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ABSTRACT The installations of the residential photovoltaic (PV) systems with integrated battery energy
storage are strongly dependent on their economic profitability. The Net Present Value (NPV), which is a
metric to evaluate the cost-effectiveness of PV-battery systems, can be strongly influenced by the replacement
cost. Thus, the lifetime of the reliability-critical components such as power converters and battery plays
an important role and needs to be considered during the economic evaluation. In this paper, an impact of
power converters and battery lifetime on the economic profitability of the PV-battery system for different
installation sites is analyzed. A comprehensive model, consisting of system performance, lifetime, and
economic profitability aspects as well as their interconnections is developed in this paper. A case study reveals
that the NPV can be significantly over-estimated if the power converters and battery need to be replaced
several times during the entire lifespan of the PV-battery system. Hence, the lifetime analysis should be
included in the economic assessment and reflected with a more realistic component replacement cost during
the planning stage of the residential PV-battery projects.

INDEX TERMS Photovoltaic system, battery, power electronics, economic profitability, lifetime, net present

value, reliability.

I. INTRODUCTION

Photovoltaic (PV) technology is considered as the key en-
abling technology for reaching carbon-neutral power supply
in the near future. In 2020, more new power generation
capacity was provided by PV than any other generating tech-
nology in European Union [1]. PV systems can range from
hundreds of MW utility-scale systems to only a few kW
rooftop residential systems [2]. The latter has become an at-
tractive solution due to the increased electricity cost saving
opportunities for private home owners. This is driven by the
increasing price of the utility electricity, where the cost saving
opportunities due to the internal power supply are evident [3].
Additionally, in some electricity markets, such as Germany,
supplementary incentives (e.g., feed-in tariff) influenced the

escalated deployment of the grid-connected residential PV
systems [4].

To provide additional flexibility, a large share of the resi-
dential PV systems nowadays are integrated with the energy
storage system [5]. For instance, about 50% of all newly
installed PV systems on the residential level in Germany in
2020 were coupled with battery storage [6]. Moreover, the
total number of PV-battery systems has increased 10 times
from 2013 to 2018 and similar trend is seen in the rest of the
countries with high PV power penetration [5], [7]. This is es-
pecially important as the PV power generation and household
load demand are often mismatched. In fact, the peak PV power
generation during a typical day corresponds to the period
with the decreased household load consumption. Therefore,
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the excess PV power generation can be stored in the energy
storage system and used at later times when the load de-
mand is increased [8]. Batteries are often preferred energy
storage option due to their suitable technical characteristics,
substantial improvements in technology and continuous de-
crease in price [7], [9].

To fully utilize the benefits of PV-battery system, it is
necessary to ensure optimal design solution. The two impor-
tant aspects during design process are economic profitability
and the longevity/reliability of the system [10]. In fact, it is
highly favorable that all newly installed PV-battery projects
are cost-effective with long lifetime and high reliability. A
PV-battery system designed with a poor reliability can have
a substantial impact on its economic profitability. In that case,
the reliability-critical components need to be replaced several
times during the entire system operation. This can lead to
unplanned system downtime, where the residential load can-
not rely on energy supply from the system [11], [12]. This
also increases the maintenance and replacement cost. If such
cost is not being considered during the design, the PV-battery
system economic profitability can be significantly misjudged,
leading to a poor investment. Thus, to avoid such deteriorating
scenarios, it is necessary to account for the two aforemen-
tioned aspects and their interaction during the design.

However, the impact of lifetime and reliability of the key
component such as power converter and battery on the eco-
nomic profitability have not been considered in the previous
research. In fact, the reliability evaluation of the two compo-
nents are usually treated independently. For example, from
the economic profitability point of view, the majority of
the research is focused on the impact of different incentive
schemes [13] and battery sizing methodologies [14], [15],
[16]. By implementing smart control strategies [17], [18] and
optimization algorithms, considering the existing incentives,
the economic profitability of the PV-battery system can be
improved.

From a lifetime and reliability point of view, most of the
research is focused on investigating the impact of the com-
ponents lifetime (e.g., power converters and batteries) on the
overall system reliability [19]. For example, PV panel size
influence on the system reliability was investigated in [20],
while the impact of battery operation on the power converter
reliability was investigated in [21]. The knowledge gained
from the aforementioned studies is then used to develop strate-
gies for increasing system lifetime and reliability.

Accordingly, the impact of power converters and battery
lifetime on the economic profitability of the system is in-
vestigated in this paper. Lifetime of the reliability-critical
components is determined for a mission profiles represent-
ing the expected operating conditions at the installation site.
The results obtained from the lifetime evaluation are then
translated into the replacement cost and included in the eco-
nomic model. By doing so, the influence of the component
reliability is reflected in the economic evaluation, providing a
more realistic scenario in the design and optimization of the
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PV-battery system. This paper is an extension of the previous
investigation presented in [22], where influence of key compo-
nents lifetime on economic profitability was investigated. The
analysis in this paper is extended to the investigation of differ-
ent installation site conditions influence on the replacement
cost occurrence. In fact, it provides a more comprehensive
analysis of the impacts of the components lifetime on the eco-
nomic profitability. The outcome of such analysis can be used
in cost-effective, reliability-oriented design of the residential
PV-battery systems covering wide range of installation site
conditions.

With respect to that, the rest of this paper is organized as
follows. In Section II, PV-battery system configuration and
its energy management strategy are presented. In Section III,
the lifetime modelling of the reliability-critical components is
outlined. The economic profitability assessment of PV-battery
systems is presented in Section IV. The impact study of the
replacement cost of the reliability-critical components on the
economic profitability is carried in Section V. This is followed
by the impact study of mission profile variations covering
variety of the installation sites conditions on the lifetime and
profitability of the system in Section VI. Finally, concluding
remarks are given in Section VIIL.

