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This paper presents a methodology for jointly optimizing the sizing and power management of PV
household-prosumers, namely, photovoltaic (PV) power, electric vehicle charging load (EVCL), household
consumption load (HCL), battery bank (BB), and power converters. The optimization includes PV self-
consumption enhancement and frequency containment reserve (FCR). This innovative model uses an
annual techno-economic assessment to calculate the total costs and revenue by means of the teaching-
learning-based optimization (TLBO) algorithm. The assessment of BB aging takes into account the charge/
discharge power as well as the depth of discharge (DOD). This methodology is applied to Spanish PV
household-prosumers. Results are obtained for scenarios involving PV, EV, and BB. Moreover, the PV
household-prosumer approximated the smart user concept by providing FCR service. The scenarios
envisaged examined potential revenues based on markets (day-ahead and FCR market) and their in-
fluence on profitability. The results of this study confirmed that BB is a cost-effective way of enhancing
PV self-consumption by decreasing the levelized cost of electricity (LCOE). In fact, when FCR provision
was added, there was a significant increase in the total revenue with a relatively low impact on BB aging.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Within distribution networks, the integration of more PV
household-prosumers (i.e., a converter-based distributed genera-
tion [CbDG]) is a visible trend [1]. Without netting arrangements,
these prosumers must increase their PV self-consumption for
economic reasons, and BB attachment is the most effective way of
accomplishing this [2e11]. Furthermore, they can provide
balancing services [12e15] and trade on the day-ahead market to
maximize their benefit [2,16].

Greater penetration of CbDG in power systems would reduce
the inertia and frequency control reserve [17e20]. Consequently, to
ensure transient stability in power systems, the latest network
codes and standards in the European Union [21e27] advise or
require CbDG to synthetically inherit balancing service functions
from conventional generation and then to provide them. In a future
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smart-grid scenario [28], PV household-prosumers would be able
to receive operation references from an aggregator. These would
mainly be active and reactive power commands for delivering
balancing services [29,30]. In comparison to other balancing ser-
vices, FCR is suitable for battery-based PV household-prosumers
[20,31,32].

Balancing services require high power and energy installations,
ranging from 100 kW to an order of MW [12,33,34]. However, this
fact may no longer be an impediment for the massive deployment
of PV household-prosumers-providing services since the figure of
the aggregator agent using CbDG and/or energy storage system
(ESS) is expanded [31,35e38]. The aggregator is a stakeholder
balances service markets and shares their service provision duties
among smart users. In the future, most smart PV household-
prosumers will be able to manage renewable powers [39] and
ESSs [40].

References [12e15] found a substantial increase in the profit-
ability of PV-battery systems when PV self-consumption
enhancement was combined with the provision of FCR or fre-
quency regulation reserves (FRR). Other studies demonstrated the
techno-economic feasibility of providing FCR by EVs [18,41,42] or
power schedule in PV household-prosumers for improving PV self-
s://doi.org/10.1016/j.energy.2019.116554
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Nomenclature

List of symbols
Dt discretization time period [0.5 h]
εuB MBU self-discharge coefficient [%/hour]
had AC/DC converter efficiency [%]
qub fraction of life consumed or cumulated aging rate of

an MBU [p.u.]
kk ratio of operation and maintenance cost vs. initial

investment cost for the kth HMG component [%]
laub number of cycles per year of an MBU [cycles/year]
lmax
ub maximum number of cycles over the MBU lifetime

[cycles]

xjfcr� and xjfcrþ per-unit downward- and upward-FCR power

availability at any time period j at the Spanish
level (base power: annual maximum FCR power)
[p.u.]

xjpv per-unit PV power output at any time period j of an
MPVU (base power: Pupv) [p.u.]

rjRTPEP = rjRTSEP real-time purchasing/selling energy price at any
time period j in the respective real-time pricing
scenario [V/kWh]

rjRTPPAP = rjRTSPAP real-time purchasing/selling power
availability price at any time period (capacity
charge of the FCR [V/kW]

rjRTPEUP = rjRTSEUP real-time purchasing/selling energy utilization
price at any time period j (energy charge of the
FCR) [V/kWh]

cratub rated DOD of an MBU [%]
Uuad number of MADUs installed in the AC/DC converter
ai c i coefficients
Ca
hmg ¼ NPVa

hmg total annual cost (or annual NPV) of HMG
[V/year]

Ca
EE;hmgðCj

EE;hmgÞ annual (at any time period j) net income from

energy exchange of the HMG with the LV AC
grid [V/year], ([V/period])

fCa
I;hmg;kgðCa

O&M;hmg;kÞ
½Ca

R;hmg;k�
total annual cost {initial

investment}(operation and
maintenance) [replacement] for the kth
HMG component [V/year]

CO&M;hmg;k operation and maintenance for the kth HMG
component [V/year]

Ca
FCR;hmgðCj

FCR;hmgÞ annual (at any time period j) net income from

FCR provision of the HMG to the LV AC grid
[V/year], ([V/period])

ðCa
uadÞCuad (annual) cost of an MADU ([V/year]), [V/unit]

ðCa
ubÞCub (annual) cost of an MBU ([V/year]), [V/unit]

ðCa
upvÞCupv (annual) cost of an MPVU ([V/year]), [V/unit]

d nominal discount rate [%]
DoD death of discharge [%]

Ejfcr� and EjfcrþðE
j
ufcr�and EjufcrþÞ cumulated stored and released

FCR energy in the HMG
(MFCRU) at any time period j
[kWh]

g inflation rate [%]

k index kth of HMG component (PV, battery, AC/DC
converter)

Lebegub beginning energy of MBU [kWh]

LeenduB end energy of MBU [kWh]
Lemax

ub maximum energy of MBU [kWh]
LCOEhmg levelized cost of energy for the HMG [V/kWh]
m index of cycle among all the cycles
Nc all discharge cycles [cycles]
Nuad MADU lifetime [years]
Nub MBU lifetime [years]
Nq

max
ub

MBU lifetime according to maximum cumulated

aging rate [years]
Nupv MPVU lifetime [years]
Nhmg HMG lifetime [years]
Pc contracted power from the electric mains [kW]
Pmax
ub� = Pmax

ubþ maximum charge/discharge power for an MBU
[kW]

Pufcr prequalified power capacity of an MFCRU [kW]
Puad rated power of an MADU [kW]
Pupv rated power of an MPVU [kW]

pjev EVCL at any time period j [kW]

pjhl HLC at any time period j [kW]

pjpv = pjupv PV power output in the HMG/MPVU at any time
period j [kW]

pjfcr� and pjfcrþðp
j
ufcr� and pjufcrþÞ downward- and upward-FCR

power activation in the HMG
(MFCRU) at any time period j [
kW]

pjg�ðpjgþÞ grid power output(input) at any time period j [ kW]
rO&M annual escalation rate of the operation and

maintenance cost [%]
rpv PV degradation rate [%]
t time
T income tax rate [%]
control variables

pjb� = pjbþ
1
charge/discharge power of the BB at any time period
j [ kW]11

Uub number of MBUs installed in the BB
Uupv number of MPVUs installed in the PV system
Uuf cr number of MFCRU

state variables

Lejb BB energy at any time period j [ kWh]

Lemax;j
b maximum BB energy at any time period j [ kWh]

Lemin;j
b minimum BB energy at any time period j [ kWh]

