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ABSTRACT The rapid development of distributed renewable energy has made energy storage essential
for demand reliability and flexible energy management. Due to the high investment costs of fresh batteries
(FB), achieving a positive and efficient economy takes work. However, second-life batteries (SLB), whose
capacity decreases by 20-30% after the first use, can be preferred as alternative energy storage to overcome
this challenge. This paper investigates the renewable potential of shared energy storage and the feasibility of
FB&SLB for prosumers. In addition, threshold points are determined by examining the financial obligations
associated with an increasing share of renewables on the path to 100% renewable energy. Moreover, the
impact of carbon taxes on extra CO, reduction costs is assessed depending on the carbon quota. The
results confirm the superiority of SLB, which increases throughput by 11.5% while reducing CO; by 9.4%.
Renewable fractions (RFs) above 59.2% and 87% in optimal hybrid power systems (HPS), in different
climate potentials, and for low and high energy tariffs lead to costly investments. Increasing the carbon tax
could reduce the cost of CO; reduction by up to 5.2 $/kg in the early stages of carbon limits while avoiding
extra costs of up to 2.1 $/kg for FB at lower CO, limits. In contrast, increasing RF from 95% to 100% would
increase net present cost (NPC) by up to 122.65%. It will be more critical than ever for governments to

support prosumers’ financial trade-offs in the transition to clean energy.

INDEX TERMS Carbon emission, carbon tax, energy storage, renewable energy, second-life battery.

NOMENCLATURE Ciny Initial investment cost ($).
A Coefficient fit in the DOD. Ci,ref Nominal annual cash flow for reference
Apy Area of the PV panel (m?). system ($).
c The storage capacity ratio. Cinain Maintenance cost ($).
Cann.ior  Total annualized cost ($/yr). Cyelt (1) The income from selling electricity at t
Cpyy (1)  Cost of purchasing electricity at t time $). time ($).
gcap . ¥Ee capital.cost fof thfe curren; s%/stem %) Cr Carbon tax ($).
Cmp ” Thz C(;Zt I'1)tr:;1Ce ;’O;quél;m;?; lga:é (reference) COtax Carbon tax factor ($1).
cap,ref cystem (1;) CRF (i, N) Capital recovery factor (%).
Cop Cost of purchasing electricity ($). do The Cf)r?stant term in quadr'fltic fit. o
Cas Income from selling electricity ($). di Coefficient of temperature in quadratic fit.
C; Nominal annual cash flow for the current d Coefficient of temperature squared in
system ($). quadratic fit.
D Exponential coefficient.
The associate editor coordinating the review of this manuscript and Di-g Exponent fit in the DOD.
approving it for publication was Khmaies Ouahada Err Total excess electricity (kWh/yr).
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Energy-charged and discharged at time t
(kWh).

EV load energy (kWh/yr).

Total energy generated (kWh/yr).

The electricity purchased from the grid at t
time (kWh).

The electricity sold to the grid at time t (kWh).
The prosumer energy (kWh/yr).

Total energy losses in HPS (kWh/yr).

The conventional energy source (kKWh/yr).
Total RES generation (kWh/yr).

Annual RES energy transferred to demand
(kWh/year).

Total electrical load served (kWh/yr).

Excess energy (%).

The expected inflation rate (%).

PV derating factor (%).

The solar radiation in time t (KW/m?).

The incident radiation at STC (kW/m?).
Battery current (A).

The storage’s maximum charge current (A).
Annual real interest rate (%).
Nominal interest rate (%).

The ¢ equipment capacity.

The storage rate constant (h-1).
The  time-and-temperature
constant.

HPS equipment.

Levelized cost of energy ($/kWh).

The life of the equipment.

Project lifetime (year).

The number of batteries in the storage bank.
Net present cost at project time ($).

AC operating power of the PCS in t time
(kW).

ESS’s charging power (kW).

DC operating power of the PCS in t time
(kW).

ESS’s discharging power (kW).

The power output of ESS at time t (kWh).
The power output of the inverter in t time
(kW).

The output power of the battery (W).
Converter power output in t time (kKW).

PV panel output power in t time (kW).

The power output of the rectifier in t time
(kW).

The beginning total energy in the storage
(kWh).

The beginning available energy in storage
(kWh).

The total capacity of the storage bank (kWh).
The series resistance of the battery (£2).
Renewable energy fraction (%).

Return on investment (%).

degradation

e The storage’s maximum charge rate
(A/Ah).

op Temperature  coefficient of power
(—0.485%/°).

SCR Self-consumption rate (%).

SOC (t) Initial SOC of ESS (%).