Il. SYSTEM PERFORMANCE MODEL

In order to investigate the impact of the components lifetime
and reliability on the economic profitability of the system, the
suitable models and their interactions are required, as shown
in Fig. 1. The input parameters are solar irradiance S, ambient
temperature 7,, and household load profile P,,;. They need
to be mapped to the evaluation parameter for the economic
profitability such as net present value NPV . Firstly, the system
performance model is required for determining the PV power
generation and energy distribution in the system. Furthermore,
the stress profiles of the components during the operation are
also obtained from the system performance model (which in-
cludes the power converter electro-thermal model and battery
dynamic model). Those stress parameters are later on used
in the lifetime model to evaluate the time-to-failure of the
components and thereby the replacement cost in the economic
model. Finally, the energy generation and distribution in the
system is used to evaluate the economic profitability where
replacement cost is included.

The proposed framework includes the PV-battery system
specifications and conditions commonly seen in practice.
However, the framework can also be applied for a range
of different PV-battery system specifications and conditions.
Hence, for each model, the necessary information and im-
plementation options are also discussed. Furthermore, the
proposed model can be used during the PV-battery design
procedure, as shown in Fig. 2. It can serve to obtain the
optimal sizing of PV, battery, and power converter considering
performance, lifetime and economic aspects. In the following,
a more detailed explanation of the performance model is pro-
vided.
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FIG. 1. PV-battery system model for the evaluation of the economic profitability influenced by the lifetime of the reliability-critical components. Model
input are solar irradiance S, ambient temperature T, and load demand P,,,4. Model output is net present value NPV. SOC and LCp,; are battery state-of
charge and lifetime consumption, respectively; T; and LCigpr are switch junction temperature and lifetime consumption, respectively.
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FIG. 2. PV-battery system design procedure. Gray area indicates the steps
in the design procedure where the developed PV-battery model consisting
of the performance, lifetime and economic aspects can be used for
optimal PV-battery design.

Studies performed with
PV-battery system model (Fig.1)

\ NO

A. ENERGY FLOW MODELLING

The main aim of the system performance model is to obtain
the generation and loading profiles of the units in the system.
Thus, the information about the system topology and energy
management strategy are required. They enable definition
of the energy equations which provide required information
on energy flow and the interaction of the system with the
grid.

In this case, a single-phase, grid-connected, DC-coupled
PV-battery topology shown in Fig. 3 is used. Furthermore, a
self-consumption control strategy, which prioritizes the load
supply from the PV system over grid electricity, is imple-
mented. This energy management strategy is reported to be
most suitable strategy for maximizing the economic benefits
of the end users [23], [24]. Such is aligned with the report
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FIG. 3. Diagram of the grid-connected, single-phase PV-battery system
under study, where Pyy is PV arrays power output, PI" and P°“t are input

and output power of the inverter, P;..q is excess poxér from the system
fed to the grid, and Ef" is the proportion of the load energy demand that
are covered by PV.

in [25] where end customer monitor data shown significant
increase in the share of self-consumption for solar electricity
in recent decades. Moreover, it is expected that it will pre-
vail in the future, where escalated grid electricity prices are
expected.

With the self-consumption control strategy, the power pro-
duced by PV is either supplied to the load or absorbed by
the battery system. In that way, the grid electricity is deliv-
ered to the load only when the PV power generation and
battery are not available, maximizing the self-consumed PV
energy production [26]. This operation principle is summa-
rized in (1)-(5) and energy flow are given in Figs. 3 and 4.
The input power of the PV inverter, Pl.’;?v, is calculated by the
following:

P

mv

ey

where Ppy is the output power of the PV arrays including
the power loss in the PV converter, and Py, is the battery
set-point including the power loss in the battery converter.
The inverter output power P2 is calculated by subtracting
the inverter power losses, Py, from the inverter input power
Pin . Considering that this power is delivered to the load and
fed to the grid, it can be expressed as:

= Ppy — Py

pout —

mv

2

where PIP V is the load demand that is covered by the PV power
and Py,.q is the excess power that is fed to the grid and defined

in — Pross = P]PV + Pfeed
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FIG. 4. Typical one day PV power generation Ppy and load demand Pj,.q
curves. Energy distribution and battery operation P, are defined based on
the self-consumption energy management strategy. Ef..q is excess energy
from the system fed to the grid, and E/V and Pf" are the proportions of the
energy demand by the household load that are covered by PV and grid,
respectively.

as:
Proed = P,?,uvt = Pioaa > P,% > Pload 3)
fee 0 , otherwise

If power produced by the PV-battery system, PIP V. is not
sufficient to cover the load demand, P4, the load demand is
supplied from the grid, P{". Considering that, Py,,q is written
as:

Poaa =PV + Pf (4)
where P is defined as follows:

Ploaa' — PO

t
o> Ploaa > Py

nv (5)
, otherwise

P = 0
The output parameters of the performance system: Epy, Efeeq,
ElP vV and Elgr are then obtained by integration of the associ-
ated power variables defined in (1)-(5) over time. For energy
management strategy differing from self-consumption, the
energy flow defined in (1)-(5) needs to adjusted to fit the re-
quirements and specifications of chosen energy management
strategy.

B. STRESS PARAMETERS EVALUATION

The loading conditions of the power converters and the battery
unit during operation directly influence their lifetime. There-
fore, it is necessary to evaluate the loss of lifetime for input
mission profile. To do so, the stress of the units equivalent to
the electrical loading needs to be determined.