Subscripts
ad AC/DC converter
b-/bþ to the battery/from the battery
ev EVCL
EE energy exchange with the LV AC grid
FCR FCR
FCRþ/FCR FCR to the LV AC grid (upward regulation)/FCR from

the LV AC grid (downward regulation)
g-/gþ to the grid/from the grid
hl HLC
hmg HMG
I initial investment
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max maximum
min minimum
O&M operation and maintenance
pv photovoltaic
R replacement
u to refer to minimum unit

Superscripts
a annual
beg at the beginning
end at the end
j index of time period
max maximum
min minimum
rat rated

Abbreviations
BB battery bank
BSP balancing service provider
CbDG converter-based distributed generation
DOD death of discharge

ESS energy storage system
EV electric vehicle
EVCL EV charging load
FCR frequency containment reserve
FMS frequency management system
FRR frequency regulation reserve
HLC household consumption load
HMG household microgrid
LCOE levelized cost of energy
MADU minimum AC/DC converter unit
MBU minimum battery unit
MFCRU minimum FCR unit
MPVU minimum PV unit
NPV net present value
PSO particle swarm optimization
PV photovoltaic
SO system operator
SOC state of charge
TLBO teaching-learning-based optimization
UCTE union for the co-ordination of transmission of

electricity

M. Gomez-Gonzalez et al. / Energy xxx (xxxx) xxx 3
battery ESSs [20,32,43e46]. Maintaining the state of charge (SOC)
of ESSs was analyzed to ensure continuous FCR availability
[12,18,47,48]. Other papers discussed battery aging when providing
FCR [49e51]. However in households, the sizing optimization of
PV-battery systems has only encompassed PV self-consumption
systems [1,4e11,52]. Nonetheless, different optimization tech-
niques have been applied to optimally size batteries and/or
renewable power in microgrids and thus maximize economic
benefits [53e60].

Certain studies developed optimization techniques for deter-
mining the optimal powermanagement and sizing of battery-based
microgrids with a view to providing balancing services [37,61,62].
However, optimal power management in ESSs for grid-connected
systems has been studied somewhat less frequently. References
[16,63e67] formulated and solved optimization techniques for this
type of ESS power management. Previous optimization formula-
tions were usually applied on a punctual [54] or daily basis
[16,37,53,58,59,61,63e67]. Only a few studies envisaged longer
horizons such as various days [60], one month [62], one year
[55,56], or several years [57]. The concept of providing FCR and
enhancing PV self-consumption based on hybrid ESSs has recently
gained attention in the literature [68e70].

The primary contribution of this paper is a methodology that
addresses PV self-consumption enhancement and FCR provision for
the joint optimization of the power management and sizing of PV
household-prosumers. For this purpose, an innovative model was
devised, which is able to calculate associated total costs and reve-
nues by means of an annual techno-economic assessment, which
takes into account a representative set of days. Costs and revenues
include investment, operation and maintenance, replacement, net
income from the energy exchange, and FCR provision. The tech-
nique used for solving the optimization problem is the teaching-
learning-based optimization (TLBO) algorithm [71,72]. Also it was
presented is a way to accurately model battery aging. This new
methodology was applied to a case study of Spanish PV household-
prosumers, based on current FCR data in Spain. When FCR data
were not available, data from the European balancing services
market were used.

Despite the potential value of this approach, its long-term
1 Control variables are shown in bold letters.

Please cite this article as: Gomez-Gonzalez M et al., Optimal sizing and
consumption and providing frequency containment reserve, Energy, http
economic implications have not as yet been studied in any depth.
This research is thus a key contribution to sizing and power man-
agement since it takes into account the real economic advantage of
PV self-consumption enhancement combined with FCR provision
while also considering battery aging. However, one of the weak-
nesses of this methodology is that it does not account for the
newest way of providing FCR and enhancing PV self-consumption
based on hybrid ESSs. Another limiting factor is that a high opti-
mization resolution of 30 min cannot fully capture either the fast
frequency response or the effects of high frequency input cycling on
large deviations in temperature, charge/discharge power rate and
DOD for the BB [70,73]. This is important in the evaluation of bat-
tery degradation due to the fast grid service of FCR or the PV self-
consumption enhancement [62,70,74].

The remainder of this paper is structured as follows: Section 2
describes the PV household-prosumer. Section 3 gives a brief
overview of European balancing service markets. Section 4 de-
scribes the optimization methodology and how it solves sizing and
power management. Section 5 shows the input data sets required
for this purpose. Section 6 presents the results and analysis of the
Spanish case study in which different scenarios are contemplated.
Finally, Section 7 summarizes the conclusions that can be derived
from this research and describes plans for future work.

2. The PV household-prosumer

This paper analyzes a PV household-prosumer, hereafter called
household microgrid (HMG), consisting of a PV system, EVCL, HLC,
BB, and AC/DC power converter, Fig. 1. The HMG is connected to the
LV AC grid to inject/abort power and provide FCR. The energy and
power directions are used as a reference throughout the paper. The
PV system and BB are the primary energy sources to cover the loads,
whereas the LV AC grid is used as a backup.

3. European balancing service market

The balancingmarket is the institutional arrangement that deals
with the balancing of electricity demand and supply in an unbun-
dled electricity market [75]. This market consists of three main
phases: balance planning, balancing service provision, and balance
settlement [35].

There are two main types of balancing service: (i) balancing
power schedule in PV household-prosumers for improving PV self-
s://doi.org/10.1016/j.energy.2019.116554
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Fig. 1. Set-up of the HMG.
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energy, which is the real-time adjustment of balancing resources of
a balancing service provider (BSP) to maintain the system balance
[76]; (ii) balancing capacity, which is a volume of reserve capacity
that a BSP has agreed to hold and in respect to which has agreed to
submit bids for a corresponding volume of balancing energy for the
duration of the contract [76]. Furthermore, one can also differen-
tiate between upward and downward regulation.

The main classes of balancing service are FCR, FRR, and
replacement reserves. Each one has a different function and set of
technical requirements for entering its unbundled market [77]. FCR
service is the first reserve activated. The aim is not to re-establish
the frequency at the desired level but only to respond very
quickly to disturbances. It is a decentralized automatic service,
which is continuously activated, and whose response is provided in
a matter of seconds.
3.1. Technical requirements for entering in FCR market

Technical requirements for entering balancing markets are very
strict and depend on the type of balancing service [78,79]. Despite
incentives in European Directives to open markets for aggregator
agents [36], only a few countries (e.g. Scandinavian countries, UK,
France, Germany, and Belgium) have done this so far, though always
with specific technical requirements, based on the following:
minimum bid size, product resolution, symmetry of the offer, and
duration of the activation.

Reference [80] summarizes the technical requirements for
providing FCR with large generators connected to the system of
Union for the Co-ordination of Transmission of Electricity (UCTE).
Nonetheless, system operators (SOs) have recently introduced [81]
specific technical requirements for CbDG connected to MV [21e24]
and LV [25e27] grids that strongly advise FCR provision [21e27].
Since the HMG proposed in this research is covered by these new
regulations, it can provide FCR, according to standards.
Please cite this article as: Gomez-Gonzalez M et al., Optimal sizing and
consumption and providing frequency containment reserve, Energy, http
3.2. Economic features of FCR market

Balancing services are provided by BSPs [79] to the SO by bid-
ding in balancing service markets. Nonetheless, SO in particular can
acquire FCR through compulsory provision, bilateral tendering, and
the spot market. The economic features of the balancing service
market are summarized in Ref. [32]. Accordingly, the pricing
mechanisms used for the settlement of selected bids can be one of
the following: regulated prices, pay-as-bid pricing, marginal pric-
ing, or common clearing price. The preferred FCR remuneration
method is marginal pricing [35]. This includes an availability pay-
ment and an additional amount for utilization.

