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Graphical abstract

REVB dtill have 70-80% capacity of new batteries. It will waste the use value of
REVB if it is disassembled and recycled without echelon utilization. Therefore, it is
important to explore the residual value of REVB. Echelon utilization can extend the
overal service life of batteries, improve the overall economy and environmental
friendliness of battery utilization. Based on this motivation, the research objective is
to address the echelon utilization of REVB by applying REVB in the electricity
markets. It provides not only a possible strategy for REVB echelon utilization, but
also some observations for investors and policymakers. Besides, it should be noted
that this study contributes to the realization of sustainable development.
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Abstract: The lithium-ion batteries of battery electric vebs are generally replaced when their
capacity decays below 80% of the rated capacitythis way, a large number of retired electric
vehicle batteries (REVB) will be produced in a $hone and cause new environmental pollution if
REVB are not treated properly. To address this lprabone of the major solutions is to realize the
echelon utilization of REVB based on the requiretaer different application scenarios. Therefore,
this study investigates the economic benefits o¥/Rparticipating in different Danish electricity
markets. The objective function maximizes the profi the different markets with considering
REVB life loss cost in the operational processnRaw counting method is employed to accurately
estimate the REVB life loss cost, leading to arggrmonlinearity of the optimization problem.
Afterward, simulated annealing based particle swaptimization (SAPSO) method is used to
solve the nonlinear problem and find the optimaragional strategies of the REVB. Finally, a case
study with considering different situations is pd®d to analyze the economic benefits of applying
REVB in different markets. The results reveal: BPSO method performs best in finding the
optimal results compared with particle swarm opteion and simulated annealing methods, and 2)
It is more likely and beneficial to invest in REMB patrticipate in the regulation market than the

day-ahead market. This significance of the studylmsummarized as: 1) Theoretically, apart from
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proposing a simple, cheap and eco-friendly greeategyy, i.e., the echelon utilization of REVB in
Danish electricity market, we advance the knowledgd call for attention about under which
conditions that performing a green strategy carowallenvironmental-economic benefits
simultaneously achievable. 2) The study provides Ibesiness opportunities for energy storage and
new energy industries, and can help to realizeasadile development to improve people’s life and

environmental quality.

Keywords. Economic benefit; Retired electric vehicle ba#syi Electricity market; Simulated

annealing based particle swarm optimization; Ramftounting method;
NOMENCLATURE

A. Abbreviation

BEVs Battery Electric Vehicles

FFVs fossil-fueled vehicles

GSCM Green Supply Chain Management
NRBV Natural Resource Based View

PV Photovoltaic

PSO Particle Swarm Optimization

REVB Retired Electric Vehicle Batteries

RBV Resource Based View

SAPSO Simulated Annealing based Particle Swarmn@pdition
SA Simulated Annealing

SSCM Sustainable Supply Chain Management
B. Index

k Year index

t Time index

y REVB lifetime

T Total simulation time

C. Parameters

clos REVB life loss cost (DKK)

Closda REVB life loss cost in the day-ahead market (DKK)



1

Closre
Cinv
com
Ccap
DoD
DoD™"
DoD™
EP®
EP™

ER"

REVB,da —REVB,da
IR =)

REVB,rey = REVB,reg
B E

REVB,da REVB,da
Efe Ef

REVB.reg [ REVB reg
B,

£ REVe, max
i

LEL®®
N°°(DoD)

N (DoD)

Pch,max Pdch ,max
)

RREVB,da

RREVB,reg

At
o

,7ch ',7dch

REVB life loss cost in the regulation market (DKK)

The total investment cost of REVB (DKK)
The operation anchaintenance cost of REVB (DKK)
The capital cost of REVB (DKK)

Depth of discharge of REVB (%)
Minimum depth of discharge of REVB (%)

Maximum depth of discharge of REVB (%)
Day-ahead electricity price (DKK/kWh)

Down regulation price (DKK/kW)

Up regulation price (DKK/kKW)

Energy stored in the REVB in the day-ahead maiiéth)
Energy stored in the REVB in the regulation mack&¥h)

Energy stored in the REVB in the day-ahead mark#teabeginning and
end of the day, respectively (kwh)

Energy stored in the REVB in the regulation magkahe beginning and
end of the day, respectively (kwh)

Maximum energy level of REVB (kWh)

Interest rate (%)

Life expectancy loss of the REVB (%)
Equivalent cycle numbers within each interval
Total cycle numbers within each interval
Maximum charging and discharging power of the REx&pectively (kW)
Profit obtained from the day-ahead market (DKK)
Profit obtained from the regulation market (DKK)

Time interval (h)
Allowable energy change during the simulation peid/\Vh)
Charging and discharging efficiency of the REVBspectively (%)

D. Decision variables
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pende Charging power of REVB in the day-ahead market (kW)

poh Discharging power of REVB in the day-ahead market
pean Charging power of REVB in the regulation market (kW
pechp Discharging power of REVB in the regulation mariad)

1. Introduction

The shortage of fossil resources and the aggravatieenvironmental pollution are related
challenges in the field of transportation [1]. hist case, battery electric vehicles (BEVS) become
popular to replace the fossil-fueled vehicles (FFWerldwide to reduce fossil resources depletion
and pollution emissions [2]. Despite the BEVs asplomising alternatives to FFVs, the high price
of batteries is one of the main obstacles to hinlderextensive use of BEVs [3]. Efforts are being
made to address the issue of economical BEVsgegmioring new battery materials with low cost
and high energy density [4], and improving the &ddal value of BEVs via vehicle to gird
technology [5]. For BEVs, the lithium battery isngeally replaced when its rated capacity is
degraded to less than 80% to ensure their safalypa@nformance requirements [6]. Based on
IDTechEx's latest report named Second-life Eleciahicle Batteries 2020-2030, by 2030 there
will be over 6 million battery packs retiring froBEVs per year [7]. Battery manufacturers and
local governments are under pressure to recycledaspbse of vast batteries retired from BEVs
within a short time. Retired electric vehicles bats (REVB) can be defined as the new battery
that has reached its vehicle serve lifespan, wkesdps 80% of its original capacity. Nowadays,
many global automobile companies like Nissan, RenBWW and BYD all have launched many
different projects and business initiatives on megiREVBs. So investors have the access to get the
REVBs from these companies. The REVB can be appliedrenewable energy based system since
the requirements of batteries’ performance aresootritical [8]. The advantages of using REVB
include prolonging battery lifetime, saving resagcand reducing environmental pollution. In
addition, REVB can potentially achieve the costuattbn of both BEVs and renewable energy
based system [9]. Fig. 1 presents the full lifeleydf BEV batteries [10]. The battery capacitytad t
first stage is over 80% serving for BEVs. After fivst stage, the BEV batteries can be reused for
other purposes. The echelon utilization of BEV drxas can be regarded as one of the most

promising strategies to achieve battery cost reduoatia extending their service life [11]. Based on
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this, the study aims to address the research gue$m what scenario does the application of
REVB have economic benefits in the electricity neask”.