SOC (t +1) [ESS’s state of charge (%).

SSR Self-supply rate (%).

T The temperature of the storage bank (°C).

T, (1) Ambient temperature in t time (°).

Tc (1) The PV cell temperature (°C).

Tc.stc PV cell temperature under STC (25°).

TCO, Annual carbon emission (g).

Tyocr (1) Normal operation temperature in t time (°).

Viom The storage’s nominal voltage (V).

Vo The battery nominal voltage (V).

Ypy The rated PV capacity under STC (kW).

NAC/DC DC/AC conversion efficiency of the
PCS (%).

Nbatt 1t The battery round-trip efficiency (%).

Neh The efficiency of charge cycles (%).

Ndch The efficiency of discharge cycles (%).

Ninv Inverter efficiency of the PCS (%).

npy Maximum efficiency of the PV panels (%).

Nrec Rectifier efficiency of the PCS (%).

e The maintenance factor of the equipment.

ACO; coefficient (968 g/kWh).

At The length of the time step (hr).

I. INTRODUCTION

Clean energy alternatives are becoming increasingly popular
to address rising global warming due to conventional sources,
considering diminishing fossil reserves and increasing energy
consumption. The renewable energy market, whose share in
electricity supply is expected to increase by 1.4% per year
in line with carbon neutrality policies [1], [2], is expected
to grow further with reformed tax mechanisms [3], [4],
[5]. Renewable energy sources (RES) caused an intermit-
tent energy generation profile and increased curtailed energy,
especially in higher capacity installations. Therefore, power
quality problems in the distribution system cannot be dealt
with. Accordingly, 100% of the RF potential was investigated
regarding the penetration of renewables and battery tech-
nologies [6]. Thus, integrating lithium-based energy storage
systems (ESS) with RES is essential to provide a sustainable
energy supply in a reliable supply-demand match. Optimal
ESS capacities maximize the potential RES benefit by con-
sidering power constraints on the grid [7] and serve zero
carbon targets by reducing grid dependency [8]. It also pro-
vides flexibility for the grid [9], [10] and lowers amortization
periods caused by extra costs in grid operation [11], [12].
It also smooths electricity generation profiles for RES [17],
reduces the use of diesel fuel [13], and increases the prob-
ability of load cover ratio and self-consumption rate [14].
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However, batteries increase carbon emissions [15] and lead to
unnecessary water consumption in new production [16], [17].
At the same time, high investment costs in ESS applications
risk climate crisis targets [18], [19], [20], [21]. In this con-
text, electric vehicles (EV), which are growing in popularity
in clean transportation and energy, may be promising for
ESS applications. Due to increased internal impedance, EV
batteries with reduced performance and capacity may not
provide user satisfaction for transportation but may have a
second life in stationary ESS applications. In the case of
hybrid power systems (HPS), second-life EV batteries (SLB)
have often been proven to provide many technical, economic,
and environmental benefits. SLB can lower carbon footprint
by up to 17% [22], reduce global warming potential by up
to 16.2% [23], and increase self-sufficiency rates in behind-
the-meter applications in energy communities by up to 3%
[24]. Tt can also increase revenues by up to 77% [25] by
reducing peak-time energy by 39% [26]. SLB benefits many
stakeholders, extending EV battery life by up to 35% [27] and
postponing potential environmental pollution from battery
recycling [28].

SLB reduces the energy cost [29], [30] and total system
costs [31] caused by the fresh battery (FB), significantly
eliminating grid dependency [32] and compensating for envi-
ronmental pollution [33], [34]. Although SLB advantages are
often proven, many reasons cause uncertainty in their utiliza-
tion, such as the complexity in determining residual capacity,
the lack of proper selection of the stationary ESS application
area based on the SLB profile, the absence of aging data
history, the variability of the preparation process for a second
life, and heterogeneous forms of cell chemistry. Without
an international standard, it is widely accepted that gov-
ernments should introduce appropriate incentive programs.
However, there is a common misconception that reforms in
environmental and energy taxes will increase the potential for
renewable energy [35]. Previously, higher battery investment
costs had to be subsidized due to low energy prices [36].
In contrast, today, subsidies, feed-in tariffs, and integration
strategies are considered sufficient to increase the feasibility
of batteries [37]. It also provided grid parity for residen-
tial photovoltaic panel (PV) capacities higher than 3 kW
in cities with higher energy prices [38]. However, inappro-
priate subsidy policies may lead to inefficient HPS design
and operation [39]. Also, subsidies may not be necessary at
low latitudes and modest electricity prices [40], [41]. On the
other hand, the carbon tax is gradually increased to achieve
long-term climate targets. For instance, a 1 €/ton increase
in the carbon tax could reduce CO; by 20.7% in the long
term [42] and 11.58 kg/year per capita in the short term
[43]. Although there are many potential benefits, such as
up to 14% increase in the renewable fraction (RF) [44], the
possible reduction in power purchase prices decreases the car-
bon tax benefit [45]. In addition, an inappropriate carbon tax
may not achieve economic balance among stakeholders [46],
[47]. Policymakers also should keep the carbon tax at a fair
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threshold to sustain active parallel exchange among energy
communities [48], [49]. They are keeping the carbon tax
below 83 $/tonne.CO;-eq [50] or keeping the free CO,
quota below 50% could create public opinion in favor of
HPS [51]. The gradual reduction of carbon emissions via
carbon quotas reduces the financial benefit to prosumers
by increasing capacity installations. Therefore, governments
need to improve their subsidies in response to the altruism of
prosumers [52], [53].