4. Optimization methodology

4.1. Optimization technique

The methodology for jointly optimizing the sizing and power
management of PV household-prosumers should depend on the
nature of the problem (i.e. technical and financial indicators, con-
trol variables, and constraints). This is regarded as a constrained
problem with a finite horizon (one year). In addition, all input
disturbances are assumed to be deterministic. These include PV
power, HLC, EVCL, FCR data, and the energy price. The control
variables are continuous, and the constraints and objective function
are not particularly derivable or linear. As explained in Appendix A,
the TLBO algorithm is proposed as the most suitable optimization
technique for the problem.

4.2. Objective function

From a technical point of view, our model supplies HCL/EVCL
and provides FCR. From an economic perspective, it optimally sizes
each HMG component and determines the BB power schedule by
minimizing the objective function. The approach determines the
time value of money by applying a discount rate. Financial in-
dicators for the HMG are the net present value (NPV) on an annual
power schedule in PV household-prosumers for improving PV self-
s://doi.org/10.1016/j.energy.2019.116554
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basis ðNPVa
hmgÞ and the levelized cost of electricity. LCOEhmg

Regarding HMG sizing, the model optimizes the following
control variables: (i) number of minimum PV units (MPVUs) ðUupvÞ
; i.e. PV power; (ii) number of MBUs ðUubÞ; i.e. BB; (iii) number of
MFCRUs ðUuf crÞ; i.e. prequalified FCR power capacity. Moreover,
there is a set number of MADUs Uuad. Regarding HMG power
management, the charge and discharge powers of the BB

ðpjg� and pjgþÞ are optimally scheduled.
The formulation of the deterministic multi-period optimization

problem with a single objective in the time horizon under study is
shown in (1)e(36). It comprises the objective function (1), eco-
nomic constraints (3)e(14), and technical constraints (15)e(36).

The total annual cost of this HMG (annual NPV), which is the
objective function to be minimized (1), includes five economic
components: initial investment, operation and maintenance,
replacement, net income from energy exchange, and net income
from FCR provision.

minNPVa
hmg ¼minCa

hmg ¼
X

k2fpv;b;adg
Ca
I;hmg;k

þ
X

k2fpv;b;adg
Ca
O&M;hmg;k

þ
X

k2fbg
Ca
R;hmg;k þ Ca

EE;hmg � Ca
FCR;hmg

(1)

When the annuitizing method is used, the levelized cost of
energy (LCOE) for the HMG is defined as an economic assessment of
the average total cost to build and operate this power-generating
asset over its lifetime divided by its total energy consumption [82]:

LCOEhmg ¼
Ca
hmgPj¼12�7�24*2

j¼1

�
pjhl� þ pjev�

� (2)
4.3. Economic system modelling

The life cycle cost of the HMG can be calculated [83] by adding2

its initial investment cost to the current value of its operation and
maintenance cost, replacement cost, and net income from energy
exchange, and from FCR provision over the HMG lifetime.
4.3.1. Initial investment cost
The estimated cost of the initial investment is based on data

such as BB cost per installed kWh [31,32,83,84], PV cost per
installed peak kW [45], and AC/DC converter cost per installed kW
[45]. Accordingly, the total annual cost of the initial investment for
the BB, PV system, and AC/DC converter on an annual basis is
respectively:

Ca
I;hmg;b ¼Uub,C

a
ub ¼ Uub,

Cub
Nub

(3)

Ca
I;hmg;pv ¼Uupv,Ca

upv ¼ Uupv,
Cupv
Nupv

(4)
2 Unless explicitly stated otherwise, these costs hereafter are expressed on an
annual basis.

Please cite this article as: Gomez-Gonzalez M et al., Optimal sizing and
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Ca
I;hmg;ad ¼Uuad,C

a
uad ¼ Uuad,

Cuad
Nuad

(5)

4.3.2. Operation and maintenance cost
The present value of the operation and maintenance cost for the

kth HMG component is:

Ca
O&M;hmg;k¼

1
Nhmg

,CO&M;hmg;k,ð1� TÞ,
Kp

�
1� KNhmg

p

�
1� Kp

¼; k2fpv; b; adg (6)

where:

Kp¼ 1þ rO&M

1þ d
(7)

CO&M;hmg;k ¼ kk,Nhmg,C
a
I;hmg;k (8)

4.3.3. Replacement cost
Since battery lifetime is usually less than that of the HMG, an

additional investment is needed for replacement during the service
life of the HMG project. The BBmay reach the end of its useful life in
two ways. It may either reach a maximum number of years since
installation Nub (calendar lifetime), or have a maximum cumulated
aging rate ðqub ¼ qmax

ub Þ at year Nq
max
ub

(cycling lifetime), before

reaching its maximum number of years ðNq
max
ub

<NubÞ: An explana-

tion of battery lifetimemodelling is given in Appendix B.When a BB
replacement is required, its annual value is:

Ca
R;hmg;b ¼

1

ð1þ dÞmin
�
Nqmax

ub
; Nub

�,Ca
I;hmg;b (9)

4.4. Net income from energy exchange

The net income fromHMG energy exchange with the LV AC grid,
due to the power balance constraint during any time period j is:

Ca
EE;hmg ¼

8<
: rjRTPEP,Dt,p

j
gþ pjg � 0

rjRTSEP,Dt,p
j
g� pjg <0

9=
; (10)

Since the price on the real-time energy market is assumed to be
constant during 2018, the annual net income from energy exchange
is:

Ca
EE;hmg ¼

1
Nhmg

,
Xn¼Nhmg

n¼1

1
ð1þ dÞn,

Xj¼12�7�24*2

j¼1

Cj
EE;hmg

¼ q,
�
1� qNhmg

�
Nhmg,ð1� qÞ,

Xj¼12�7�24*2

j¼1

Cj
EE;hmg (11)

where:

q¼ 1
1þ d

(12)
power schedule in PV household-prosumers for improving PV self-
s://doi.org/10.1016/j.energy.2019.116554
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4.4.1. Net income from FCR provision
BSPs who provide upward regulation receive either the upward

regulation price if marginal pricing is used, or the bid price if it is a
case of pay-as-bid pricing. BSPs that provide downward regulation
pay the downward regulation price or the bid price [35]. BSPs with
a shortage of supply vis-�a-vis their nomination, pay the short
imbalance settlement price for eachMWh of deviation. When there
is a surplus, they receive the long imbalance settlement price [85].
As HMG sizing is optimized to provide the full prequalified FCR
power, the penalizations are not considered.