In case of power converters, junction temperature 7; of
the Insulated-Gate Bipolar Transistor (IGBT) is the relevant
stress parameter [27]. To determine 7} for certain operating
conditions, the electro-thermal model needs to be developed.
The IGBT losses P, are determined first by the power loss
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FIG. 5. Lifetime consumption estimation procedure for power converters
LCiggr and battery LCp,;, where the input operating conditions (power P,
voltage V, ambient temperature T,) are obtained in the system
performance model.

model that considers the electrical characteristics of IGBT i.e.,
switching and conduction behavior. In the next step, a thermal
model (e.g., Foster mode, Cauer model) is developed based on
the IGBT thermal impedance information. By means of this
model, 7; can be determined for a range of input operating
conditions (power, voltage, temperature) reflected in Pj,g. A
relevant stress parameter of the battery unit is state-of-charge,
SOC. This parameter is influenced by the input power that
needs to be supplied or delivered to the battery Py,;. The SOC
is then defined as the ratio of the available capacity at cer-
tain time instant and nominal capacity. The battery operation
is divided into cycling and idling. During cycling, the SOC
profile is characterized by the cycles with different duration
and depth depending on the frequency of use. During idling,
battery is not being used and its SOC is constant. In both
cases, the battery is experiencing performance degradation. To
account for loss of life with respect to two conditions, the SOC
profile is fist determined by means of a Coulomb counting
which determines the available capacity of the battery.

The obtained dynamic stress profiles, i.e., 7; and SOC, are
further decompose to the set of simple stress reversals by
means of Rainflow cycle counting algorithm. Such is done to
obtain information about the occurrence of different stress lev-
els in the dynamic stress profiles. These information are used
to estimate the loss of life for each stress level experienced
during the operation. The overview of the whole process, as
well as its connection the lifetime model, is shown in Fig. 5.

Iil. LIFETIME MODEL

To investigate time-to-failure of the reliability-critical com-
ponents, the relevant lifetime models need to be considered.
They are needed to evaluate the impact of stress profiles ob-
tained in the performance model on the lifetime of the power
converters and battery unit. In this case, only the dominant
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TABLE 1 Parameters of IGBT Lifetime Model [28]

Factor  Value Description Constant Value
B1 —4.416
I 10 A Bond wire current B2 1285
\%4 0.6 kV Blocking voltage B3 —0.463
D 300 pm Bond wire diameter 4 —0.716
K 2.03 x 10'*  Technology factor Bs —0.761
Be —0.5

failure mechanisms of the main reliability-critical components
are considered. To investigate influence of secondary failure
mechanisms or other components of the system, relevant life-
time models need to be added to the existing one. Moreover,
the necessary stress parameters of the additional lifetime mod-
els need to be obtained during the stress parameter evaluation
within the performance model.

A. POWER CONVERTERS

In the power converter unit, IGBTs and capacitors are the
components prone to the failure the most [27], [29]. In this
paper, the focus is put on the lifetime investigation of IG-
BTs. Majority of the IGBT failures are related to the high
thermal stress conditions (e.g., thermal cycling and mean
junction temperature). To assess the damage during opera-
tion, the temperature-related lifetime model, representing the
bond-wire lift off and solder fatigue failure mode, is used [30],
where the number of cycles to failure, Ny, is expressed as:

B T
Nf —K. (AT/) 1 'eij+273.
(ton) - 1P VPs . DPs (©)

where T}, is the mean junction temperature, AT} the cycle
amplitude, and 7,, is the cycle period. The rest of the model
parameters are provided in Table 1. The Miner’s rule is used
to evaluate the component lifetime consumption, LCjgpr, as:

n;

_ 5 @

LCigpr =

where n; is the number of cycles for a certain set of operating
conditions (7}, AT}, and 1,,) extracted from the stress pro-
files in the performance model (see Fig. 5). LC;gpr provides
information regarding the amount of IGBT life that has been
consumed. Thus, it starts from 0 at the beginning-of-life and it
accumulates to 1 when the IGBT reaches its end-of-life. The
power converter replacement is then taking place when the
LCjgpr = 1. For the system under study, there are 4 IGBTs in
total (see Fig. 3), for which stress levels are evaluated during
the operation. IGBT S is a part of the PV converter and once
its LCjgpr accumulates to 1, the PV converter needs to be
replaced. IGBTs S and S3 are part of the battery converter.
Once either one of the two LCjgpr reaches 1, the battery
converter needs to be replaced. Similar consideration is also
applied for inverter when IGBT Sy is being evaluated.
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TABLE 2 Parameters of Battery Lifetime Model [31]

Parameter ~ Value Description
beye 1 Cycle aging parameter
aidl 6.6269 x 10~*  Idle aging parameter
(o) 151245.25 Wohler parameter
bw —0.968423 Wohler parameter
B. BATTERY

During battery operation, its lifetime is being consumed by
the reduction of its available capacity. The lifetime model of
lithium iron phosphate (LFP) battery calculates capacity fade
based on of the state-of-charge (SOC) stress factor (evaluated
in the performance model) following [31]:

Cf = deye - Ne(ASOC) > + ajgy -k - kv -1 (8)

where the first summation term accounts for the capacity fade
under the cycling stress condition and the second is related to
the capacity fade under the idling stress conditions. The coef-
ficient ay. is the function of the mean SOC, SOC,,, and the
cycle amplitude, ASOC, which are extracted from the stress
profile in the performance model (see Fig. 5). N.(ASOC)
represents the equivalent full cycles determined based on the
Wohler function. k7 and ky are Arrhenius and Tafel expres-
sions, respectively and #; is time during which the battery is
idling. The rest of the parameters are provided in Table 2.

Battery lifetime consumption, LCp,,, is evaluated by using
the following expression:

LCpy = Z Cyi )
i

where Cy; is the capacity fade for the certain operating
conditions reflected in the SOC stress profile. Once LCp,
accumulates to 1, the battery is reached to its end-of-life.
This corresponds to 20% capacity fade, after which the battery
packs need to be replaced [31].

IV. ECONOMIC MODEL

In order to analyze the economic profitability, two main pa-
rameters of the economic model - cost and revenue need to be
determined for the PV-battery system. Furthermore, the eval-
uation metric for assessing the economic profitability under
certain cost and revenue is required. Finally, the impact of
the lifetime on the economic profitability needs to be included
through the component replacement cost.