Researching on this topic is in line with the onrgoand important proposition of green
supply chain management (GSCM) and/or sustainalgplg chain management (SSCM) [12, 13].
Specifically, this case study is about “the end{Hefmanagement of the product after its usef@’lif
in BEV industry, which is part of GSCM practicesdefined by Srivastava [12]. The importance
and benefits of GSCM and SSCM have been widelyudsed [14], which in general can produce
the economic, social and environmental benefitsshasvn in our REVB case as well. However,
there are barriers and challenges of implementi&§CK and/or SSCM, such as lack of senior
management support, lack of understanding, lacgoskernment intervention, etc., among which
expensive implementation is often described ad#rder especially considering gains are usually
thought to be feasible but only in the long run][XZompanies may have the external pressure from
customers, government, and other stakeholdersapt #&8SCM and/or SSCM [15, 16], but gaining
financial/leconomic benefits can be a critical settivator, which is also one of the important
considerations by the government. As emphasizedRély [17], self-motivation (cognition) is
important for the managers to enact proactive envirental strategies. Essentially, the willingness
and the ability to act on and profit from pollutigorevention depend critically on managers’
expectations that such opportunities exists [1T, W®re recently, de Oliveira et al. call for more
studies to investigate how to “reduce and/or ov@e@&SCM implementation barriers”, such as a
lack of managers’ commitment and motivation [14hefefore, it is necessary not only to suggest
GSCM practices (e.g., the echelon utilization ofMBEN electricity market in our study), but also
to examine its feasibility, economic benefits, éimel scenarios that allow such achievement.

By knowing these, we can ensure that both busiaedsenvironmental sustainability can be
simultaneously achieved, and this will greatly mate both the firms and government join their
efforts to adopt such practices. Especially, caréng the constraints and challenges posed by the
natural environment natural resources, naturaluregobased view (NRBV) [19] stresses that in
order for the firms to achieve fully sustainablenpetitive advantages, the firms also need to have
the internal resources and capabilities to avordrenmental damage and achieve environmental
sustainability, apart from business sustainabibigused in resource based view (RBV) [20]. Based
on this, we would say results of this study cao akrves as the guidelines and the opportunities fo
the firms to develop sustainable competitive acages. Moreover, based on a systematic review of

GSCM research, Ref. [14] found a lack of studiegamycling, which as they emphasized, is “an
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important subject that significantly helps in maiong environmental impacts”. Furthermore, future
green-based studies are encouraged to consideotiextual factors, such as the market dynamism
[21]. which can be the contingencies that affecé #nvironmental-economic performance
relationship. Having said these, investigating #ft®ve raised question has both theoretical and
practical implications.

As an option of energy storage, batteries have ragplications in the power systems such as
providing peak shaving [22], smoothing load profi&3], and participating in electricity market
[24], depending on the applied systems. REVB cawwsthe same effect comparing with new
batteries in most cases, yet their investment &twer. Existing researches have investigated
some application of REVB. The REVB are employedrnisland power grid, and a method aiming
to investigating the necessary capacity of REVRuinexisting island system is introduced in [25].
A REVB model considering the capacity fading ohilim batteries is proposed to design a
standalone PV-hydrogen-REVB hybrid energy syste6j. [ addition, REVB are applied in on-
gird systems as well. The application of REVB incemgrid wind-photovoltaic (PV)-REVB system
is analyzed in [27]. The research aims to minintiee electricity purchase and maximize the sale.
The utilization of REVB to stabilize PV power isvestigated and the result shows REVB can
substantially reduce the impacts of fluctuating power [28]. A comprehensive review of existing
REVB projects is found in [99], this study analyzb&e economic benefits of using REVB to
integrate renewable generations in Europe elestrigid. It is generally viewed that the applicatio
of REVB in the power grid is a bright idea, but mile of key technical problems require to be
solved, e.g. the accurate calculation of REVB degtian during secondary use.

With the development of electricity markets to poienthe participation of battery energy
storage systems, the owners of these systems oeyelop bidding strategies to at least cover the
operational cost. Battery degradation should besidened in the operational cost since the lifespan
of electrochemical batteries is sensitive to thargb/discharge cycles [30]. A number of studies on
batteries’ economic benefits generally assume tiiey have a fixed lifespan [31]. Batteries are
assumed to be operated only one charge/dischadie egch day based on the Electricity Storage
Handbook from Sandia National Laboratories [32].r&twer, the lithium-ion batteries are assumed
to be replaced every five years [33]. These assomgptare not valid in reality if batteries
experience a high number of charging and dischgrgytles per day since more frequent cycling
increases the rate of degradation and decreadesifdspan. In order to extend the battery lifeéim

the number of charge/discharge cycles per day ®ae tlimited [34]. However, the limitation on
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cycle number can significantly reduce the operafidtexibility and economic benefits. To fully
discover the feasibility of batteries to particgpan the electricity markets, the battery degrautati
cost considered as an operational cost, should/dleaed based on cycle numbers. In contrast to
the new batteries, the capacity degradation of RE®EBnot be ignored as REVB may experience a
high cycle number in the operational process [33jerefore, a rainflow counting method is
adopted in this paper to count cycle numbers arahtify their cumulative impact during the
simulation period [36], which aims to accuraterastie REVB degradation.