The HMG net income accounts for 80% of the aggregator’s gain
that is given to their household-prosumers [31]. The cash flow from

FCR provision (power and energy buying/selling) ðCj
FCR;hmgÞ for any

time period j is given by a first term of downward and upward FCR
power availability, and a second term of upward and downward
FCR energy utilization:

Cj
FCR;hmg¼0:8*

h
�
�
rjRTPPAP,p

j
fcr�þrjRTSPAP,p

j
fcrþ
�
þ
�
rjRTSEUP,E

j
fcrþ�rjRTPEUP,E

j
fcr�
�

�
i

(13)

The present annual net income from FCR provision is:

Ca
FCR;hmg ¼

1
Nhmg

,
Xn¼Nhmg

n¼1

1
ð1þ dÞ,

Xj¼12*7*24*2

j¼1

Ca
FCR;hmg

¼ q,
�
1� qNhmg

�
Nhmg,ð1� qÞ,

Xj¼12*7*24*2

j¼1

Cj
FCR;hmg (14)

4.5. Physical system modelling

4.5.1. Technical assessment of the FCR provision from the HMG
The design of an FMS for assessing FCR power activation, based

on a power-frequency characteristic [86], was previously modeled
Input parameters

Grid frequency data
(data from UCTE, Spanish SO)

Prequalified power capacity

Battery parameters

Capacity
Charging efficiency
Discharging efficiency
Self-consumption
…

Parameters for charge
level management

Permissible SOC
bandwidths

Battery operation
simulation

Energy balance
& charge level
management

grid frequency
control

DATA of FSM

FCR power availability at
Spanish level

frc frc,j j

Fig. 2. Model for assessing the FCR power acti
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by the authors for PV-battery systems [18] and EVs [19]. This
research study thus adapted the model in Refs. [18,19] to a new
context. It disabled PV power in Ref. [18] and bidirectional charging
in Ref. [19], and onlymaintained the FMS in charge of providing FCR
(see Fig. 2). The FMS includes both droop and inertial response. As a
result, the adaptedmodel, which is scaled at the prequalified power
capacity ðPufcrÞ of a minimum FCR unit (MFCRU), computes the FCR
power activation on a 10�3-s basis ½pufcr�ðtÞ and pufcrþðtÞ�: Then,
the cumulated stored and released FCR energy from the HMG was
evaluated by the integral of the FCR power activation during 30-
min time periods. This permitted the assessment of the cumu-

lated stored and released FCR energy ðEjufrc� and EjufrcþÞ during any
time period j for an MFCRU.

Technical requirements in Refs. [18,19] fulfill the requirements
in Section 3.1 and the specific requirements and principles of the
ENTSO-E network code [87].
4.5.2. PV power model
A simplified expression of PV power output in the HMG for any

time period j is:

pjpv ¼Uupvc,p
j
upv ¼ Uupv,x

j
pv,Pupv; cj (15)

The per-unit PV power output ðxjpvÞ is a function of the irradi-
ance, ambient temperature, and PV system efficiency [88].
4.5.3. Power and energy model for FCR
The upward and downward FCR power activations in the HMG

for any time period j are:

pjfcr� ¼ Uufcr,p
j
ufcr� ¼ Uufcr,x

j
fcr�,Pufcr

pjfcrþ ¼ Uufcr,p
j
upfcþ ¼ Uufcr,x

j
fcrþ,Pufcr cj

(16)

The cumulated stored and released FCR energies in the HMG
are:
Up-FCR power activation

( )SOC t

Output parameters

Down-FCR power activation

battery SOC

fcr ( )up t

fcr ( )up t

Released FCR energy

Stored FCR energy

30 min

30 min

frc
j
uE

frc
j
uE

vation [18,19] and cumulated FCR energy.

power schedule in PV household-prosumers for improving PV self-
s://doi.org/10.1016/j.energy.2019.116554
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Ejfcr� ¼ Uufcr,x
j
fcr�,E

j
ufcr�

Ejfcrþ ¼ Uufcr,x
j
fcrþ,E

j
ufcrþ cj

(17)

4.5.4. Battery energy model
An AC-to-DC conversion is necessary when charging the BB, and

a DC-to-AC conversion is required when the BB is discharging (see
Fig.1). Both conversionsweremodeled by the same efficiency ðhadÞ;
which depends on a function of the input/output normalized power
[36].

The HMG transfer function or BB model describes the devel-
opment of the state variables derived from past states, control
variables, and input disturbances. The BB energy at any time period

j ðLejbÞ is computed in (18), considering the energy in the previous
time period, self-discharge coefficient, energy exchange due to
power-balance constraint, and the cumulated, stored, and released
FCR energy:

Lejb ¼ Lej�1
b � εb,Le

j�1
b þ Dt,

 
had ,p

j
b� �pjbþ

had

!

þ
0
@had , E

j
fcr� � Ejfcrþ

had

1
A; cj (18)

According to requirements for FCR-units with limited energy
reservoirs [89e93], these units need to be capable of providing the
full prequalified FCR power for at least 30 min in the positive/
negative direction (30-min criterion) during regular FCR operation.
Consequently, the maximum BB energy for any time period

j ðLemax;j
b Þ is calculated by (18). However, it is necessary to take into

account the maximum increase of stored FCR energy for the full
prequalified FCR power activation (downward regulation):

Lemax;j
b ¼ Lej�1

b � εub,Le
j�1
b þ Dt,

 
had ,p

j
b� �pjbþ

had

!

þ had,Uufcr,Pufcr; cj (19)

A similar equation is defined for the minimum BB energy (up-
ward regulation):

Lemin;j
b ¼ Lej�1

b � εub,Le
j�1
b þ Dt,

 
had ,p

j
b� �pjbþ

had

!

�Uufcr,Pufcr
had

; cj (20)

4.6. Constraints

4.6.1. Constraints on sizing control variables
The constraints on the sizing control variables define the space

that ensures that the HMG complies with a certain level of reli-
ability. For the PV power, BB, and prequalified FCR power capacity,
specific constraints are respectively:

0 � Uupv � Umax
upv

0 � Uub � Umax
ub

0 � Uupfc � Umax
upfc

(21)
Please cite this article as: Gomez-Gonzalez M et al., Optimal sizing and
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4.6.2. Power balance constraint
The total power balance condition is that the sum of all power

exchanged through the AC link must be equal to zero. This includes
the following types of power: (i) power bought from (and fed to)
the grid; (ii) power obtained from (and injected into) the BB,
considering the efficiency; (iii) power obtained from the PV system;
(iv) power injected into the HLC, including the EVCL.

pjgþ �pjg� þ pjbþ � pjb� þ pjpv � pjev � pjhl ¼ 0; cj (22)

4.6.3. Battery constraints
Equation (23) limits the maximum power entering the BB,

whereas (24) limits the maximum power coming out of it. Both are
based on the maximum C-rate:

pjb� þpjpfc� � Uub,P
max
ub� ; cj (23)

pjbþ þpjpfcþ � Uub,P
max
ubþ ; cj (24)

Equation (25) states the upper and lower bounds for the MBU
energy. The lower bound is related to the rated DOD ðcratub Þ. This was
a set parameter in our formulation, which reduced computational
complexity.

Uub , Le
max
ub

 
1� cratub

100

!
� Lejb � Uub,Le

max
ub ; cj (25)

within a 30-min criterion, (29) and (30) have the BB providing FCR
between an upper and lower bound in order to cover theworst case
scenario of the full activation of the prequalified FCR power for any
time period j. This avoids long or short positions.

Lemax;j
b �Uub,Le

max
uB ; cj (26)

Lemin;j
b �Uub,Le

max
ub

 
1�cubdod

100

!
cj (27)

As formulated in equation (28), MBU energy at the beginning
and end of optimization should be equal. The positivity of control
and state variables is represented in (29).