A. CcOST
Cost in the system can in general be divided as:

1) CAPITAL AND OPERATION AND MAINTENANCE COST

Capital cost represents the initial investment at the beginning
of the project. It includes the cost of the components such
as PV arrays, battery units, power electronic converters, and
the balance of the system, as well as their installation [32].
The operation and maintenance (O&M) cost accounts for per-
formance monitoring and site management that is presented
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during the entire project lifetime, and it is usually accounted
on a yearly basis [33].

2) REPLACEMENT COST

This cost accounts for the cost due to the replacement of the
components. As elaborated in Section III, once battery or a
power converter unit reaches its end-of-life, the investment
in the new component needs to be made. In this work, it is
assumed that the converter replacement cost, C;7)", is constant
over years of the project lifetime, LT. Contrary, the battery
replacement cost, Crbeali, is decreasing with time. This is mainly
due to expectations of battery packs price decrease in the
future, e.g., up to 60% by 2030 [34].

B. REVENUE

The revenue from the PV-battery
consumption consists of two parts:

system with self-

1) SAVINGS BY PV-BATTERY ELECTRICITY GENERATION

As elaborated in Section II, it is more profitable to supply the
load demand with power generated from PV array instead of
purchasing electricity from the grid. This is mainly due to a
higher cost of grid electricity compared the one generated by
the PV system. Thus, utilizing the power generated from the
PV-battery system for supplying the load demand can generate
the system revenue. In that case, the revenue can be defined as
a difference between the ideal cost in the conventional system
and the real cost from the PV-battery system. Hence, it is a
difference between the cost of electricity that the consumer
would have to pay if the load is only supplied from the grid
and the cost of electricity partly delivered from the grid and
party from the PV-battery system as:

Rsau = Eload . Cgr - (EIPV -LCOE + Elgr . Cgr) (10)

where Ej,,q is the overall energy required to supply the load,
E!V is the proportion of the overall load demand that is
supplied from the PV-battery system and Elgr is the pro-
portion of the overall load demand that is supplied from
the grid. The proportion of the energy supplied by each
source is determined by the energy management strategy, i.e.,
self-consumption. Furthermore, Cg is the cost of the grid
electricity [35]. It is expected that in 20 years, the projected
cost will be 1.5 times the reference one, which is included in
the model and linearly approximated as:

: t
Corlt) = C - (t . “)
pre

where C,, is the current electricity price, C;ff is the reference
electricity price during the first year of PV-battery operation
and 1y,.¢ is the time interval in the future for which the pre-
diction is being made. In (10), the cost of electricity delivered
from the PV-battery system is represented through the lev-
elized cost of energy (LCOE), which is defined as:

C
LCOE = =2

Sys

(1)

12)
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where Cyy, and Ejy, represent the overall cost of the system
and total energy delivered from the system over project life-
time LT, respectively:

LT CPV + Cbat + CPV + Cbal

o&m o&m

o cpt cpt
Csyx = Z (1 +1) (13)
t=1
LT
Epy (1)
Ew=) iy (14)

where investment expenditures of the PV and battery are de-
noted with C p‘f and Cfgt’ , respectively and the operation and
maintenance expenditures are denoted with C and C%! of
the PV and battery over time ¢. r is the project discount rate,
LT is PV-battery project operational lifetime, and Epy is the

total energy delivered by the system over time.

2) GRID FEED-IN

In certain cases (e.g. days with high solar irradiation), there
could be a surplus power generated by the PV that exceeds
the load demand and battery capacity. In such case, the excess
power will be fed to the grid, resulting in additional revenue
through the feed-in tariff:

Rfeed = Efeed ' Cfeed (15)

where Ef..q is the excess energy fed to the grid, Creeq is
the feed-in tariff (i.e., the price of selling the electricity to
the grid). In some countries such as Germany, different tariff
rates may be applied after a certain years of operation (e.g.,
20 years), which should also be taken into account [35].

C. PROFITABILITY EVALUATION METRIC

In order to analyze the project profitability, an adequate eval-
uation metrics need to be chosen. It needs to include the
aforementioned revenue and cost considerations in order to
account for performance and lifetime aspect of the system. In
this case, an evaluation metric in terms of NPV is used. It
measures the amount of the profit the project generates over
its operation time LT, which is defined as follows [36]:

L R (t) = Cror (8

NPV =
(L+r)

t=1

(16)

where the time value of the cash flow is accounted by means
of the discount rate r, and the total revenue R;,; and the total
cost G,y are defined as:

Riot = Ryav + Rfeed (17)
Cro = ng‘; + Cf;tt + C;)S‘L/m
+ Coitm + Ciéy" +Crey (18)

The impact of R;,; and C;,; on the profitability curve is illus-
trated in Fig. 6.
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FIG. 6. Diagram illustrating influence of different cost and revenue
components on the profitability curve of the system. R, is the total
revenue of the system consisting of Ry;, and Rs..q being revenues due to
savings by PV-battery electricity generation and grid feed-in, respectively.
Ciot is total cost of the system that includes capital cost C.p, operation and
maintenance cost Cozm and replacement cost Cep.

TABLE 3 Case Study: Relevant PV-Battery Configuration Parameters Used
in System Performance Model

PV converter rated power 6 kW (3 kW X 2 units)

Battery converter rated power 3 kW
PV inverter rated power 6 kW
DC-link capacitor Cye = 1100 puF

LC-filter Liny =48 mH, Cf = 4.3 uF
DC/DC converters: fo = 20 kHz
Full-Bridge inverter: fi,, = 10 kHz
v, =450 V

Vy =230V

wo = 27 x50 rad/s

Switching frequency

DC-link voltage
Grid nominal voltage (RMS)
Grid nominal frequency

V. IMPACT OF THE KEY COMPONENTS LIFETIME ON
PROFITABILITY

In this section, the application of the developed model for the
sizing of the PV-battery system is demonstrated. Furthermore,
a mission profile in Germany is used to investigate the impact
of reliability-critical components lifetime on the economic
profitability.

