads of family houses and apartments. Figure
4 (left) shows the sum of all 44 loads for a day in March.
We see the typical residential load shape with relatively
low consumption at night and two peaks at midday and
in the evening. On the right, a histogram of the annual
electricity consumption shows that most of the households
consume around 4 MWh/year.

The PV production curve was generated with the PV-lib
toolbox [31] assuming a multi-crystalline silicon module taken
from the PV-lib toolbox library and a module tilt angle of 30°.
Note, that for this study, the method of PV production does
not play a crucial role. As weather input data measured global
horizontal irradiance and temperature values from two different
sources were used:
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Figure 4: (Left) Sum of the 44 15 min loads for 48 hours in March, 2013.
(Right) Histogram of the annual electricity consumption of the 15 min loads.

• The MeteoSwiss station in Neuchâtel with data recorded at
10-minute time steps at the same time as the available fore-
cast data (April, 2012, to March, 2013). For the same time
period, the real PV forecast is based on historical fore-
cast data from Meteotest (48 hours ahead in one-hour time
steps). The forecasts were interpolated to 30-minute time
step data. Note that a lower time step would slow down
the optimization, and the forecast accuracy would not re-
ally benefit from it.

• A weather station located on the roof of our institute
with data recorded at five-second time steps. These data,
recorded from September, 2014, to September, 2015, were
used for the time resolution sensitivity simulations (see
section 3.2).

The resulting module power was then interpolated or integrated
to the needed simulation time step.

The load forecast was generated by averaging for each 30
minutes the historical load profiles of each day of the week for
each season. During days when a household was unoccupied, a
special holiday average load curve was generated.

To compare the effect of forecast errors, an exact forecast
having the same format as the real forecast, but using the effec-
tive production and loads, is introduced. Hence, in this case,
there are no forecast errors (exact forecast).

3. Results

3.1. Comparison of the different control algorithms with a feed-
in limit

The different control strategies are here applied to the refer-
ence load and the MeteoSwiss weather data to evaluate their
performance in reducing PV production loss due to the feed-in
limit (curt. loss.), maximizing self-consumption and optimiz-
ing cash flow.

3.1.1. Effects of the storage size
Figure 5 shows curt. loss. and self-consumption for a feed-

in-limit of 50 % as a function of the battery capacity using the
reference load.

re

Figure 5: (Top) PV production loss due to the feed-in limit (curt. loss.), (mid-
dle) self-consumption (SC) and (bottom) cash flow for a single household (ref-
erence load) using the different battery control strategies as a function of stor-
age capacity with a feed-in limit of 50 %.

The curt. loss. values are, unsurprisingly, the smallest for
the min. curt. loss. algorithm. Up to a battery capacity of 1
kWh/kWp, the co. opt. w/o forecast algorithm has a curt. loss.
value almost as low as that of the optimum. For higher stor-
age capacities, the curtailment loss of the co. opt. w/o forecast
deviates slightly from the optimum. This is due to the assump-
tion that the battery is always empty before the first grid in-
jection, which is not always the case for high battery capacity.
Hence the available storage capacity is overestimated, result-
ing in higher curtailment loss. For storage capacities above 2
kWh/kWp, the difference in the curt. loss. values between the
co. opt. w/o forecast and the min. curt. loss. algorithms remains
constant. As the discharging power of the battery is limited by
the DC/AC inverter, increasing its nominal power could, to a
limited extent, empty the battery faster during peak consump-
tion and slightly diminish the curtailment loss for high storage
capacities. Theoretically, the co. opt. ex. forecast should give
the same curt. loss. values as the min. curt. loss. case. This
is almost the case: the differences are due to the different time
steps of the optimization algorithm (30 minutes) and the simu-
lation time step (1 minute) and the constant inverter efficiency
approximation which results in slightly higher curtailment loss
for the co. opt. ex. forecast case. With real forecasts (co. opt.
re. forecast), the curt. loss. values are higher; for example,
with a storage capacity of 1 kWh/kWp, the curt. loss. is more
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than two times higher than for min. curt. loss.. Those higher
losses arise on days when the forecasted amount of excess PV
is underestimated and therefore the storage is already full when
it is needed to absorb excess power.