The rainflow counting method cannot be depictedabyanalytical mathematical expression
[37]. Several efforts have been made to simpligy thinflow algorithm. In [38, 39], the cycle depth
is simplified as the energy output of batterieshwitevery control time interval. In [40], a cycle i
calculated by the period between charge and digehdransitions. In [41], the actual
electrochemical battery cycle aging mechanismpsaced by a proposed piecewise linear model. It
aims to investigate the operational profits of neatteries in participating in ISO New England
energy and reserve markets by considering the @gileg cost. However, the simplification of
these models leads to the concern of the resuliracg. The calculation accuracy of battery
operational cycles in the electricity markets daiees the profits. Therefore, this study investgat
the operational optimization problem of REVB pagating in the electricity markets which aims
to maximize the profits. The degradation cost af REVB is accurately estimated using the
rainflow algorithm. Besides, with considering thenhnear characteristics of the optimization
problem, the heuristic algorithms may be a suitaiieice. There are many heuristic algorithms
such as particle swarm optimization (PSO), simdlaenealing (SA) and genetic algorithm (GA).
Among these heuristic algorithms, GA and PSO arstmadely used since they perform excellent
in handling nonlinear problems and can effectivalgid falling into the local optimal solution [42].
However, the main problem with GA is that its coaypbptimization process, so it takes lots of
time to find the optimal solution [43]. Therefoiecan be regarded that PSO is the first choice in
complex optimization problems. A new maximum poweint tracking technique was proposed in
[44] based on PSO method, and the good performahapplying PSO was proved. Ref. [45]
combined PSO with adaptive neurofuzzy inferenceéesyso achieve very short-term forecast of
wind turbine power output. The results indicateat the forecast accuracy improves by considering
PSO method. Ref. [46] used PSO method to addreshyitiro-wind-thermal scheduling problem
and the results showed that PSO provides the balsalgoptimum solution. SA algorithm based

chaotic search and harmony search was proposetV/jnd size different combinations of hybrid
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systems. The results showed that the SA algorithsedh method performance better than the SA
algorithm. It can be seen that the classical hearagdgorithms often make some improvements or
combine with each other to achieve better optinopmaeffects. In fact, both PSO and SA have
advantages and disadvantages. Compared with SA, RRSQ faster convergence speed, but its
global searching ability is weaker [48]. SA cantjusake up for the shortcomings of PSO to
improve its global searching ability [49]. Theredpthis study selects the simulated annealing based
particle swarm optimization (SAPSO) method whichmbmes classic PSO and classic SA
algorithm to accurately and quickly optimize the\HEoperation in the electricity markets.

Based on the discussion above, the contributionli®study are listed as follows:

1. The economic benefits of REVB participating iiffedent Danish electricity markets
including regulation and day-ahead markets ar#yfinsvestigated.

2. The optimal operational strategies of REVB p#tting in electricity markets are
proposed using SAPSO method.

3. A rainflow counting method is employed to cobattery equivalent cycle times, and then

REVB life loss cost is accurately calculated.

4. Based on the research findings, theoreticalpgadtical implications of echelon utilization

of REVB are discussed.
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Fig. 1. Full life cycle of BEV batteries [10]

2. Problem formulations

The models and methods used in this study are glerext. Denmark aims to achieve 100
percent renewable energy use by 2050 [50]. Thedraj@velopment of renewable energy,
especially wind power, has a significant impact the electricity prices and volatility in the
electricity market. Denmark is widely regarded a®mla model for the developing wind energy,
and has established a mature market mechanism.nfdkes Danish electricity market an ideal

case study. Besides, the Danish electricity plisetdiate greatly and complex caused by the strong
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volatility and randomness of wind power. Therefotleis study selects two common Danish
electricity markets, i.e. Danish day-ahead marked aegulation market, to investigate the
economic benefits of applying REVB in the two elmity markets. To the best of authors’
knowledge, the application of REVB in the Danisbatilicity market has not been investigated in
the previous studies. Additionally, it should besetved that the models and methods can be used
in other electricity markets and other types of BEVhe models of REVB participating in
different electricity markets are described below.
2.1 Participating in the day-ahead market
The day-ahead market is a physical market whemegrand amounts are determined by the

electricity supply and demand. Resulting prices #Hre overall amounts traded in the day-ahead
market are made public. In the day-ahead markeYBRéharge by purchasing electricity at a low
price, and discharges to sale this stored eletstrati a higher price to achieve temporal arbitrage
[51]. The economic benefits of this arbitrage fatepend on the price difference and the REVB life
loss cost. When electricity price is stable, thpested arbitrage profits are small and REVB may
not operate in order to extend their lifespan aalce their life loss cost. Eq. (1) is the objextiv
function which aims to maximize the profit with cidering REVB life loss cost in the day-ahead
market. In Eq. (1), the first term is the revenbéamed from the day-ahead market. And the second
term is the REVB life loss cost caused by the dngrgnd discharging behaviors of REVB, which
is calculated by Egs. (14)-(16). Eq. (14) calcidathe life expectancy loss of REVB when
participating electricity market. Eq. (15) is ugedestimate the investment cost of REVB. Based on
the Eq. (14) and Eq. (15). The REVB life loss ammt be obtained as presented in Eq. (16). Eq. (2)
is the constraint of the maximum and minimum chaggower of REVB. Eq. (3) is the constraint
of the maximum and minimum discharging power of FBE\EQ. (4) is a dynamic equation to
reflect the energy change of REVB. The upper aneetoavailable energy in the REVB at each
hour is limited by Eq. (5). Compared to new ba#tgerithe depth of discharge of REVB is smaller.
Eq. (6) shows the stored energy in REVB can chatightly during the simulation period. REVB
life loss cost is calculated using the rainflow ©ting method, and the detailed description of the

method is given in the next section.

REVB,da _ u da ch,da _ pdch,da _ loss
maxR™>% = | ER® (R™* - p**) | -C 1)
t=1
OS Rch,da < Pch,max (2)
OS Rdch,da < Pdch,max (3)
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E[Ijl:_-VB,da — EREVB.da +,7ch RCh'daAt _ RdCh'daAt/ﬂdCh (4)
EREVB,max DOD min < ERWB da < EREVB ,max DOD ma (5)
-0< ETREVB,da _ EOREVB,da <J (6)

where C'™ is the REVB life loss cosDOD™" and DOD™ are the minimum and maximum depth

ErREVB ,da

of charge of REVB, respectiveNEP*® is the day-ahead electricity pric is the energy

stored in the REVB in the day-ahead market:">™ is the maximum energy level of REVB.
EFF®“ and EFF®* are the energy stored in the REVB in the day-ahearket at the beginning
and end of the day, respectiveR™* and P“"® are the charging and discharging power of

REVB in the day-ahead markdR™">® is the profit obtained from the day-ahead markst™

Pdch,max

and are the maximum charging and discharging poweREBYB, respectivelyAt is the

time interval. 7* and n°" are the charging and discharging efficiency of BEV is the

allowable energy change during the simulation krio

2.2 Participating in the regulation market

The regulation market is a real-time market cowgeraperation within the hour. Its main
function is to offer power regulation to deal witie imbalances related to day-ahead operation
planned. REVB participate in down/up regulation kearto get profits by charging/discharging
electricity from/to the main grids [52]. In this nkat, it obtains revenue from both charging and
discharging electricity. The objective function Bff. (7) aims to maximize the profit considering
the REVB life loss cost in the regulation marketeToptimization models (Egs. (8)-(12)) of REVB
participating in the regulation market are similathe models in the day-ahead electricity market.
Therefore, no detailed descriptions of Egs. (8)-@2 available here. Similarly, the life loss cokt
REVB participating in regulation-ahead can alsacéleulated by Eqgs. (14) to (16).