A. CASE STUDY DEFINITION

The economic analysis is performed for a case study of the
PV-battery installed in Germany with the system diagram
shown in Fig. 3. The main system parameters are provided in
Table 3, and they are based on the data in [21]. Furthermore,
a complete list of all necessary parameters for the economic
model is provided in Table 4, and it is based on the data reports
in [9], [35]. The feed-in tariff of 0.14 USD/kWh is considered
for the first 20 years, after which, it is decreased to 0.05
USD/kWh. Additionally, a regulation stating that only 70%
of the total energy generation can be fed to the grid is here
adopted. A one-year mission profile of solar irradiance S and
ambient temperature 7, is shown in Fig. 7. Load profile used
in this analysis represents a four-member household with the
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TABLE 4 Case Study: Relevant Economic Parameters Used in Economic
Model

Parameter ~ Value Description

oty 1550 USD/KW PV investment cost

Cat 400 USD/kWh  Battery investment cost
CRY 1415 USD/KW PV O&M cost
ngfm 7 USD/kWh Battery O&M cost
Crepy 18% of Cf;‘{ Converter replacement cost
chat 20% of Ctat Battery replacement cost
C’;ﬁf 0.32 USD/kWh  Grid electricity reference cost
tpred 25 years Price prediction time interval
Creed 0.14 USD/kWh  Feed-in tariff

r 3% Discount rate
LT 25 years PV-battery project lifetime

yearly energy consumption of 4650 kWh. This yearly mission
profile is repetitively used until LT is reached.

To investigate the impact of lifetime on the economic prof-
itability, different PV arrays and battery sizes are considered.
A sizing matrix with PV array power rating ranging from
3.5 kW to 8.5 kW and the battery capacity ratings between
3.5 kWh and 8.5 kWh is created.

B. LIFETIME OF RELIABILITY-CRITICAL COMPONENTS

Lifetime analysis results for the reliability-critical compo-
nents are shown in Fig. 8. As a part of each lifetime diagram,
a plane fulfilling lifetime LT = 25 requirement is shown to in-
dicate the project lifetime. For the sizing combination with the
component lifetime higher than 25 (being above the plane in
the diagram), no replacement of the components (e.g., power
converters and batteries) are required within the operational
time. In fact, the PV converter lifetime is higher than 25 years
for all combinations of the sizing matrix. Hence, no PV power
converter replacement is needed and, therefore, it is not shown
in Fig. 8. The main influence on the battery lifetime has the
PV panel size. In general, the higher the PV size, the lower
the battery lifetime is achieved. This is because the battery
needs to absorb a larger amount of excess PV power, resulting
in the additional stress during the daily operation. On the
other hand, the battery converter lifetime is not significantly
sensitive to the PV and battery size. However, due to the
high dynamics in power flow associated with the battery unit,
the battery converter is highly stressed during the operation.
This results in the lifetime lower than the project lifetime
LT for all considered sizes and the battery converter needs
to be replaced at least once during the operation. Similarly,
the inverter lifetime is also strongly influenced by the PV
panel size. In case of a high PV power size, the inverter is
highly loaded during the operation. Additionally, the battery
size influences the inverter lifetime as well, but less significant
than the PV size. The larger the battery size, the higher the
inverter lifetime is achieved due to the reduced loading, e.g.,
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FIG. 7. A one-year mission profile of the PV-battery system installation
site in Germany: (a) solar irradiance S, (b) ambient temperature T, and (c)
load demand P,oqy-

during charging period. In the following, the influence of the
lifetime results on the economic profitability of the PV-battery
sizes is investigated.

C. LIFETIME EFFECT ON ECONOMIC PROFITABILITY

Simulation results are shown in Fig. 9, where the assessment
of the economic profitability is carried out for two cases: 1)
with considering the replacement cost and 2) without con-
sidering the replacement cost. Higher NPV is achieved for
the cases with the smaller PV and battery sizes, while the
NPV decreases as the PV or battery size increase. This trend
is applied for both cases - with and without considering the
replacement cost. The lifetime influence on the economic
profitability has the highest impact in the case of larger sizes.
This trend is aligned with the lifetime results presented in
Fig. 8, where the lowest lifetime of all three examined compo-
nents is obtained for the largest examined PV size. The lowest
NPV value for the case when the replacement cost is not
considered is obtained for the PV panel size of 8.5 kW and the
battery size of 3 kW/8.5 kWh. For the same size combination,
lifetime analysis results indicate that the battery converter, the
inverter, and the battery unit each need to be replaced at least
once during operation. By taking the cost of their replacement
into consideration, the actual NPV value is only 60% of the
one obtained in the previous calculation when the replacement
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cost is neglected. The same trend is also applied for other
sizing combinations as well, where even for the best case,
the NPV is still around 10%. Hence, it can be concluded that
lifetime impact of the reliability-critical components plays a
significant role in the economic profitability of the PV-battery
systems. Furthermore, neglecting this aspect in the economic
study can result in misleading profitability conclusions and
discrepancies in the real-field implementation.

D. DISCOUNT RATE IMPACT ON ECONOMIC
PROFITABILITY

The value of the discount rate r defined in (16) has direct
impact on the NPV of the system. Therefore, its influence
on the optimal sizing of PV-battery system with considered
lifetime of the reliability-critical components is investigated.
The procedure for NPV determination is repeated for different
values of discount rate r, i.e r = {1%, 3%, 5%, 10%}. The
NPV results for a combination of the PV and battery sizes
under different r are shown in Fig. 10. They indicate that
the change in the discount rate r has significant impact on
the NPV value. However, it does not impacts the shape of
the curve, as in case of replacement cost. This refers that the
discount rate r does not impact the optimal PV-battery sizing,
but has influence on the profitability of the system regardless
the chosen PV and battery size. Therefore, it is necessary to
include a representative discount rate with respect to the eco-
nomic indicators present during the PV-battery design, where
the results in Fig. 10 can serve as reference.