Self-consumption increases from 30 % without a battery to
over 60 % for storage capacities above 1.7 kWh/kWp. The self-
consumption of the co. opt. ex. forecast approach is almost as
high as that of the best case (max. sc.). However, the co. opt. re.
forecast strategy with real forecasts has lower self-consumption
than the two others due to days when the PV production is over-
estimated. The difference can reach 7 % absolute. In terms of
self-consumption, the co. opt. w/o forecast algorithm performs
as well as the co. opt. ex. forecast algorithm even for stor-
age capacities much higher than those shown in Figure 5. If
the battery can store the total PV production that cannot be lo-
cally consumed, the co. opt. w/o forecast strategy behaves in a
similar way as the max. sc. strategy.

As any charging to or discharging from the grid is forbidden,
the curtailment loss and self-consumption can be linked to the
financial balance due to grid exchange (cash flow). Given the
SC (eq. 2) and the Curtloss (eq. 3) the cash flow C for any feed-
in tariff F+ and the retail electricity price F− can be calculated:

S C =

∑
t Lt +

∑
t (PVt − Lt + B+)|(PVt−Lt)<0∑

t PVt
(2)

Curtloss =

∑
t (PVt − Lt + B−)|(PVt−Lt+B−)>Flimit∑

t PVt
(3)

C =
∑

t

(PVt − Lt + B−)
∣∣∣
(PVt−Lt)>0 · F

+ (4)

+
∑

t

(PVt − Lt + B+)
∣∣∣
(PVt−Lt)<0 · F

− (5)

= S C · PVtot(F− − F+) + PVtot(1 −Curtloss) · F+ (6)
− BlossF+ − Ltot · F− (7)

where Lt is the load at time t, PVt is the PV production at time
t, B+ is the battery charging energy at time t (positive value),
B− is the battery discharging energy at time t (negative value),
Bloss =

∑
B+ +

∑
B− is the battery losses and is equal to the dif-

ference between the total battery charging and discharging en-
ergy, Ltot =

∑
Lt and PVtot =

∑
PVt, S C the self-consumption

and Curtloss the curt. loss.. The variation in C (∆C) can be writ-
ten as a function of S C and the curt. loss. variation (due to e.g.
a new battery capacity) can be written as eq. 8:

∆C = PVtot(∆S C · (F− − F+)−∆Curtloss · F+)−∆BlossF+ (8)

In the case studied here, with (F+ < F−), in eq. 8 it is seen
that the SC value mainly influences the cash flow. By setting
the retail electricity price to F− = 20 cts/kWh and the feed-in
tariff to F+ = 10 cts/kWh, the results shown in Figure 5 (bot-
tom) are obtained. The co. opt. ex. forecast and co. opt.
w/o forecast algorithms gave almost the same results and per-
forms best. At storage capacities higher than 1.5 kWh/kWp
the co. opt. w/o forecast strategy performs even slightly bet-
ter, because the bigger the storage the better this algorithm will
perform. In addition because of the time resolution difference
between the optimization (30 minutes) and the simulation step

(1 minute), the co. opt. ex. forecast strategy does not reach
the self-consumption optimum. With a storage capacity of 2
kWh/kWp the annual electricity cost can be reduced by 45 %
from 431 CHF to 197 CHF. Due to the higher curt. loss. and
lower self-consumption, the co. opt. re. forecast algorithm is
financially less favorable than the co. opt. ex. forecast and co.
opt. w/o forecast algorithms. The financial gain on the electric-
ity cost is reduced to 34 %. As no exact forecast is possible,
the simple co. opt. w/o forecast control algorithm is the best
choice and will be used for the next simulations presented in
this work. This result is true independently of pricing as long
as the electricity retail price is higher than the feed-in tariff and
the prices are constant in time.

With a further increase of the storage capacity, the curt. loss.
for the max. sc. algorithm will continue to decrease, increasing
the cash flow gain. At the same time the self-consumption of
the co. opt. w/o forecast strategy will reach the optimum as
there will be more than enough battery capacity to charge the
excess energy, hence the battery will be charged as soon as there
is injection. This will result, for high battery capacity, that the
cash flow of the max. sc. will reach the one of the co. opt. w/o
forecast strategy but not will not be better.

3.1.2. Effects of the feed-in limit and PV-sizing
Using the same inputs as in sec. 3.1.1, the storage capacity is

fixed to 1 kWh/kWp and varied:

• the PV system size with an annual PV production covering
0.33 % to 200 % of the consumption and a fixed feed-in
limit of 50 %.

• the feed-in limit from 0 % (no injection into the grid) to
100 % with an annual PV production covering the con-
sumption.

Figure 6 (left) shows self-consumption as a function of PV siz-
ing and (right) curt. loss. as a function of the feed-in limit.
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Figure 6: (left) Self-consumption (SC) as a function of the PV sizing and
(right) curtailment loss as a function of the feed-in limit for the different control
strategies.