maxRFEEe = i ( ERdn F:dw,dn + ERup Rdch,up ) _ CI0$,reg 7
t=1
0< R < pohmex (8)
0< Ptdch,up < pochmax )
ESEVB,reg — E[REVB,reg +,7ch Rch,dnAt _ Rdch,upAt/”dch (10)
EREVB.max [y min < E[REVB reg < EREVB maxpy o) me (11)

10
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-O<E[FPN -EF® < (12)
whereC"®"™ is the REVB life loss cost in the regulation markich can be calculated by Eq.
(15). EP™ is the down regulation pric&EP™ is the up regulation pricéE™="®'" is the energy
stored in the REVB in the regulation markf=""" and EF*"®'® are the energy stored in the
REVB in the regulation market at the beginning and of the day, respectivel™" and P*“""

are the charging power and discharging power imebalation market, respectivelR™"*'® is the

profit obtained from the regulation market.

3.Methods

In the electricity markets, REVB investors can abtiaenefits when the investment cost is
lower than the revenue. For the REVB, its investinoaist is determined by the number of cycles,
i.e. the frequent charging and discharging behavairREVB will reduce its lifespan, and thus
leading to a high investment cost. The accurateutaion of the number of cycles of REVB is
crucial to explore its economic benefits. Rainfloaunting method as one of the cycle counting
methods can accurately calculate the life loss BYBs caused by their charging and discharging
behaviors. Besides, this method is relatively sevgpid easy to program. Therefore, it is applied in
this study to accurately calculate the number ofVBEcycles during the operational period.
However, it complicates the optimization problemcdugse it cannot be represented by
mathematical analysis. SAPSO method can effectiadjyst the ability of global search and local
search. It makes the result not easy to fall iatal optimum, and can get better optimization effec
Therefore, SAPSO method is selected since heuatgarithms may be a good choice to address
this problem. The detailed descriptions of the ftaimm counting method and SAPSO method are
given as follows.

3.1 Rainflow counting method

The rainflow counting method is widely employedmaterials stress analysis to count cycles
and quantify their cumulative effect. The method edso be applied to assess battery life [53].
REVB life loss cost can be estimated below: FirstyREVB model with remaining life cycle is
developed based on polynomial fitting. Then, thedog equivalent cycle times are counted via a
rainflow counting method during the simulation peri[54]. Furthermore, the ratio of equivalent
cycle numbers and remaining life cycle numbersaisudated. Finally, REVB life loss cost can be

obtained. The detailed steps are given below:

11
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1) REVB service life depends on cycle numbers aqitdof REVB charge and discharge. A
larger cycle number and a greater depth of chaagdead to shorter REVB service life. Compared
to the small capacity of reused battery, large ciépaf reused battery has more cycles and longer
lifespan [55]. The Nissan Leaf has a large lithilom-battery and this car accounts for a relatively

large market share. Therefore, this paper selbetsithium-ion batteries retired from Nissan Lead

a U B~ W N

as the research objects. Four order functiontidfito represent the relationship between number of
7 cyclesN®* and depth of dischargeoD based on [55]:

8 N% =a,(DoD)* +a,(DoD)’ + a, (DoD)* +a, DoD+a, (13)

9 wherea,[! a, are fitting coefficients which are -4464, 4167, T9912120, and 4929, respectively.

10  The curve of number of cycles and depth of disol@given in Fig 2.

3000

2500 1

N
o
o
o

Number of cycles
o
o
o

1000 r

500 ‘ ‘ ‘ : :
20 30 40 50 60 70 80
Depth of discharge (%)

11
12 Fig. 2. The relation between number of cycles and depthiszharge
13 2) In order to accurately calculate the REVB sexVite, the rainflow counting method is

14  employed to count the equivalent number of REVBe&3/cThe basic steps of the method are given

15  as follows:

16 Stepl: The change curve of REVB capacity shoulddfmed.

17 Step2: Based on the rainflow features, the equivdié¢l REVB cycles are counted.

18 Step3: Every full cycle is removed individually.

19 Step4: The valley and peak values of change cuevesgorded to count half cycles.

20 Fig. 3 gives an example of the change curve of RE¥Bacity which contains two full cycles

21  (BCD 20%, FGH 20%) and two half-cycles (ACDE 60% & 60%).
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Fig. 3. Example of the rainflow counting method
3) In order to get the life loss cost of REVB dugritheir operational period, the ratio of
equivalent cycle numbers and remaining life cyclenbers at each time interval need to be

calculated. The life expectancy loss expressioa 1@to) is calculated by Eq. (14):

LeLee = S N*(DoD)

14
DoD=0.01 N o (DOD) ( )

where LEL®" is the life expectancy loss of the REVB**(DoD) is the equivalent cycle numbers

within each intervalN® (DoD) is the total cycle numbers within each interval.

The investment cost of REVB contains capital cost @peration and maintenance cost which

is calculated by Eq. (15):

y om
Cinv:Ccap +Z C .
= @+i)

(15)

where C*® is the capital cost of REVBZ" is the operation anuiaintenance cost of REVB.is
the interest rate.
Then the REVB life loss cost can be evaluated basddq. (16):
C'*™ =C™ [LEL™"® (16)
whereC'™ is the total investment cost of REVB.

3.2 Simulated annealing based particle swarm optimization method
The SAPSO is a heuristic algorithm combining pé&tewarm optimization (PSO) method
[56, 57] and simulated annealing (SA) method [$830 mainly relies on the information between

particles to update their position and velocityhie optimization process. In this way, the particle
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are kept close to the optimal solution. The adwgegaof PSO are easy to precocity and fall into
local optimum, late convergence speed and poorclemtcuracy. SA has a strong global search
ability which is possible to accept the worse solutwith a certain probability. Therefore, it can
jump out of the trap of local optimal solution, ¥enge to the region of the global optimal solution.
The convergence rate of SA is very slow since édsehigh annealing temperature. SAPSO can
overcome the weak points of SA and PSO by learfionrg each other’s strong points, which is the
basic idea [59].

The basic steps of SAPSO method are as follows:

(1) The related parameters, including populatiterations, particle dimensions, the particle
swarm are initialized. Meanwhile, the fitness valueased on the initial particle swarm are
calculated.

(2) SA initialization contains initial temperaturgetting, initial solutionS generation,

evaluation functionC(S) calculation.C(S) is regarded as the global optimal solution.