VI. IMPACT OF MISSION PROFILE VARIATION ON
LIFETIME AND PROFITABILITY

The previous analysis for installation site in Germany shows
that the lifetime of key components strongly affects the prof-
itability of the system. The analysis of system shown in Fig. 1
identified mission profile as a parameter which can impact the
results of the analysis. To investigate if the same conclusions
can also be applied to other installation sites with different
environmental conditions, mission profiles from Colorado and
Spain are considered in this section. The results of this anal-
ysis can demonstrate the flexibility of the proposed method
under different mission profiles.

A. MISSION PROFILES CHARACTERIZATION

The mission profiles of the installation sites in Colorado and
Spain are given in Fig. 11. The intensity and the variations
in environmental conditions strongly impact the loading of
the key components. To investigate those values, a probability
density plot of solar irradiance S and ambient temperature 7,
for different mission profiles are shown in Fig. 12. In case of
solar irradiance S, the installation site in Germany has signif-
icantly lower yearly average than the sites in Colorado and
Spain. In case of ambient temperature 7, the installation site
in Colorado has a higher average yearly value than Germany
and Spain, as well as the largest variations in the temperature.
To investigate the impact of mission profile on lifetime of
key components and economic profitability, the rest of the
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FIG. 9. Case study results: Net Present Value NPV for the combination of
the PV power an battery energy capacity sizes. Red marks denote case in
which lifetime influence on the economic profitability is taken into
account through the replacement cost. Black marks denote case in which
the replacement cost is not considered in the economic evaluation.

case study conditions remain unchanged from ones defined
in Section V.

B. LIFETIME OF RELIABILITY-CRITICAL COMPONENTS
UNDER MISSION PROFILE VARIATIONS

The lifetime of the reliability-critical components under mis-
sion profile variations is illustrated for two distinctive cases. In
Case 1, nominal PV array size is 5.5 kW and nominal battery
energy capacity is 5.5 kWh. This corresponds to the sizing
combination, which yields the maximum NPV for mission
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FIG. 10. Case study results: Net Present Value NPV for the combination of
the PV power an battery energy capacity sizes under influence of different
values of the discount rate r.

profile in Germany. Furthermore, in Case 2, the optimal PV
array and battery energy capacity are 3.5 kW and 8.5 kWh
respectively, which is the optimal sizing for maximization
of NPV value for mission profiles in Colorado and Spain.
The two optimal sizes are determined by following the same
procedure as in case of mission profile in Germany described
in Section V.

1) CASE 1 RESULTS

The lifetime results of the reliability-critical components for
the two cases under the aforementioned mission profiles are
shown in Fig. 13. In Case 1, the lifetime of the components is
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the highest for mission profile in Germany. This corresponds
to mission profile characteristics, where energy yield by the
system is low due to the low solar irradiance year-round.
For the same PV size, the PV power generation for mission
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profiles in Colorado and Spain is higher, resulting in a higher
stress of the system components.

The smallest difference in the lifetime for the three mis-
sion profiles is obtained for battery converter. The lowest
lifetime is obtained for mission profile in Colorado, while its
lifetime for mission profile in Germany and Spain is higher
for three and six years respectively. However, the lifetime
of the battery unit differs greatly for the three mission pro-
files. To investigate this further, one-day operational curves
shown in Fig. 14 are used. Battery SOC profile for mission
profile in Spain is characterized by the long idling periods
at the SOC limits. During one-day operation in Fig. 14(b),
the battery is fully charged and discharged (one deep cy-
cle). In fact, a combination of a high PV power production
and battery capacity limitations results with battery under-
utilization. This is reflected in reduced battery converter stress
and its higher lifetime. On the contrary, such operation leads
to the accelerated battery degradation due to idling, which
results in a low lifetime of the battery unit. Furthermore, the
inverter lifetime is the highest for mission profile in Ger-
many. This is aligned with mission profile characteristics,
which indicate that the PV power generation in Germany
is significantly lower than the one in Colorado and Spain
due to a lower solar irradiance year-round. The lowest life-
time is obtained for a mission profile with large variations
in Colorado. This is also reflected in one-day inverter power
curve (see Fig. 14(c)). The dynamic input power profile (due
to frequent changes in environmental conditions) cause an
additional stress to the inverter and results in the damage
accumulation.

2) CASE 2 RESULTS

In Case 2, the lifetime of the reliability-critical components
is higher than in Case 1 for all three mission profiles, as
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shown in Fig. 13(b). This corresponds to reduction in the
PV array nominal power and increase in the battery energy
capacity.

Inverter lifetime is affected the most by the changes in the
PV and battery sizes. The most significant lifetime increase
is obtained for mission profile in Germany. An example of
one-day operation (in Fig. 14), shows that the reduction in PV
power generation leads to the decrease in the inverter loading.
However, a less substantial increase in the inverter lifetime
is seen for Colorado mission profile. Similarly to Case 1,
the large variations in environmental conditions impact the
operating conditions of the inverter. This leads to the addi-
tional stress and a larger decrease in lifetime than in case
of mission profiles in Germany and Spain. Accordingly, it
can be concluded that the inverter design needs to take into
account the mission profile characteristics and the size of the
system components. In fact, non-optimal design can results
with inverter that is under-utilized (Case 2 for mission profile
in Germany) or over-utilized (Case 1 for mission profile in
Colorado and Spain) during the operation. The battery life-
time changes insignificantly compared to Case 1 for mission
profiles in Colorado and Spain. On the contrary, the lifetime
of the battery converter increases compared to Case 1. PV
power generation is lower due to reduced nominal power of
the PV array system. In such case, there is less excess PV
power generation (compared to Case 1), which impacts the
loading of the battery converter.
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C. MISSION PROFILE EFFECT ON ECONOMIC
PROFITABILITY

The number of replacements for the two cases due to ageing
of reliability-critical components for thee mission profiles is
shown in Fig. 13. Furthermore, the associated economic prof-
itability value NPV is provided in Table 5.