The self-consumption value decreases from 60 % to 73 %
(depending on the control strategy) for a PV sizing that cov-
ers 33 % of the yearly load to values between 28 % and 38 %
for a PV sizing that covers two times the annual consumption.
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For the whole PV sizing range, the different self-consumption
values as a function of the control strategy behave similarly.
Hence the same conclusions as in section 3.1.1 can be applied,
namely that the co. opt. w/o forecast algorithm yields a self-
consumption value as high as the co. opt. ex. forecast algo-
rithm. The same is true for the curtailment loss curves (not
shown).

With a storage capacity of 1 kWh/kWp, more than 40 % of
the PV production is lost if injection is prohibited (feed-in limit
= 0 %) (Figure 6, right). With the exception of the max. sc.
control strategy, all strategies attain the same curt. loss. values.

3.2. Effect of the time resolution
Most load profile data available have a time step of 15 min-

utes. However, the duration of peak consumption is often
shorter. Depending on meteorological conditions, e.g. for
partly cloudy conditions, production may vary significantly
within a period of a few seconds. The effect of time resolu-
tion on the curtailment loss is evaluated using a feed-in limit of
50 % and no battery. For this purpose, the high time resolution
load and the weather data measured on the roof of our institute
were used. Figure 7 shows curtailment loss as a function of the
time resolution in the cases where only production, only elec-
trical load and both time resolutions are varied from 5 seconds
to 30 minutes. The time resolution of the parameter that is not
varied is set to the lowest value of 5 seconds.

Figure 7: (Left) Curtailment loss as a function of the time steps when only
production, only consumption or both are varied with time steps from 5 seconds
to 30 minutes. (Right) Histogram of the annually cumulated energy for power
steps of 75 W exchanged with the grid.

Figure 7 (left) shows that by increasing the time step from 5
seconds to 1, 15 and 30 minutes, the curtailment losses are un-
derestimated by respectively 0.6 %, 2.7 % and 4.0 % in absolute
values. The PV production time resolution contributes slightly
more than the consumption time resolution to this underesti-
mation. The histogram-like Figure 7 (right) shows the yearly
exchanged energy with the grid as a function of the exchanged
power intensity. The highest and lowest exchanged power val-
ues are lower for the curve with highest time steps (30 minutes),
which reflects the smoothing out of the power peaks induced by
the reduction of the resolution. Moreover, the higher the time
step, the lower the energy exchanged with the grid, due to the
summing of the positive and negative power exchange with the
grid within a time step.

Figure 8: Self-consumption (SC) as a function of the time resolution of the
loads, PV production and both.

Figure 8 shows self-consumption as a function of time res-
olution. By increasing the time resolution to 15 minutes, self-
consumption is overestimated by 3 %. The fixed production
time resolution curve induces the lowest errors. The two other
curves induce higher errors which are similar for both. With a
relative increase of the self-consumption of 16 % by increasing
the granularity from 10 seconds to six minutes, values similar to
those of Beck et al. [25] (between 5 % and 20 %) are obtained.
However, in their case, the slope of the self-consumption curve
increases with higher time steps, while in our case it decreases.
At this point no explanation is found for this discrepancy. How-
ever, the results of this work are in agreement with our previous
paper [32] using different input data.

The time resolution influences only the simulation results but
has no effect on the control strategies. Therefore, comparison of
performances of the algorithms should be assessed using simi-
lar time resolutions for the input data. As shown in [32], adding
storage reduces the errors introduced by longer time resolu-
tions. In this case, the results shown in Figure 8 represents the
upper limit of these errors.

3.3. Load sensitivity

Up to now the algorithms were applied to only one household
using the reference load. In this section, the co. opt. w/o fore-
cast simple control algorithm is applied to 44 different loads
(15 min loads) for a load sensitivity study. The feed-in limit is
fixed to 50 % and the PV installation nominal power is fixed
such that the yearly PV-produced energy is equal to the total
annual consumption for each of the loads.

Figure 9 shows the maximum, minimum and mean values
of the curtailment loss (left) and self-consumption (right) as a
function of the storage capacity. Overall, the same behaviors as
for the reference load are observed. All households are within
a ± 2.5 % band for curtailment loss and a ± 6 % band for the
self-consumption.