(3) The new solutiorS' is generated.
(4) The velocity and position of the particles apelated based on Egs. (17) and (18). And the

fitness value is evaluated.
v (t+D) = avt)+on, (p @)= x @) +cr,(p, )X @) (17)
X(t+1)=x(t)+v (t+1) (18)

(5) C(S)=min{f(x)} and AC=C(S)-C(S) are calculated, wherd (x) denotes the
minimum fitness value. IAC <0 or exp(-AC /T )> rand(0,1, C(S)=C(S),S=S . The new
solution S' is accepted and the velocity and position updatihthe particles is updated based on
S'. Otherwise,S' cannot be accepted. The velocity and position efpérticles are updated based
on S. In the end, the fitness value is evaluated.

(6) The global and local optimal solutions are upddased on the obtained fithess values.

(7) The stop criteria are checked. If it satisfilie optimal value is found. Otherwise, the
procedure goes to step (3).

Fig. 4 gives the research framework of this studgd it also includes the SAPSO
optimization framework. Firstly, the real data ofarfdsh electricity markets and REVB
specifications is collected and processed. Thes,ctiarging/discharging power of the REVB in
different Danish electricity markets which are thytimization variables are optimized based on
SAPSO method. Subsequently, the scenario analgsconducted to investigate the economic
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benefits of REVB in different scenarios. Finallygsed on the obtained results, a comprehensive
discussion from perspective of the environment society is provided to investigate the future
development of REVB. Additionally, it should be ebsed that the implementation of the SAPSO

method is described in detail above.

Research framework SAPSO optimization framework
Data collection including Danish electricity Data input _
markets and REVB specifications 1 > Accelptt{ng r})ew No
solutions?
| Particle swarm
v initialization i Yes Y
Data Process based on the actual ! Annealing State
requirements Simulated annealing l unchanged
| initialization
) Updating individual
Optimizing the behaviors of the REVB N . . optimal and global I
(variables) using SAPSO New solution generation optimal particles
! T !
L . Updating position and o
Optimizing the variables of the velocity based on new Satisfying stop
charging/discharging power in the electricity seliitiem ‘ criteria?
markets ( Ptch,da’ Ptdch,da, Ptch,dn, Ptdch,up ) to I No
obtain the maximum revenue Calculating REVB life loss ‘ l Yes

i cost using rainflow

. Obtaining optimal results
counting method

Performing scenario analysis
v

l Fitness value calculation

Discussion and analysis based on the min {revenue}

obtained results

Fig. 4. Research framework including SAPSO optimizatiomieaork

4. Case study

To explore the economic benefits of REVB partidipgitin the two different electricity
markets, a simulation analysis is carried out is fection. Simulation results in different sceoari
are presented and analyzed. The optimization peso&4 hours for all simulations. All the
simulations in are conducted in MATLAB 2019.

4.1 Data
This work investigates the operational problem &MU participating in Danish electricity
markets. Therefore, the specification of the se@d®EVB is given in Table 1 [55]. The selected
REVB are from the Nissan Leaf vehicles since itoadts for a large market share, which is
Lithium ion batteries. The depth of discharge & REVB is between 20% and 80% which is the
feature of the second use battery as shown inlFihe maximum cycle number of the REVB is
4929 and its relationship to depth of dischargshiswn in Fig. 2. Notably, this study selects 10
identical REVB to carry out the simulations. Histat market price data derived from Danish
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electricity markets in 2017, including day-aheag, regulation and down regulation electricity
prices. The hourly day-ahead and up/down regulagipoes over a year are given in Fig. 5,
respectively. In order to reduce the computatidnablen, a typical day obtained by averaging the
data of the whole year (Fig. 5) is selected to cahdhe numerical experiments. The typical day
including up/down regulation and day-ahead prisegiven in Fig. 6. For the typical day, the day-
ahead price is between up and down regulation rifee maximum and minimum day-ahead
prices occur at 17:00 and 2:00, respectively. iitloa observed that the REVB can participate in the

up and down regulation markets at any time onyhieal day.
Table 1 Specification of the selected REVB

Items Parameters
Types Nissan Leaf lithium-ion battery
Energy capacity 16.8 kWh
Charging/discharging power 5 kwW
Charging/discharging efficiency 95%
DoD™ 80%
DoD™ 20%
Number of cycles 4929
lifetime 5 years
Investment cost 16312 DKK
Operation and maintenance cost 16.3 DKK
Discount rate 5%
Number of REVB 10
1.0 T T T w T 2
< s
§ 0.7 ~ 15+
S <
— =)
<) g 1f
g 0.3 =
s 5 os
m e
201t E il
& g o |
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Time (h) Time (h)

(a) (b)
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Fig. 6. A typical day for the day-ahead, up/down regulatioarkets
4.2 Results

SAPSO is selected to optimize the operationalegsadf the REVB in the electricity markets.
To validate the performance of SAPSO, other haaragorithms, including PSO and SA methods,
are used to make a comparison. Under the situafi@8% of investment cost reduction and 50% of
regulation price growth in the regulation markbg three methods aim to find the maximum profit
and the number of the maximum iterations is seb&o200. The iteration curves of the three
methods are given in Fig.7. The start points ofttiree methods are the same to ensure that the
three methods are conducted under the same sceAanang the three methods, SA shows the
worst convergence effect which cannot convergd @00 iterations. PSO starts to converge after

100 iterations, and it converges to its optimaulteafter 130 iterations. Notably, SAPSO performs
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best among the three methods with the highesttpaofil fastest convergence speed. Due to the
good performance of the SAPSO, the paper adopts$SSAB carry out the simulation analysis.

700
——PSO
——SA []
SAPSO
— 660

Profit (DKK

620 | l_lf
A

0 20 40 60 80 100 120 140 160 180 200
Iterations
Fig. 7. lteration curves of the three different methods

580

Based on the SAPSO, the economic benefits of théBRER different scenarios, i.e., different
percentages of regulation price growth and diffepercentages of investment cost reduction, are
investigated and compared in different electrieiigrkets. The results show that this study can
provide new business opportunities for energy gmrand new energy industries to obtain more
profits, help to realize sustainable developmeritrtprove people’s life and environmental quality
and provides some observations to the policy materhe echelon utilization of REVB. It should
be noted that the profit mentioned below is theeotbye function which is equal to the profit
obtained from the electricity markets minus the BHWe loss cost.