Lebegub ¼ Leendub (28)

pjbþ;p
j
b�; Le

j
b; Lemax;j

b ; Lemin;j
b � 0 cj (29)

4.6.4. AC/DC converter constraints
Equations (30) and (31) state the power limit of the AC/DC

converter. The number of MADUs should allow the power exchange
of BB by means of the power balance constraint and FCR provision:

pjb� þpjpfc� � Uuad,Puad; cj (30)

pjbþ þpjpfcþ � Uuad,Puad; cj (31)

4.6.5. Grid power exchange constraints
The power exchanged between the HMG and LV AC grid at any
power schedule in PV household-prosumers for improving PV self-
s://doi.org/10.1016/j.energy.2019.116554



Fig. 3. The input data for one representative day of each month in 2018 (household #1): (a) PV power output of an MPVU; (b) HCL profile; (c) EVCL profile; (d) normalized data of
downward FCR power availability at the Spanish level; (e) profile of cumulated stored, and released FCR energy of an MFCRU; (f) frequency profile at Hernani, Spain; (g) purchasing/
selling power availability price; (h) purchasing/selling energy utilization price.
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Table 1
Key features of households in Jaen (southern Spain).

Household #1 Household #2

Total annual consumption (kWh/year) 5731 5230
Number of family members 5 2
Is there at least one adult at home in the morning? Yes No
Electric heating Yes No
Building type Apartment Detached house
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time period j is limited by the contracted power from electric
mains:

pjgþ þpjfrc� � Pc; cj (32)

pjg� þpjfrcþ � Pc; cj (33)
5. Input data

This section describes the data for input disturbances at 30-min
intervals.
5.1. PV power

Two PV power profiles were measured in two households at
different locations in Jaen (southern Spain) with PV systems of 2.97
and 4.2 kWp. The annual final yields in 2018 were 1433 and
1411 kWh/kWp. To better compare the profiles, both were
normalized to a 1400-kWh/kWp annual final yield. Fig. 3a shows

the per-unit PV power output of an MPVU ðxjpvÞ for one represen-
tative day of each month in household #1.
5.2. Household consumption load and EV charging load

The HLC ðpjhlÞ and EVCL ðpjevÞ profiles (Fig. 3b and c) were
measured by a smart meter [88] in these households. The profiles
varied in regard to the relation between the peak and base load and
load fluctuations. Table 1 shows their main features. To facilitate
comparison, consumption profiles were normalized to a 5450-kWh
annual electricity consumption (average Spanish-household en-
ergy [94,95]). The EV charging dataset was measured for the same
households.
Table 2
Technical and financial parameters applied in the optimization (first semester 2019) in S

Parameter Value Parameter Valu

Dt 0.5 h Puad 1 kW

kpv;kb ;kad 1.5%, 2%, 0.3% [100] Pmax
ub�=P

max
ubþ 1.0 k

rate
d 3.5% [84] Pupv 1 kW
g 1.4% [101] Pufcr 0.5 k
rpv 0.5% [102,103] Maximum prequalified power capacity for

households
2.5 k

rO&M ð ¼
gÞ

1.4% of investment per
year [2]

Pc 5 kW

T 0% [2] Nuad 20 y

Cuad 200 V/unit [45] Nub 20 y
Cub 350 V/unit [31,32,45,84] Nupv 20 y
Cupv 1300 V/unit [45] Nhmg 20 y

Please cite this article as: Gomez-Gonzalez M et al., Optimal sizing and
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5.3. Data for FCR

New bids in the FCR service market from aggregators dealing
with PV household-prosumers can alter the settlement of selected
prices and bids. Nonetheless, even if these aggregators are a lower
market fraction, the settlement will not substantially change. Since
it is assumed that the aggregator is a price taker, this has no effect
onmarket prices, which permitted data collection from current FCR
markets.

Regarding FCR power availability, the technical requirements for
the Spanish FCR market include a symmetry of the offer and a 1-h
product resolution [96]. The hourly upward or downward regula-
tion of FCR power availability at the Spanish level can be charac-
terized by the per-unit downward and upward FCR power

availability ðxjfrc�; xjfrcþÞ: Without knowing the outcome of new
aggregator bids in the FCRmarket, it is assumed that the FCR power
availability of a single PV household-prosumer in regard to its
prequalified FCR power capacity will modulate in the same way as
FCR power availability at the Spanish level. Fig. 3d depicts the
normalized data of downward FCR power availability at the Spanish

level ðxjfrc�Þ provided by the Spanish SO for one representative day
of each month.

Regarding FCR energy utilization, Fig. 3e shows the cumulated
stored and released FCR energy from an MFCRU (Section 4.4.1). As
this energy depends on frequency deviation patterns, current fre-
quency data from the UCTE in 2018 were used. Data were provided
by the Spanish SO with a 50-Hz sampling rate at a specific point in
the synchronous area of continental Europe (Hernani, Spain)
(Fig. 3f).

Regarding FCR remuneration, since Spain does not regulate
either FCR market or energy aggregation, this research used data
from the European market (joint tender of German, Dutch, Belgian,
Swiss, French, and Austrian SOs) [97]. In this area, payments are
both for availability and utilization as well as for downward or
upward regulation. Historic market data (FCR tendering results) of
the year 2018 are displayed in Fig. 3g and h. As can be observed, the
pain.

e Parameter Value

/unit Umax
upv 10 units

W (C-
¼ 1)

Umax
upfc 5 units

p/unit Umax
ub 15 units

W/unit Lemax
ub 1 kWh (100%)

W [19] Lebegub ¼ LeenduB
0.65 kWh (65%)

cratdod
80% [45] unless otherwise
stated

ears Average life cycle (number of full cycles at
80% DOD

6400

ears Calendar lifetime 20 year [45]
ears MBU self-discharge coefficient 0.004%/day [45]
ears

power schedule in PV household-prosumers for improving PV self-
s://doi.org/10.1016/j.energy.2019.116554
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Fig. 4. Best solution for various population-size values.
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power availability price significantly increased during nighttime
hours, and especially in summer.
5.4. Energy price data

Our research study used Spanish real-time energy prices, which
are publicly available on the website of the Iberian energy market
[98].
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6. Results

The two case studies validate the methodology presented in this
study. The first case assessed the impact of various scenarios on the
optimal sizing and power management of two PV household-
prosumers by analyzing costs, revenues, and battery aging. Subse-
quently, for an illustrative scenario and prosumer, the second case
focused on the parameter impact related to battery aging. The
convergence of proposed optimization technique has been previ-
ously proven.
00 600 700 800 900 1000
tions

ptimization algorithm.

power schedule in PV household-prosumers for improving PV self-
s://doi.org/10.1016/j.energy.2019.116554
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The optimization problem in Section 4 was solved in the MAT-
LAB programming environment. The computer used had a pro-
cessor Intel® Core™ i7-8750HþHM370 (6 cores), 2.2e4.1 GHz, and
16-GB DDR4. To perform an accurate techno-economic assessment,
the annual optimization problem included 4032 intervals of 0.5 h.
This was based on 48 intervals of 0.5-h per day for seven days of
each month.

The technical and financial parameters are listed in Table 2. The
FMS parameters of the model for FCR provision were the same as
those in the literature [18]. The battery aging parameters are those
in Ref. [99].100101102103.
6.1. Accuracy and convergence of the optimization technique

The convergence of the TLBO algorithmwas proved on the HMG
with HLG, PV, and BB (hereafter defined as scenario #2). The
number of iterations and the population were changed to deter-
mine optimization technique convergence. Each optimization was
run 30 times, and resulted in the means and standard deviations in
Fig. 4.

Fig. 5 shows the convergence curves of the TLBO algorithm for
20 independent runs of a population of 1000. The algorithm
converged to the optimal fitness value after about 800 iterations.
Therefore, 1000 iterations were considered as a fair termination
criterion. From Figs. 4 and 5, we selected the following values: 1000
iterations and a population size of 1000 (about 0.0012% of the
possible solution number).
Table 3
Solution report of the optimization problem for household #1.