3.4. Local and district storage

In this section the gain of applying the control algorithm to
aggregated loads is compared to the case where all households
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Figure 9: Maximum, minimum and mean of the curtailment loss and self-
consumption (SC) as a function of the storage capacity divided by the nominal
PV power for 44 different loads (apartments and family houses) with a feed-in
limit of 50 %.

have their own individual batteries and apply the optimiza-
tion only for themselves (distributed optimization). Aggregated
loads means that the feed-in limit is applied to the sum of the
loads and that either all batteries are centrally controlled or that
there is one central battery. The co. opt. w/o forecast control
algorithm is applied to the 44 15 min loads and the feed-in limit
is again set to 50 %. The yearly PV-produced energy equals the
total annual consumption.

In Figure 10 left the curt. loss. is plotted as a function
of the number of aggregated loads (15 min loads, chosen ran-
domly). For both relative storage capacities, the curt. loss. de-
cays rapidly by more than 0.4 % absolute up to four aggregated
households and then continues to decay slightly with fluctua-
tions. A decaying trend is expected in all cases. However,
depending on the randomly chosen loads, the curt. loss. can
locally fluctuate with increasing aggregation. The small peaks
seen in Figure 10 left illustrate this fact. The self-consumption
as a function of loads remains more or less stable and varies
according to the mean of the individual self-consumption.
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Figure 10: (Left) Curtailment loss as a function of the number of aggregated
loads for two different storage capacities based on a one-year simulation (Right)
Electricity flux from/to the grid for one sunny day for the case of no storage
(grey), disseminated storage (black) and central storage (blue).

For comparison, the co. opt. w/o forecast control algorithm
is also applied individually to the 44 different loads and PV
sizes and to the case of a PV field that has the same total energy
production as the cumulative PV production of all loads and

a centralized storage (all 44 loads aggregated). The total PV
production is equal to the total yearly consumption (190’000
kWh). For this comparison a storage size of 1 kWh/kWp and
a feed-in limit of 50 % are used. Figure 10 (right) shows the
flux with the grid for an almost clear sky day. The yearly curt.
loss., self-consumption and cash flow based on are presented
in Table 1. The curt. loss. decreases while self-consumption

Disseminated centralized
curt. loss. 1.6 % 0.4 %
SC 49.8 % 51.3 %
Cash flow -11 525 CHF -10 750 CHF

Table 1: Comparison of curtailment loss, self-consumption and cash flow be-
tween disseminated and centralized PV and storage.

increases with centralized PV and storage (aggregated). The
higher the load intensity compared to the nominal PV power,
the lower will be the curt. loss. decrease by aggregating the
loads. Note that, on a local level, only the load – and not the PV
production – is smoothed by aggregation as the same irradiation
for all modules is assumed.

In the presence of a feed-in limit, aggregation of loads al-
lows for reducing the curt. loss. and in some cases enhancing
the self-consumption. This is demonstrated with a feed-in limit
of 50 %; however, the same behavior is expected for other val-
ues. Moreover, in addition to the more favorable cash flow,
running, maintenance and investment costs should be lower for
centralized storage compared to distributed storage.

4. Discussion

The main results of this study are further discussed in this
section and summarized in Table 2.

4.1. Power flow model

A power flow model and a simple battery model was used
to keep the results as general as possible. The validity of this
approach was discussed in [28]. The conclusion of the control
strategy comparison should not be significantly different when
using a more accurate and detailed model. This is also true for
the evaluation of curtailment loss. Self-consumption may be af-
fected by the model accuracy as it depends on the different com-
ponents (battery type, inverter type) of the system and hence the
calculated value can vary from case to case. However, system
performance analysis for a given installation should take into
account voltages and currents as well as a more precise battery
model to get more accurate results.

4.2. Performance of the cost minimization without forecast

The developed control strategy requiring no forecast (co. opt.
w/o forecast) is able to minimize curt. loss. reaching close to
optimum values. This is the case because enough battery capac-
ity is always kept free such that the excess energy (with higher
power than the feed-in limit, MEP) can be stored in the case
of highest PV production. With self-consumption, the situation
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Subject Main results
Best algorithm (sec. 3.1) The co. opt. w/o forecast strategy give a self-consumption value

as high and as low curt. loss. as the co. opt. forecast ex. algo-
rithm.

Effect of the time resolu-
tion (sec. 3.2)

By varying the time resolution from 5 seconds to 15 minutes using
the co. opt. w/o forecast algorithm, the curt. loss. decreases by
2.7 % and self-consumption increases by 3 %

Load sensitivity (sec. 3.3) By Applying the co. opt. w/o forecast strategy to 44 different load
curves with a feed-in limit of 50 %, curt. loss. (self-consumption)
varies in a band of ± 2.5 % (± 6 %).