A. Participating in the regulation market

In the regulation market, REVB charge/discharge growo participate in the down/up
regulation market. It can be observed that botlabieins of REVB can obtain profit. The economic
benefits are mainly determined by the electricitiggp and REVB life loss cost. At present, due to
the relatively low electricity price and high RE\fiBs/estment cost, the behaviors of REVB can lead
to a high REVB life loss cost which is much gredtean the revenue obtained from the regulation
electricity market, leading to no benefits in tlegulation market. Therefore, it is not cost-effeeti
to invest in REVB to participate in the regulatiefectricity market at present. To explore the
scenarios under which the REVB have economic benefithe regulation market, Table 2 gives
the simulation results when the investment cosibischanged. The regulation price growth refers
to the increase of both up and down regulationtetgty price. With the growth of the percentage
of regulation price, the REVB life loss cost is abh unchanged while the profit increase
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significantly. Table 3 gives the simulation resulidien the regulation cost is not changed.
Compared to the profit in Table 2, the profit inblea 3 is obviously less. This indicates that the
impact of electricity price on profit is greatemaththe investment cost in the regulation market. As
seen from the two tables, they show that the REMBi@y can obtain the profits when 10% of
investment cost reduction or 50% of regulationg@gecowth achieves. In the future, with the growth
of day-ahead electricity price and the decreasREWB investment cost, it becomes profitable to
invest in REVB to participate in the regulation ketr In addition, the profit and REVB life loss
cost under different percentage of investment cedtiction and regulation price growth are also
investigated, as shown in Fig. 8 and Fig. 9. Asxshim Fig. 9, the REVB life loss cost accounts for
a large proportion, especially when the REVB inwesit cost is high. Therefore, the investment
cost reduction of REVB can offer more possibilitigs invest in REVB patrticipating in the
regulation market. As shown in Fig. 8 and Fig. 8hwhe decrease of the investment cost of REVB
and the increase of regulation price, it can bedhthat the profit increases and the REVB life loss
cost decreases significantly.

Table 2 Simulation results when the investment cost ischainged
Percentage of regulation

price growth (%)
REVB life loss cost (DKK) - 1747 1747 1747 1748 1748 1749 1749
Profit (DKK) - 518 1275 2030 2788 3548 4308 5065

50 100 150 200 250 300 350

Table 3 Simulation results when the regulation price isctwnged
Percentage of investment
cost reduction (%)
REVB life loss cost (DKK) - 1574 1400 1226 1051 876 701 525
Profit (DKK) - 60 118 294 470 645 820 995

10 20 30 40 50 60 70

8000
< 6000
¥
2 4000
£
22000

70 350

50

30
Percentage of Investment

cost reduction (%)

150

10 50 Percentage of regulation
price growth (%)
Fig. 8. Profit of REVB participating in the regulation rkat in various scenarios
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Fig. 9. Life loss cost of REVB patrticipating in the regiite@ market in various senarios

To present a detailed analysis of the REVB paritig in the regulation market, the
simulation results under the condition of 10% ofestment cost reduction and 50% of regulation
price growth are given in Table 4. The profit i260 DKK that is equal to the revenue obtained
from the regulation market (2264.3 DKK) minus thE\R life loss cost (1572.0 DKK). It can be
noted that the REVB life loss cost accounts forrokalf of the revenue obtained from the
regulation market. So, REVB investment cost isriaor obstacle to hinder its application in the
regulation market. The behaviors of the REVB paititing in the regulation market during the
typical day are shown in Fig. 10. The dischargihgfging behaviors of the REVB are represented
by negative/positive value. REVB participate in th@regulation market from 8:00 to 10:00 and
from 17:00 to 19:00 due to the high up-regulatioicgp As can be seen from Fig. 6, since the up-
regulation price is higher than the down-regulatoice during the typical day, the REVB prefer to
participate in the up-regulation market in theoBut actually, the total power of REVB
participating in the up and down regulation maikdhe same since the energy stored in the REVB

at the beginning of the day is equal to that atethe of the day.

Table 4 Simulation results for the selected scenario
Percentage of Percentage of Revenue obtained

Item investment cost  regulation price from the R;EVB life Profit
. : 0ss cost
reduction growth regulation market
Value 10% 50% 2264.3 DKK 1572.0 DKK 692.3 DKK
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Fig. 10. The discharging/charging power of the REVB in tegulation market

With the consideration of REVB life loss cost, @#ncnot only improve REVB owner’s profit,
but also extend REVB lifetime. Fig. 11 gives thecleycounting process of the REVB in the
regulation market. The first figure in Fig. 11 shothe DoD of the REVB during the typical day.
The DoD of the REVB is limited between 20% and 80f%eaches the upper limit at 2:00, 7:00,
16:00 and 22:00 and lower limit at 4:00, 10:00 48dD0. The DoD of the REVB at the beginning
of the day is approximately equal to that at thd ehthe day since it is assumed that the DoD
allows a slight change after the typical day. Teeosid figure in Fig. 11 corresponds to Step 2 in
section 3.1 which can calculate the full cycleshaf REVB. Notably, the operation of the REVB on
a typical day includes three full cycles which 8r6937, 0.5974 and 0.5966. Then the full cycles
are removed (Step 3 in section 3.1). The thirdrégn Fig. 11 can be obtained which can count the
half cycle of the REVB, it contains two half-cycleghich are 0.3000 and 0.3236. Rainflow
counting method leads to a high operational castesit reflects the investment cost of the REVB
and calculate the operational cost more accurately.

Full cycle

Half cycle

80 ? < 80

70 70

__60 60
S S !
50 d
3 g 50 !
[m) a .
40 40 1
\
\

30 30

20 20 A
0 4 8 12 16 20 24 0 7 19 24 0 2,7,16,22 24
Time (h) Time (h) Time (h)

Fig. 11. The cycle counting process of REVB in the regulaticarket
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1 B. Participating in the day-ahead market
2 In the day-ahead market, REVB purchase/sell e@tnvhen the day-ahead electricity price
3 is low/high to achieve temporal arbitrage. The @toit benefits of this arbitrage form are mainly
4  determined by the electricity price difference dnel REVB life loss cost. Similar to the regulation
5 market, it is not cost-effective to invest in REWB the day-ahead electricity market at present.
6 Therefore, the results under the condition of défe percentages of day-ahead electricity price
7  growth and percentages of investment cost reduetieranalysed. It shows that the REVB have no
8  profit in the day-ahead electricity market in ammydition. To explore the scenarios under which the
9 REVB have economic benefits in the day-ahead marted subsidies for the REVB are
10 investigated. Notably, the subsidies for the REVBam that REVB buy electricity from the day-
11  ahead market has a lower price compared to thaladfty-ahead electricity price. Fig. 12 and Fig.
12 13 show the profit and REVB life loss cost of RE¥YBrticipating in the day-ahead market under
13 different percentages of investment cost reduciah different percentages of purchased electricity
14  price reduction. REVB can get profit under the dbad of 70% of investment cost reduction and
15  70% of purchased electricity price reduction. Tiigation is difficult to occur. Therefore, compare
16  with REVB participating in day-ahead market, REVBriipating in regulation market is more
17  likely and beneficial.
200
<
¥4
2 100
o
o
0
80 80
60 60
50 50
Percentage of investment 40 40  Percentage of purchased
18 cost reduction (%) electricity price reduction (%)
19 Fig. 12. Revenue of REVB participating in the day-aheadkaiin different scenarios
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Fig. 13. Life loss cost of REVB participating in the dayeald market in various scenarios