Variables Constraints Computational time (seconds)

Scenario #0A e e <0.01
Scenario #0B e e <0.01
Scenario #1 1 8065 22
Scenario #2 16128 20170 1922
Scenario #3 12096 20169 1337
Scenario #4 20160 20171 2710
Scenario #5 20160 20171 2763

Please cite this article as: Gomez-Gonzalez M et al., Optimal sizing and
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Fig. 6 compares the convergence curves of the objective function
for the TLBO algorithm as compared to the PSO algorithm (refer-
ence algorithm) after 30 runs and with the same computational
effort. The TLBO algorithm was found to be more robust and effi-
cient since it produced better results. Although the PSO algorithm
was able to converge to obtain solutions of equal quality, it was
necessary to increase the particle number and/or iterations. It thus
had a higher computational cost.

6.2. Optimal sizing and power management of a PV household-
prosumer in different scenarios

This section applies the methodology for jointly optimizing the
sizing and power management of two PV household-prosumers in
scenarios such as the following:

- Scenario #0A: base scenario with HCL.
- Scenario #0B: base scenario with HCL and EVCL.
- Scenario #1: scenario with HCL and PV (PV self-consumption).
- Scenario #2: scenario with HCL, PV, and BB (PV self-
consumption enhancement). BB power management is
scheduled.

- Scenario #3: scenario with a BB and FCR (FCR provision). Con-
sumer offers FCR and BB power management is scheduled.

- Scenario #4: scenario with HCL, PV, BB, and FCR (PV self-
consumption enhancement plus FCR provision).

- Scenario #5: scenario #4 plus EVCL.

The summary of the optimization problem for household #1 is
given in Table 3. As can be observed, the computational load rapidly
(and critically) increases with the number of planned time periods
and control variables.

In order to investigate the impact of these scenarios, the first
results presented are those regarding the optimal power manage-
ment at the optimal HMG sizing for household #1. The second
group of results pertains to optimal sizing, battery aging, and eco-
nomic issues. Finally, a comparison of optimal sizing results for
household #2 is provided.

Figs. 7e11 show the optimal power schedule for household
power schedule in PV household-prosumers for improving PV self-
s://doi.org/10.1016/j.energy.2019.116554
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0 24 48 72 96 120 144 168Hours
-1.5

-1

-0.5

0

0.5

1

1.5

2

2.5

3

3.5

4

p h
l,

p p
v,

p b
,

p g
(k

W
);

S
O

C
b

(p
.u

.)

p
hl

p
pv

p
b

p
g

SOC
b

j
j

j
j

j

j

j

j
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#1 at the optimal HMG sizing over a period of 7 days, starting from
May 15, 2018. From 9 a.m. to 11 a.m., therewas surplus PV power, as
shown in scenarios #1, #2, #4, and #5. However, the surplus PV
generationwas not sold back to the grid (as occurred in scenario #1

½pjg <0 ðpjg�Þ� during this period) because the real-time energy
price was not high enough. Instead, it was stored in the BB. Then,
when this price rose to a certain threshold value, the peak HCL
demand (scenarios #2 and #4) and EVCL demand (scenario #5)
were provided by means of BB discharging. Interestingly, for sce-
nario #2, the BB gradually charged in the first half of each day until
it was at its full capacity, and then gradually discharged in the
second half until it was empty. However, in scenarios #4 and #5,
the larger BB sizing, required for providing FCR, together with a
more continuous power requirement, smoothed SOC variation of
the BB.

Fig. 9 focuses on the FCR provision, i.e., scenario #3. The SOC
fluctuations of the BB in micro and macro cycles reached a
Please cite this article as: Gomez-Gonzalez M et al., Optimal sizing and
consumption and providing frequency containment reserve, Energy, http
minimum value of 51.8% and a maximum of 67.8%. This signified
that the BB did not effectively use its asset. Throughout the year
(Table 4), it reached a minimum SOC of 51.5%, a mean value of
60.2%, and a maximum of 68.0%. Thus, the SOC fluctuated within
the permitted bandwidth (i.e., a lower bound of 51.5% and an upper
bound of 68.5%), which ensured the provision of full prequalified
FCR powerwith a 30-min criterion. Furthermore, as SOC fluctuation
was mostly within the previous range, this caused moderate cal-
endar aging.

Figs. 10 and 11 show an almost unappreciable BB SOC change
from the FCR provision that was so clearly visible in Fig. 9. This was
due to shallow cycling, which had almost no effect on the macro
cycles and accumulated energy throughput, and thus on the SOC of
the larger BB. As can be observed, in both scenarios, the charge/
discharge power schedule of the BB was different from scenario #2,
which had a lower BB capacity even though the annual NPVs were
equivalent. The implication is that the optimal BB power schedule is
not necessarily unique. The strong temporal nonalignment of HLC
power schedule in PV household-prosumers for improving PV self-
s://doi.org/10.1016/j.energy.2019.116554
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and high FCR availability prices could be a cause of this.
Fig. 12 shows the FCR provision results in terms of cumulated

stored and released FCR energy, and energy exchanged with the LV
grid by the BB power schedule. In scenario #3, the share of stored
FCR energy accounted for up to 79.59% of the total amount of BB
energy charging. The share of released FCR energy amounted to
86.22% of the total amount of BB energy discharging. In contrast, in
scenarios #4 and #5, the FCR provision represented [2] no more
than 38.92% and 28.26%, respectively, of the total amount of the
energy exchange. The impact on aging must be low as they corre-
sponded to an extremely small DOD [104].

Table 4 summarizes the results of optimal HMG sizing for
household #1, including battery aging and economic issues. As for
economic issues, the annual NPVs of all of the scenarios were
within a profitable range in comparison to the base scenario (#0A
or #0B). Scenario #1 was the starting point for the economic
evaluation (i.e., the household use of PV electricity or PV self-
consumption). This reduced the annual NPV from 663.05 to
599.29V/year. In scenario #2, the BB power schedule for enhancing
PV self-consumption offered an additional revenue stream of 33.02
V/year. Although thanks to FCR, scenario #3 showed promising
results because there was a return, the economic incentive of 16.18
V/year was relatively small.
Please cite this article as: Gomez-Gonzalez M et al., Optimal sizing and
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Nonetheless, the profitability of providing FCR changed
considerably in scenarios that had PV self-consumption enhance-
ment, either with HCL (scenario #4) or with EVCL (scenario #5).
Thus, an additional revenue of 76.57 V/year was achieved in sce-
nario #4 in comparison to scenario #2. The poor economic result of
scenario #3 compared to scenarios #4 or #5 was due to the BB,
which had to maintain a high reserve level in order to comply with
the 30-min criterion. The results indicated that scenarios #4 and #5
were the best options.

When profitability was also evaluated by the LCOE, single PV
self-consumption decreased the LCOE by 9.6%. The PV self-
consumption enhancement reduced it additionally by 5.5%, and
finally the joint practice of also providing FCR produced an even
greater reduction of 13.5%. When the EVCL was involved, a 19.6%
total enhancement was achieved.

In scenarios #2, #4, and #5, the optimal sizing of PV power
varied slightly from 2.00 to 2.46 kWp. In contrast, because of the
30-min criterion, there was an extra sizing in scenarios #4 and #5
(7.97e9.92 kWh) in comparison to scenario #2 (4.74 kWh). How-
ever, this extra sizing was lower than requiredwhen there was only
FCR provision (scenario #3). When the BB sizing was larger, there
was greater flexibility in the use of the BB by different applications
since it could be used as needed. In addition, more energy could be
stored for larger PV power sizing. The maximum sizing values for
scenario #5 were the result of the higher mixed load (i.e. HCL plus
EVCL). Finally, scenario #2 had the lowest PV power sizing
(1.375 kWp) in order to avoid surplus PV generation sold back to
the grid.