Local vs. district storage
(sec. 3.4)

Aggregation reduces essentially the curt. loss. between 0.4 % and
1 % absolute

Table 2: Summary of the results with a feed-in limit of 50 %

is different. The worst cases happen on days with low irradia-
tion (e.g. overcast), in which the battery should be charged as
soon as there is power injection into the grid. However, with
the co. opt. w/o forecast strategy, battery charging can be de-
layed (because of the need to keep clear sky production capac-
ity reserve MEP). As a consequence, there may be days in
which the battery is not filled to the maximum possible state
at sunset. However, along the day, as the MEP diminishes
and the state of charge remains low, the battery will charge
more as sunset approaches. Hence the discrepancy to the op-
timal case still remains relatively low (around 2 % absolute of
self-consumption). This discrepancy is close to the value of
4.4 % obtained with the persistence forecast strategy used in
[23]. Note that the bigger the battery size (compared to the
feed-in limit), the nearer the performance will reach the opti-
mum. Therefore, these results are valid for a broad range of
storage capacity, PV sizes and feed-in limit values.

As shown in Table 2, the co. opt. w/o forecast strategy gives
a self-consumption value as high, and a low curt. loss. value as
low as the co. opt. forecast ex. algorithm, which is near to the
optimal and much better than the algorithm with real forecasts.
Hence, even if the co. opt. re. forecast and co. opt. ex. fore-
cast control strategies are improved (for example by optimizing
every hour and not every 24 hours), with a real forecast it will
barely reach the performances with an exact forecast and of the
simple algorithm without a forecast. Therefore in the presence
of a fixed feed-in limit, a forecast is not needed to achieve high
self-consumption and low curt. loss..

4.3. Variable feed-in limit

The co. opt. w/o forecast strategy can also be used with a
variable feed-in limit. The feed-in limit could, for example, be
defined for each day as the maximum feed-in limit such that all
PV excess energy could be absorbed by the system. In this case,
however, a forecast is needed to determine this maximum.

4.4. Effect of time resolution

It was shown that, with a resolution of 15 minutes for input
data, the curtailment loss is underestimated by more than 2 %
absolute and self-consumption is overestimated by more than 3

% absolute, compared to a simulation with five-second resolu-
tion. Those results are based on one load profile and could be
slightly different depending on the load profile shape and the
weather conditions.

4.5. Load aggregation

When the control algorithm is applied to the sum of several
loads, only one central battery or distributed batteries with a
central control can be used. Aggregating loads mainly dimin-
ishes the curtailment loss; the value of this diminution depends
on the ratio between the load and the PV production. Moreover,
in real conditions, one centralized battery should be more cost-
effective than distributed systems. However, one possible dis-
advantage of a centralized battery could be the loss of concern
of the households. Decentralized PV and storage incites people
to self-consume as much as possible. This incentive disappears
with centralization if no other incentive scheme is proposed.

5. Conclusion

Adding storage significantly reduces curtailment losses due
to a feed-in limit. A control strategy for a battery coupled with
a PV system that, in the presence of a feed-in limit, minimizes
the losses due this limit and maximizes self-consumption was
developed. This simple strategy requires the maximum PV pro-
duction only under clear sky conditions. The three main advan-
tages of this strategy are its simplicity requiring very limited
computing power, the absence of communication required with
the outside of the household, and its independence from fore-
cast errors. It performs almost as well as a strategy with a linear
optimization and exact forecasts that is near to the theoretical
best case and much better than this algorithm with real fore-
casts. For example, with a feed-in limit of 50 % of the nominal
PV power (as is present in Germany), with no batteries about 7
% to 12 % of the total PV power has to be curtailed and is lost,
as shown for a sample of 44 representative loads of households.
Adding storage and applying the developed control strategy sig-
nificantly reduces those losses. For example, a battery capacity
of 1 kWh/kWp reduces those losses to values of 0.5 % to 4 %.
Hence a relatively small storage capacity already allows us to
divide the maximum injected power value by two (by setting a
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feed-in limit of 50 %) with very low losses and allows for high
PV penetration into the electrical grid. Those results demon-
strate that, in the presence of a given feed-in limit no forecast is
needed to minimize curt. loss. and, maximize self-consumption
and financial gains due to energy flow to/from the grid.