Table 5 gives the simulation results of REVB pa&pating in the day-ahead market under the
condition of 70% of investment cost reduction afdo7of purchased electricity price reduction.
The profit of REVB participating in the day-aheadnket is very low (18.8 DKK). Therefore, it is
not recommended to invest in the REVB to parti@patthe day-ahead market. The behaviors of
the REVB participating in the day-ahead marketmyithe typical day are presented in Fig. 14. The
discharging/charging behaviors of the REVB areespnted by negative/positive value. From 5:00
to 10:00 and from 16:00 to 20:00, REVB dischargsstb electricity to the day-ahead market owing
to the relatively high electricity price. In othkeours, REVB charge by buying electricity from the
market owing to the relatively low electricity peicFig. 15 shows the cycle counting process of
REVB participating in the day-ahead market. In Hi§, the first figure is the DoD of the REVB
during the typical day. The DoD reaches the upipeit bt 4:00 and 15:00, and lower limit at 10:00
and 20:00. The second figure corresponds to Steps2ction 3.1, it counts the full cycles of the
REVB during the typical day. It can be observed tha operation of REVB leads to only one full
cycle. The third figure counts the half cycle oé tREVB during the typical day, it contains three
half-cycles which are 0.3, 0.6, and 0.25. Through dnalysis of cycle counting process of REVB
participating in the two electricity markets. Theasibility of the rainflow method is proved which

can accurately estimate the REVB life loss cost.

Table 5 Simulation results of REVB patrticipating in theyehead market
Percentage of Percentage of Revenue obtained

Item investment cost purchased electricity from the ITESVSBCLE Profit
reduction price reduction regulation market
Value 70% 70% 336.7 DKK 317.9 DKK 18.8 DKK
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Fig. 15. The cycle counting process of REVB participatinghie day-ahead market

5.Discussion and research implications

1) Research findings and theoretical contributions

This study investigates the feasibility of the doheutilization of REVB in electricity
markets and examines the scenarios under whichoatorbenefits can be generated. Denmark is
well-known for its mature electricity market mecksamn, Danish electricity markets are therefore
selected as the case study. The results indicat@fiplying REVB to the Danish electricity markets
is not cost-effective in the current scenario, bull become economically beneficial in the
scenarios when there is 10% of investment costcteuor when electricity price in the regulation
market grows by 50%. Notably, the two scenariosragedistic and can be achieved in the near
future. To improve the battery performance and cedbattery investment cost, researchers have
made great efforts. There is even an example wadB&V manufacturer ventured into its own
battery manufacturing (Tesla Gigafactory) and hadsewed a 35% reduction in battery cost [60].

Many studies have also confirmed and demonstrdtatdthe investment cost of batteries will be

24



O 00 N o U A W N -

W W W N N N N N N N N NN P P P P R P PR R p
N P O W 00 N O U1 B W N P O O 00 N OO0 1 M W N R O

significantly reduced in the future [61, 62]. It sy to understand that the investment cost
reduction of new batteries will lead to the redoctof REVB investment cost. Ref. [63] shows that
Danish electricity price rose by over 160% from @G0 2010, so Danish electricity price may
continue to rise in the future. Based on the alanadysis, it can be concluded that the scenario of
10% reduction in REVB investment cost and 50% imaet in electricity price is realistic.

Apart from significant practical contributions tbet society and business which will be
discussed later, this study contributes to fillesal research voids: more studies are required to
investigate how the barriers of green businesgipesccan be eliminated [14]; insufficient study o
recycling practices that are critical to environta¢rsustainability; and an overlook of contextual
factors, such as market dynamism, which can bectimtingencies determining environmental-
economic performance relationship [21]. As we kreovack of managers’ commitment/motivation
and financial constraints are critical barriersaglopting green business operations, whereas the
potential of gaining economic benefits will be aosfy incentive for both enterprises and
governments. However, there is a lack of understgndabout under which conditions
implementing GSCM practices (such as recycling saube) or NRBV strategies (i.e., pollution
prevention, product stewardship, and sustainableldgment [19]) can make the business and
environmental benefits simultaneously achievablieis study advances our knowledge in these
regards. We not only propose a simple, cheap endreendly strategy of the echelon utilization of
REVB in Danish electricity market, but also expldine scenarios under which such operation can
generate the economic profits. As proposed by R&f, “the genesis of key resources that drive
the link between environmental and financial perfance” is one of the key areas for inquiry, for
which we provide some insights using this speathse. Meanwhile, as they put “managers that
search for opportunities to profit via pollution egention have the potential to find such
opportunities, but their prior expectations aboutether such opportunities exist strongly affect
their search” [17]. It is expected findings of thssudy can motivate multi-actors, such as
government, enterprises, entrepreneurs, and imgstoperform and invest on such green practices,
and some theoretical guidelines have also beendaody

2) Practical contributions (to industry, society and policy-makers)