For the mission profile in Germany, a higher NPV is
achieved in Case 1, where the units are replaced more fre-
quently. Therefore, it is more profitable to replace units often,
than invest in the more expensive, over-dimensioned units that
will be under-utilized during the operation. However, as the
number of replacement increases (as in case of Colorado and
Spain), a more frequent replacement imposes the additional
cost. This cost cannot be covered with the revenue gener-
ated during the project lifetime. As a result, a lower NPV is
achieved, as shown on the example of Case 1 for the mission
profile in Colorado and Spain.

In both cases, it is shown that the impact of the replacement
cost is substantial. Therefore, the lifetime and reliability of
key components plays an important role in PV-battery system
profitability. Excluding this aspect during the system planning
can results in substantial error in optimal design. Moreover,
it can lead to non-optimal design solution and lower actual
economic profitability during the system operation. Further-
more, the obtained results also suggest that the suitable design
characteristics for one mission profile are not suitable for
installation sites with different mission profile characteristics.
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TABLE 5 Mission Profile Influence on Reliability and Economic Profitability: Summary of Case Study Results

Case 1: Optimal size for Germany

Ppy=5.5 kW Epa=5.5 kWh

Case 2: Optimal size for Colorado & Spain
Ppy=3.5 kW E}4=8.5 kWh

Mission Profile Germany Colorado Spain Germany Colorado Spain
Net Present Value NPV 6125 USD 17250 USD 19860 USD 5055 USD 20700 USD 23755 USD
No. replacements for LT'=25 2 units 9 units 8 units 1 unit 4 units 4 units

Thus, it is necessary to include the lifetime and reliability
aspect, as well as the mission profile characteristics in the
residential PV-battery system planning in the future.

VII. CONCLUSION

In this work, the impact of the battery and power converters
lifetime on the economic profitability of the PV-battery sys-
tem is investigated. An example of the residential PV-battery
system in Germany shows that the lifetime of the reliability-
critical components plays an important role in the profitability
of the PV-battery projects. Furthermore, the impact of the mis-
sion profile variation on the lifetime and profitability results
are investigated for mission profiles in Colorado and Spain.
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It is concluded that neglecting the replacement cost due to
the reliability and lifetime of the components can result in an
unrealistic estimation of the economic profitability. Therefore,
it is necessary to include both, the mission profile character-
istics and lifetime-related impacts during the design of future,
profitable PV-battery systems.

REFERENCES

[1] REN2I, “ Renewables 2021: Global Status Report(GRS),” 2021. [On-
line]. Available: http://www.ren21.net

[2] E. Kabir, P. Kumar, S. Kumar, A. A. Adelodun, and K.-H. Kim, “So-

lar energy: Potential and future prospects,” Renew. Sust. Energ. Rev.,

vol. 82, pp. 894-900, 2018.

235


http://www.ren21.net

SANDELIC ET AL.: IMPACT OF POWER CONVERTERS AND BATTERY LIFETIME ON ECONOMIC PROFITABILITY

(31

(4]
[3]
(6]
(7]
(8]

[91
[10]

[11]

[12]

[13]

[14]

[15]

[16]

(7]

[18]

[19]

[20]

236

US Energy Information Administration, “European residential electric-
ity prices increasing faster than prices in United States,” 2018. [Online].
Available: https://www.eia.gov

Harry Wirth, ISE Fraunhofer, “Recent facts about photovoltaics in Ger-
many,” 2021. [Online]. Available: https://www.ise.fraunhofer.de

A. Rathi, “100 000 homes in Germany now have battery storage systems
connected to the grid,” 2018. [Online]. Available: https://qz.com

S. Amelang, “Number of residential solar batteries increases by 50% in
Germany,” 2021. [Online]. Available: https://www.cleanenergywire.org
SolarPower Europe, “Global market outlook 2018-2022,” 2018. [On-
line]. Available: http://www.solarpowereurope.org

V. Muenzel, I. Mareels, J. de Hoog, A. Vishwanath, S. Kalyanaraman,
and A. Gort, “PV generation and demand mismatch: Evaluating the
potential of residential storage,” in Proc. Innov. Smart Grid Technol.,
Washington, DC, USA, 2015, pp. 1-5.

International Renewable Energy Agency, “Renewable power generation
cost in 2018,” 2019. [Online]. Available: https://www.irena.org/

M. Shabani, E. Dahlquist, F. Wallin, and J. Yan, “Techno-economic
impacts of battery performance models and control strategies on op-
timal design of a grid-connected PV system,” Energy Convers. Manag.,
vol. 245, pp. 114617-114638, 2021.

National Renewable Energy Laboratory (NREL), “Best practices for
operation and maintenance of photovoltaic and energy storage systems,”
Tech. Rep. No. NREL/TP-7A40-73822, 2018.

M. Alramlawi and P. Li, “Design optimization of a residential PV-
battery microgrid with a detailed battery lifetime estimation model,”
IEEE Trans. Ind. Appl., vol. 56, no. 2, pp. 2020-2030, Mar./Apr. 2020.
A. 1. Nousdilis, G. C. Kryonidis, E. O. Kontis, G. K. Papagiannis,
G. C. Christoforidis, and I. P. Panapakidis, “Economic viability of
residential PV systems with battery energy storage under different
incentive schemes,” in Proc. IEEE Int. Conf. Environ. Elect. Eng.,
IEEE Ind. Commercial Power Syst. Europe, Palermo, Italy, 2018,
pp. 1-6.

J. von Appen and M. Braun, “Sizing and improved grid integration of
residential PV systems with heat pumps and battery storage systems,”
IEEE Trans. Energy Convers., vol. 34, no. 1, pp. 562-571, Mar. 2019.
B. Mohandes, M. Wahbah, M. S. E. Moursi, and T. H. El-Fouly,
“Renewable energy management system: Optimum design and hourly
dispatch,” IEEE Trans. Sustain. Energy, vol. 12, no. 3, pp. 1615-1628,
Jul. 2021.