BB lifetime expectancies were sensitive to planned scenarios
and thus differed significantly. The BB reached a cycling lifetime of
18.05 years in scenario #2, and 29.73 and 26.68 years in scenarios
#4 and #5, respectively. Cycling lifetime increased to 88.76 years in
scenario #3. The shallow cycling characteristic of the latter scenario
made calendar aging predominant. In contrast, BB aging behavior
changed for the alternative practice of PV self-consumption
enhancement (scenario #2). This practice, along with greater
depths of discharge (e.g. daily cycling) would lead to different cyclic
aging during several weeks per year and therefore influence the
overall expected lifetime. As a result, the joint practice of PV self-
consumption enhancement and FCR provision (scenarios #4 and
power schedule in PV household-prosumers for improving PV self-
s://doi.org/10.1016/j.energy.2019.116554
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Fig. 11. Scenario #5 (scenario #4 plus EVCL), household #1: optimal power and FCR energy schedule at the optimal sizing.

Table 4
Summary of optimal economic and sizing results for household #1.

Scenario Annual NPV
(V/year)

LCOE
(V/kWh)

PV system
(kWp)

AC/DC
converter
(kW)

Prequalified power capacity
household (kW)

BB
(kWh)

Minimum SOC
of BB (%)

Maximum SOC
of BB (%)

Cycling
lifetime
(years)

Calendar
lifetime (years)

DOD
(%)

#0A 663.05 0.12166 0.000 0.000 0.0 0.00 e e e e

#0B 966.12 0.11700 0.000 0.000 0.0 0.00 e e e e

#1 599.29 0.10996 1.375 0.000 0.0 0.00 e e e e

#2 566.26 0.10390 2.000 1.094 0.0 4.74 20.0 100.0 18.05 20 80
#3 �16.18 �0.00297 0.000 3.008 2.5 3.96 51.5 68.0 88.76 20 80
#4 489.70 0.08985 2.083 2.982 2.5 7.97 35.7 84.0 29.73 20 80
#5 775.84 0.09396 2.468 3.242 2.5 9.92 32.6 87.0 26.68 20 80
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Fig. 12. Annual amount of energy exchanged through FCR provision and energy exchanged with the LV grid.
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Fig. 13. Composition of incomes and costs as part of the annual NPV for household #1.

Table 5
FCR economic analysis for household #1.

Net income for aggregator
(V/year)

Net income for prosumer
(V/year)

Prosumer’s gains for FCR power availability
(V/year)

Prosumer’s gains for FCR energy utilization
(V/year)

Scenarios #3, #4,
and #5

172.55 134.32 56.66 77.65

Table 6
Summary of the optimal economic and sizing results for household #2.

Scenario Annual NPV
(V/year)

LCOE
(V/kWh)

PV system
(kWp)

AC/DC
converter
(kW)

Prequalified power capacity
household (kW)

BB
(kWh)

Minimum SOC
of BB (%)

Maximum SOC
of BB (%)

Cycling
lifetime
(years)

Calendar
lifetime (years)

DOD
(%)

#0A 644.81 0.11831 0.000 0.000 0.0 0.00 e e e e 80
#0B 947.87 0.11479 0.000 0.000 0.0 0.00 e e e e 80
#1 550.97 0.10110 1.859 0.000 0.0 0.00 e e e e 80
#2 523.36 0.09603 1.968 1.251 0.0 4.48 0.200 1.00 18.35 20 80
#3 �16.19 �0.00297 0.000 3.008 2.5 3.96 0.515 0.68 88.76 20 80
#4 450.18 0.08260 1.937 2.743 2.5 6.78 0.384 0.82 34.65 20 80
#5 744.52 0.09016 2.248 2.995 2.5 8.32 0.350 0.85 31.60 20 80

Table 7
Summary of the optimal economic and sizing results for household #1 in scenario #2: several DODs.

Annual NPV
(V/year)

LCOE
(V/kWh)

PV system
(kWp)

AC/DC converter
(kW)

BB
(kWh)

Minimum SOC of BB
(%)

Maximum SOC of BB
(%)

Cycling lifetime
(years)

Calendar lifetime
(years)

DOD
(%)

566.26 0.10390 2.000 1.094 4.74 20.0 100 18.05 20 80
594.51 0.10908 1.682 0.964 1.81 40 100 25.41 20 60
598.56 0.10983 1.387 0.142 0.14 50 100 18.71 20 50
598.78 0.10987 1.451 0.087 0.11 60 100 27.75 20 40
599.29 0.10996 1.375 0.000 0.00 80 100 99.63 20 20

M. Gomez-Gonzalez et al. / Energy xxx (xxxx) xxx 15
#5) showed amixed aging behavior. Only scenario #2 required a BB
replacement in the 17th year of operation.

For a better understanding of the contribution of each economic
component to the annual NPV, the incomes and costs described in
Please cite this article as: Gomez-Gonzalez M et al., Optimal sizing and
consumption and providing frequency containment reserve, Energy, http
Section 4.3 are presented as part of the whole NPV for household
#1 in different scenarios (see Fig. 13).

As can be observed in scenario #1, in comparison to #0A, the
additional initial PV investment cost was clearly compensated by
power schedule in PV household-prosumers for improving PV self-
s://doi.org/10.1016/j.energy.2019.116554
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the additional revenues from the lower energy exchange. The
economic enhancement in scenario #2, compared to scenario #1,
largely stemmed from a reduction in the net income of energy
exchange because of the optimal BB power schedule in spite of the
higher initial investment cost. The economic feasibility of only
providing FCR (scenario #3) was largely influenced by the initial
investment costs. Thus, the cost of the energy exchange tomaintain
the energy level of the BB within the limits required by the 30-min
criterion was only 20.38%. The economic analysis in Table 5
revealed that payments for FCR energy utilization represented
more than 59% of the income. This shows how the economic
enhancement in scenario #4, as compared to scenario #2, was the
result of both the enhancement of PV self-consumption (lower
energy exchange) and FCR provision, despite the higher initial in-
vestment cost. This also occurred with greater intensity in scenario
#5, compared to scenario #0B, because of the higher energy load.
Therefore, the optimal sizing favors the hybrid solution of providing
FCR and PV self-consumption enhancement.

In order to compare the optimal HMG sizing in household #2
with different profiles, the results of this methodology are given in
Table 6. In scenario #0A, the HCL in household #1 resulted in a
higher annual NPV and LCOE (even though the normalized loadwas
the same as household #2) because the peak of the load coincided
with a higher real-time energy price. In scenario #1, the best profile
matching (load-PV generation) in household #2 favored increasing
PV power. In scenario #2, the HCL in household #1 resulted inmore
optimal BB sizing, presumably because the peak load occurred
during the peak pricing period and reductions in surplus PV pro-
duction had to be balanced by additional BB capacity. The same
outcome can be seen in scenarios #4 and #5.

6.3. Impact of parameters related with battery aging

A sensitivity analysis was performed to identify the lowest
annual NPV related to the allowed DOD in the BB for household #1
in scenario #2. For this purpose, the DOD valuewas changed to 20%,
40%, 50%, 60%, and 80%. The other parameters remained constant.
Table 7 summarizes the economic results. More specifically, these
pertain to the optimal annual NPV and LCOE as well as the optimal
HMG sizing results. The cycling lifetime of the BB is also provided.