Since REVB still have high energy value, its echeldilization has both environmental
protection and economic value. The echelon utibrabf REVB can realize the comprehensive
application of battery lifetime and maximize itseugalue and economic benefit. The investment
cost of REVB is about 1000 CNY/kWh. If REVB cycléel is over 1000 times, the cost
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performance is better than that of lead-acid bafi@4]. In fact, REVB cycle life is generally over
3000 times. Therefore, the echelon utilization &8 has great competitiveness. Facing the huge
development space of echelon utilization, energyagie and new energy industries can find the
business opportunities. The results of this stuaye the economic feasibility of applying REVB
in the Danish electricity markets in the futurersan@os. The energy storage industry can collect the
REVB to participate in the electricity markets hefeecycling and dismantling. For the 10 REVB
presented in this study, if the service life of REEWan reach two years, the scenario of 10% of
investment cost reduction and the scenario of 50%egulation price growth can obtain 43,800
DKK and 378,000 DKK under ideal conditions, respay. This is a considerable income for the
energy storage industry. Thereby, the developmEbtatiery technology can be promoted leading
to the reduction of battery price. It can be codell that investing in REVB in the electricity
markets of the energy storage industry can fornitaous cycle as it can help to reduce the battery
price. For the new energy industry, such as windiggoand solar power stations, REVB can be
used to ease the fluctuation caused by the renewai®rgies. Notably, the power fluctuation of
these stations has a negative impact on the safestable operation of the power grid. China has
also issued related policies to limit the powectliations caused by the renewable energy power
station. Compared to the new batteries, REVB asapg#r and its echelon utilization has the same
concept of the renewable energy to achieve sustigrndevelopment. Therefore, we would say
echelon utilization of REVB can a promising markétthe future, BEV manufacturers, battery
companies, or start-ups who manage to adopt thel@chtilization of REVB and take preemption
will be able to enjoy a cost advantage over conusti differentiating themselves, and graining
reputation and social legitimacy. These elementsonty can bring immediate profit but also lead
to long-term competitive advantages from (naturB)/ [19, 20].

The echelon utilization of REVB is beneficial teetBocieties. BEV owners can get a part of
the effective battery cost compensation if the RE3#B be utilized effectively. Thus, the cost of
buying a BEV is reduced. To some extent, it redyeeple's cost of life and improves their quality
of life. In general, BEVs are considered to be memgironment-friendly than the FFVs, but the
disposal of REVB has become an increasingly ser@sronmental problem [65]. The batteries
contain large quantities of metals, rare earth el@s) and toxic materials. These contents have
adverse impacts on the environment and pose pateigk to human health [66]. To address the
environmental problems caused by the REVB and aelsestainable development, one way is to

improve battery technology, and thus lowering theesatents and extending lifespan of BEV
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batteries. The other way is to make full use ofBE&/ batteries. In fact, the capacity of REVB still
retain 70-80% of their original storage capacitythAugh REVB cannot meet the demanding
application of driving vehicles, they can still geven a “second life” for other purposes [67].
Therefore, the echelon utilization of REVB can iy people’s living environment as it is in line
with the concept of sustainable development.

Policy schemes are expected to promote the peloetra@it new technologies and regulate the
markets [68]. The results of this study indicatat tthe economic benefits of applying the REVB in
the electricity markets in the future scenariose Téalizability of the scenarios is also provedthia
previous subsection. But there are still some abetafor the echelon utilization of REVB
including immature industrialization technology antperfect recycling system. For the immature
industrialization technology, it is urgent to rafarlate unified international discriminant standards
of REVB, improve the detection technology of REVBdathe evaluation technology of REVB
residual value for echelon utilization. The impetfeecycling system is mainly caused by the lack
of REVB recycling enterprises, few participants amgerfect recycling channels. Therefore, it is
necessary to strengthen the coordination and catperbetween different enterprises including
new energy vehicle enterprises, power battery pngas and battery recycling enterprises, and
effectively integrate resources. To overcome tludstacles, the local government should intervene
and formulates some policies on the unified inteomal discriminant standards of REVB and
coordination and cooperation between differentrgnies to help the echelon utilization of REVB.
These observations can offer valuable insightsilustrate how the results of this study can inform
policy makers on effective inventive scheme design.

3) Methodological contributions

Heuristic algorithms have excellent performancessfidving nonlinear problems. But in the
complex nonlinear problems, the classical heuralgorithms, e.g., PSO, GA and SA, are difficult
to achieve a good effect. Therefore, the reseascbften make some improvements or combine
different heuristic algorithms to achieve bettetimjzation effects. PSO is widely used in the
previous literature, but it has the disadvantageedk global searching ability. SA can just address
the disadvantage. Therefore, SAPSO method whictbows PSO and SA methods is selected in
this study to accurately and quickly optimize th&VB operation in the electricity markets.
Meanwhile, the rainflow counting method is usedesiimate REVB life loss cost during the
operation. Compared with other methods used taulzk battery life loss, the rainflow counting

method is more accurate and more in line with ttea situation. To validate the performance of
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SAPSO, three method, i.e., SAPSO, SA and PSO, ampared and analyzed. The results show
that SAPSO performs best among the three methatistg highest profit and fastest convergence
speed. Therefore, for the operation optimizatioRENVB in the electricity markets, SAPSO can be
a good choice to address the nonlinear optimizatroblem.

4) Futureresearch

This study selects Danish electricity markets as dase study to investigate the economic
benefits of applying REVB. In fact, the models anetthods used in this study are generalized. First
of all, more studies are encouraged to investigateonly green strategies/practices and incentive
mechanisms, but also the conditions under whichtripée bottom lines (economic, societal and
environmental) can be reached simultaneously. Thisnportant because it will motive multi-
stakeholders to make a joint effort and proactivadppt green practices/strategies. Moreover, the
application of REVB in other electricity marketsaifbe investigated and other types of REVB can
be considered to conduct a more comprehensive sisaldditionally, other applications of REVB
can also be investigated, e.g., REVB can be intedrinto the renewable energy generation
systems to ease the power fluctuations and the lem@egy management system as energy storage

devices to reduce household electricity bills.

6.Conclusion

This study investigates the economic benefits gfiyapg REVB in the day-ahead market,
regulation market. The objective function maximizée profit of REVB participating in the
different Danish electricity markets with consiagriREVB life loss cost. The REVB life loss cost
which is related to the investment cost and opamati strategies is calculated using the rainflow
counting method. Compared to PSO and SA, SAPS@mesfbest in finding the optimal results.
Therefore, SAPSO is selected to optimize the omeralt strategies of the REVB participating in
different electricity markets. Both in the regutatiand day-ahead market, REVB cannot obtain
profit at present due to the relatively low elestyi price and high investment cost of the REVB. In
the regulation market, investing in REVB is feasibhd advantageous when the REVB investment
cost can achieve a 10% reduction or the regulatiae can achieve 50% growth. In the day-ahead
market, REVB can get profit when both the REVB istmeent cost and purchased electricity price
can achieve a 70% reduction simultaneously. Bgtghuation is difficult to occur. Therefore, itrca
be concluded that REVB participating in regulatioarket is more likely and beneficial. This study
can offer REVB investors some useful and helpfgigestions on whether they can invest in REVB

participating in electricity markets.
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1. Economic benefits of REV B participating in electricity markets are analyzed.
2. The optima operationa strategies of REVBs are proposed by using SAPSO

algorithm.
3. A rainflow counting method is used to accurately count REVB equivaent cycle

times.
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