A. Aichhorn, M. Greenleaf, H. Li, and J. Zheng, “A cost effective
battery sizing strategy based on a detailed battery lifetime model and
an economic energy management strategy,” in Proc. Power Energy Soc.
Gen. Meeting, San Diego, California, USA, 2012, pp. 1-8.

M. Ruiz-Cortés et al., “Optimal charge/discharge scheduling of batteries
in microgrids of prosumers,” IEEE Trans. Energy Convers., vol. 34,
no. 1, pp. 468-477, Mar. 2019.

S. K. Bhoi and M. R. Nayak, “Optimal scheduling of battery stor-
age with grid tied PV systems for trade-off between consumer energy
cost and storage health,” Microprocessors Microsystems, vol. 79,
pp. 103274-103281, 2020.

Y. Yang, A. Sangwongwanich, and F. Blaabjerg, “Design for re-
liability of power electronics for grid-connected photovoltaic sys-
tems,” CPSS Trans. Power Electron. Appl., vol. 1, no. 1, pp. 92-103,
2016.

A. Sangwongwanich, Y. Yang, D. Sera, F. Blaabjerg, and D. Zhou, “On
the impacts of PV array sizing on the inverter reliability and lifetime,”
IEEE Trans. Ind. App., vol. 54, no. 4, pp. 3656-3667, Jul./Aug. 2018.

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

A. Sangwongwanich et al., “Enhancing PV inverter reliability with
battery system control strategy,” CPSS Trans. Power Electron. Appl.,
vol. 3, no. 2, pp. 93-101, 2018.

M. Sandelic, A. Sangwongwanich, and F. Blaabjerg, “Impact of power
converters and battery lifetime on return of investment of photovoltaic
systems,” in Proc. IEEE 9th Int. Power Electron. Motion Control Conf.,
2020, pp. 1395-1401.

International Energy Agency Photovoltaic Power System Programme,
“Trends in photovoltaic applications,” Tech. Rep. IAE PVPS TI-
41:2021, 2021.

A. Jager-Waldau et al., “Self-consumption of electricity produced from
PV systems in apartment buildings - comparison of the situation in Aus-
tralia, Austria, Denmark, Germany, Greece, Italy, Spain, Switzerland
and the USA,” in Proc. IEEE 7th World Conf. Photovolt. Energy Con-
vers. (Joint Conf. 45th IEEE PVSC, 28th PVSEC & 34th EU PVSEC),
Waikoloa, HI, USA, 2018, pp. 1424-1430.

M. Guled, “Self consumption solutions increasingly important for addi-
tional photovoltaic capacities,” 2021. [Online]. Available: https:/www.
eupd-research.com/en

J. Dehler et al., “Chapter 27 - self-consumption of electricity from
renewable sources,” in Europe’s Energy Transition, M. Welsch, S. Pye,
D. Keles, A. Faure-Schuyer, A. Dobbins, A. Shivakumar, P. Deane, and
M. Howells, Eds., San Francisco, CA, USA: Academic Press, 2017,
pp. 225-236.

Y. Zhang, H. Wang, Z. Wang, Y. Yang, and F. Blaabjerg, “Impact of
lifetime model selections on the reliability prediction of IGBT modules
in modular multilevel converters,” in Proc. Energy Convers. Congr.
Expo., Cincinnati, OH, USA, 2017, pp. 4202-4207.

M. Sandelic, A. Sangwongwanich, and F. Blaabjerg, “Reliability eval-
uation of PV systems with integrated battery energy storage systems:
DC-coupled and AC-coupled configurations,” Electronics, vol. 8, no. 9,
pp. 1059-1078, 2019.

A. Gupta, O. P. Yadav, D. DeVoto, and J. Major, “A review of
degradation behavior and modeling of capacitors,” in Proc. Int. Elec-
tron. Packag. Tech. Conf. Exhib., San Francisco, CA, USA, 2018,
pp. 1-10.

R. Bayerer, T. Herrmann, T. Licht, J. Lutz, and M. Feller, “Model for
power cycling lifetime of IGBT modules - various factors influencing
lifetime,” in Proc. 5th Int. Conf. Integr. Power Electron. Syst., Nurem-
berg, Germany, 2008, pp. 1-6.

G. Angenendt, S. Zurmiihlen, H. Axelsen, and D. U. Sauer, “Com-
parison of different operation strategies for PV battery home storage
systems including forecast-based operation strategies,” Appl. Energy,
vol. 229, pp. 884-899, 2018.

National Renewable Energy Laboratory (NREL), “U.S solar photo-
voltaic systme and energy storage cost benchmark: Q1 2020,” Tech.
Rep. No. NREL/TP-6A20-77324, 2021.

I. E. Kosmadakis, C. Elmasides, G. Koulinas, and K. P. Tsagarakis, “En-
ergy unit cost assessment of six photovoltaic-battery configurations,”
Renewable Energy, vol. 173, pp. 2441, 2021.

International Renewable Energy Agency., “Electricity strage and renew-
ables: Costs and markets to 2030,” 2017. [Online]. Available: https:
/Iwww.irena.org/

International Renewable Energy Agency, “Cost and competitiveness
indicators: Rooftop solar PV,” 2017. [Online]. Available: https://www.
irena.org/

R. A. Chadderton, Purposeful Engineering Economics, Berlin, Ger-
many: Springer, 2015.

VOLUME 3, 2022


https://www.eia.gov
https://www.ise.fraunhofer.de
https://qz.com
https://www.cleanenergywire.org
http://www.solarpowereurope.org
https://www.irena.org/
https://www.eupd-research.com/en
https://www.eupd-research.com/en
https://www.irena.org/
https://www.irena.org/
https://www.irena.org/
https://www.irena.org/