By applying the control strategy without forecast to quan-
tify the effect of time resolution of the input data on the re-
sults, it was shown that higher time steps induce errors of a few
percent in absolut on self-consumption and curt. loss.. More-
over by applying, this algorithm to aggregated loads, the ad-
vantage of using load aggregation in the framework of feed-
in limits which mainly allows to reduce the curtailment losses
was demonstrated. Finally, a feed-in limit could also be used to
avoid or reduce power fees as applied in some locations. Our
results could also be applied in such cases.
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7. Appendix

7.1. Linear optimization

The PV system coupled with a battery presented in Section
2 is simplified such that we can find an optimum battery con-
trol using linear programming. The objective is financial opti-
mization with regard to electricity exchange with the grid. We
use the Matlab linear programming solver which finds the min-
imum of the following problem:

min
x

f T x such that


A · x ≤ b,
Aeq · x = beq,
lb ≤ x < ub

(9)

In order to implement the different constraints such as the dif-
ferent power limits and the battery size we defined the different
parameters of eq. 9 accordingly. n is the number of time steps.

We have:

x =



G+
1
...

G+
n

G−1
...

G−n
B+

1
...

B+
n

B−1
...

B−n
I+
1
...

I+
n

I−1
...

I−n
R1
...

Rn



(flux to the grid)
...

(flux from the grid)
...

(flux to the battery)
...

(flux from the battery)
...

(flux to the inverter DC side)
...

(flux to the inverter AC side)
...

(proportion of the PV power actually used)
...

(10)

The vector x also contains an extra variable, which is required
to be larger than the flow to the grid at any time. It can be used
to compute a power-dependent price in the objective function.

We define ~P as the PV production, ~L the load, EB the battery
efficiency and EI the inverter efficiency with the assumption
that it is constant. There are two global fluxes:

0 = −R · P + B+ − EB · B− + I+ − EI · I− (11)
L = −G+ + G− − I− + EI · I+ (12)

(13)

We implement these constraints using the second linear pro-
gramming constraint Aeq · x = beq. Therefore we have:

Aeq =


0 · In 0 · In In −EB · In 1 · In −EI · In −P · In

−1 · In 0 · In 0 · In 0 · In EI · In −1 · In 0 · In

0 · ~1 0 · ~1 ~1 0 · ~1 0 · ~1 0 · ~1 0 · ~1


(14)

With the n × n identity matrix:

In =


1 0 . . . 0
0 1 . . . 0
...
...
. . .

...
0 0 . . . 1

 (15)
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and ~1 =
(
1 1 . . . 1

)
with size of n. For beq we have:

beq =


0 · ~1′

L1
...

Ln

 (16)

The constraints Ax < b from 1 to n implement the constraints
implied by the maximal capacity of the battery. The similar
constraints from n + 1 to 2n implement the constraints implied
by the fact that the battery cannot be negatively charged. We
have:

A =



0 . . . 0 0 . . . 0 1 . . . 1 −1 . . . −1 0 . . . . . .

.

.

.
.
.
.

.

.

.
.
.
.

.

.

.
.
.
.

.

.

.
.
.
.

.

.

.
0 . . . 0 0 . . . 0 1 . . . 1 −1 . . . −1 0 . . . . . .
0 . . . 0 0 . . . 0 −1 . . . −1 1 . . . 1 0 . . . . . .

.

.

.
.
.
.

.

.

.
.
.
.

.

.

.
.
.
.

.

.

.
.
.
.

.

.

.
0 . . . 0 0 . . . 0 −1 . . . −1 1 . . . 1 0 . . . . . .
1 0 . . . 0 . . . 0 0 . . . 0 0 . . . 0 0 . . . −1

0
. . . 0 0 . . . 0 0 . . . 0 0 . . . 0 0 . . .

.

.

.
0 . . . 1 0 . . . 0 0 . . . 0 0 . . . 0 0 . . . −1


(17)

For b:

b =



BC
...

BC − Bini
Bini
...

Bini
0
...
0
...



(18)

With BC the battery capacity and Bini the initial battery capac-
ity.

The boundaries of the power fed to the battery and going
through the inverter are set through lb and ub vectors (see eq.
9).

Finally for the objective function we define:

f =



−s1
...
−sn

b1
...

bn

0
...
...
0
d
...
d

PT



(19)

With si and bi electricity selling and buying price, PT the power
tariff and d a constant with a relatively low value to favor reduc-
ing the PV power instead of dissipating energy by having both
incoming and outgoing fluxes in the battery and the inverter. A
positive value of PT corresponds to a tax that is relative to the
highest injected power. Hence the battery is charged with some
peak shaving even in the absence of a feed-in limit.
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