As can be observed, the lower DOD values offer the lowest BB
sizing and cost savings. The lower DOD involves a higher number of
cycles and an increase in the battery cycling lifetime. As a result, it
was possible to plan a lower BB sizing, which had the advantage of
maintaining battery cycling lifetime and decreasing costs. However,
this lower BB sizing made it more difficult to enhance PV self-
consumption, which reduced PV system sizing. The lowest simu-
lated DOD (20%) devised an HMG without a BB. Therefore, for this
scenario with daily macro cycles, it is important to plan a large DOD
in order to obtain the full storage capacity of the right BB sizing for
PV self-consumption enhancement.

7. Conclusions

The main objective of this research was to demonstrate that
there are interesting markets (balancing services market and day-
ahead electricity market) for improving the profitability of PV
household-prosumers. In contrast to previous approaches applied
on residential PV-battery system optimization, this improvement
could be achieved by jointly co-optimizing the sizing and power
management of these PV household-prosumers. For this purpose,
an innovative optimization methodology was developed. This
methodology was implemented in the design of a model that
quantified the total costs and revenues by means of an annual
techno-economic assessment, which took into account a set of
Please cite this article as: Gomez-Gonzalez M et al., Optimal sizing and
consumption and providing frequency containment reserve, Energy, http
representative days. The costs and revenues included investment,
operation and maintenance, replacement, net income from the
energy exchange and the FCR provision. The model also made it
possible to assess battery aging, depending on use. The TLBO al-
gorithm was proposed as a technique to solve the optimization
problem. Although the methodology focused on a case study based
on Spanish PV household-prosumers, it can be applied to most
market setups that have a liberalized market for energy and fre-
quency reserve products.

The added value of this methodology was its flexibility in terms
of solution accuracy and computational burden. Our research thus
demonstrated howoptimal results could be speedily and accurately
obtained. This is very important not only for our study but also for
further research focusing on shortening the simulation step with
high-resolution inputs.

The optimization in various scenarios highlighted the fact that
the income and savings obtained, thanks to the incorporation of PV,
BB, and FCR provision were higher than the amortization costs. In
general, PV self-consumption and profitability were greatly
enhanced. Furthermore, the study proved the economic feasibility
of providing only FCR through BBs. Nonetheless, the profitability of
this provision considerably increased in scenarios with PV self-
consumption enhancement. This made it possible to decrease the
ratio of useable BB capacity, required by the 30-min criterion,
which led to significant economic benefits because of reduced in-
vestment costs. These results confirmed the value of exploiting the
inherent flexibility of BBs for providing mixed services.

BB aging evidently plays a crucial role in the final profitability
because of the replacement cost. It was also found that FCR pro-
vision together with PV self-consumption enhancement signifi-
cantly reduced BB costs because of a reduction of aging per kWh
delivered. This was due to the lower impact of the shallow DOD
cycles of the FCR provision.

As reflected in this study, the casuistry of the optimal sizing and
power management in different scenarios and types of PV
household-prosumers was quite varied. Regarding PV self-
consumption enhancement, the optimal PV sizing could signifi-
cantly range in both households from 1.37 to 2.00 kWp. In contrast,
the quantitative relation between the BB capacity and PV power
presented in this paper underlined a low BB sizing change of
approximately 2.27e2.37 kWh/kWp. When this enhancement was
combined with FCR provision, BB sizing was in the range
3.50e3.82 kWh/kWp only with HLC (3.70e4.01 kWh/kWp when
EVCL was added). The two optimal capacity ranges were found to
be different from one another because of the extra sizing needed to
fulfill the 30-min criterion. In any case, lower BB values were
observed for household #2 because of the best load-PV matching.

Futurework in the field should take currentweaknesses that the
modelling of PV household-prosumer faces into consideration. It
should thus focus on building a techno-economic systemmodelling
which includes a hybrid ESS, which would be tested in real-world
scenarios by decreasing the simulation step from input time se-
ries sampled at higher frequencies. This would permit an accurate
evaluation of the battery degradation in hybrid ESSs and its tech-
nical and economic impact.
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Appendix A. TLBO algorithm

Of the most commonly used optimization techniques [105,106],
the most applicable to our research context are the following: (i)
iterative and probabilistic approaches [56,61]; (ii) analytical
methods [53,62]; (iii) directed search-basedmethods, such as those
based mathematical optimization (e.g. mixed-integer linear pro-
gramming [16,37,54,61,66], dynamic programming [64,67], and the
design space based approach [60]) or heuristic methods (e.g. neural
networks [59]). Of the population-based heuristic algorithms, the
two most important groups are evolutionary algorithms [58] (e.g.
genetic algorithm [59,65] and simulated annealing [57]) and swarm
intelligence-based algorithms (e.g. particle swarm optimization
(PSO) [55,56,63]).

All the population-based heuristic algorithms require common
controlling parameters such as population size, number of gener-
ations, etc., as well as their own algorithm-specific control pa-
rameters that need to be tuned since these parameters affect their
performance. Improper tuning either increases the computational
effort or yields the local optimal solution. For this reason, reference
[107] introduced the TLBO algorithm, which does not require any
algorithm-specific parameters. The TLBO algorithm only requires
common controlling parameters such as population size and
number of generations for it to work satisfactorily.

The TLBO algorithm [108,109] is a teaching-learning process-
inspired algorithm and is based on the effect of the influence of a
teacher on the output of learners in a class. The algorithm describes
two basic modes of learning: (i) through the teacher (teacher
phase); and (ii) through interactionwith the other learners (learner
phase). In this optimization algorithm, a group of learners is
considered to be a population and different subjects offered to the
learners are regarded as different design variables of the optimi-
zation problem. A learner’s result is analogous to the ‘fitness’ value
of the optimization problem. The best solution in the entire pop-
ulation is considered to be the teacher.
Appendix B. Battery lifetime modelling

Modelling the battery lifetime is a field of ongoing research
[99,110e113]. The main models are post-processing models and
performance degradation [110]. Post-processing models include
Ah-throughput models, which simply count the amount of charge
until a fixed limit. In contrast, cycle-counting models [112] (e.g.
Rainflow based on Downing’s algorithm [113]) are based on
counting the charge/discharge cycles corresponding to each DOD
range for a year. Performance degradation models (e.g. weighted
Ah-throughput model [113]) track the battery capacity reduction
based on its actual operating condition.

The model of a battery lifespan (i.e. maximum number of bat-
tery cycles) is usually based on the charge/discharge power rate and
DOD. The DOD at each cycle is obtained in our research from the BB
SOC using the Rain Flow method [113]. The lifespan of a minimum
battery unit (MBU) for a given specific discharge cycle m depends
on the discharge power rate and DOD [99]:

lmax
ub;m

�
pjb�;p

j
pfc�;DoD

�
¼ a1,DoD

a2
m0

@pj
b�þpj

pfc�
Uub,Lemax

ub

1
Aa3 (34)

The quantity of life consumed or aging rate of MBU for a given
discharge cycle m is thus the following:
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consumption and providing frequency containment reserve, Energy, http
qub;m¼ 1

lmax
ub;m

�
pjb�; p

j
pfc�;DoD

� (35)

Consequently, the total fraction of life consumed or cumulated
aging rate during the whole time horizon ðqubÞ can be obtained by
adding the respective fractions of life consumed over all of the
discharge cycles Nc :

qub ¼
Xm¼Nc

m¼1

qub;m (36)
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