A. MOTIVATION AND CONTRIBUTIONS

Subsidy studies evaluating carbon policies and renewable
potential for FB and SLB used in HPS in economic aspects
are shown in Table 1. However, none of the studies have
simultaneously evaluated the relevant optimization criteria
such as carbon tax [54], [55], renewable potential [24], [33],
[34], [54], [55], [56], [57], [58], [59], carbon reduction cost
[54], [55], [58], [59], inflation and discount rate [33], [34],
[54], [58], [59], [60]. Similarly, technical, economic, and
environmental feasibility of FB and SLB used in HPS were
not assessed simultaneously and comparatively in the recent
optimization studies. Furthermore, how a leveled carbon tax
could affect carbon reduction costs and improve the financial
welfare of prosumers with the help of FB or SLB towards
100% renewable energy targets has not been analyzed in
depth. Moreover, other shortcomings include evaluating ESS
performance in short periods and underestimating ESS degra-
dation due to temperature, charge-discharge power, and depth
of discharge (DOD).

This study performs technical, economic, and environ-
mental comparative feasibility analyses of HPS with FB
and SLB used as an optimally sized shared ESS. In addi-
tion, the impact of gradual RF increase on the feasibility of
HPS with SLB is evaluated under different climate potential
and economic conditions considering a levelized carbon tax
towards 100% renewable energy. Moreover, the impact of
a carbon tax on CO; reduction costs determined at maxi-
mum CO; limits is analyzed. This paper also evaluates the
impact of carbon tax on CO, reduction costs based on maxi-
mum CO; limits and fills the gap in the literature. However,
technical aspects such as power quality issues in the dis-
tribution network are not included, as the focus is on the
optimal sizing for the minimum cost and the evaluation of
feasibility.

The main contributions of this study are as follows:

o Compared to FB, SLB can increase throughput by
11.5%, reduce CO, by 9.4% and shorten the payback
period by 2.21 years.

o The renewable fractions for optimal feasibility in Spain,
England, and Tiirkiye are %87, %82.44, and %59.2.

o The capacity increase in SLB required to increase the RF
from 85% to 95% is less than 30%, while to increase the
RF from 95% to 100% is 221%.

o The prosumer cost increases due to lower carbon quotas
for the optimum threshold point are 2.5-16 $/kg.
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TABLE 1. Comparison of related studies regarding sensitivity analyses.

Optimal s
Ref. [ Location Sizing Sensitivity Aim Finding
FB [SLB| CT [ RP |CER| IR&DR
Demand response analysis of the Combining subsidies and self-
[24] [italy v v SLB-based HPS to increase energy | consumption can reduce the payback
independence period by up to 5 years.
The_ technical, economic, and Levelized cost of electricity (LCOE) was
(33] ) v v v v environmental analysis of SLB-based reduced by 12-41% and elobal warmin.
Detroit, Los HPS for EV fast charging in different el ) & J
lAngeles, New Us by 7-77% compared to FB.
York, Phoenix. - - -
i ’ Lo . Advantages in grid service as LCOE and
(34] Portland, US v v v v Investigation thhe l:?eneﬁt of SLB in CO, are reduced by up to 57% and 31%,
rooftop PV grid services .
respectively, compared to FB.
Germany, Aoslsiz?:;ngbthe :iﬁ;g;’;ﬁessfefnzgggz The marginal reduction cost of CO, in
[54] |Spain, v v v v p Y3 g rene Germany is 41 €/ton, while in England, it
Enoland resources against carbon pricing or | . 36 €/t
nglan . . is on.
emission reductions
Analyzing the impact of carbon
[55] Guangdong, v v v pricing and renewable energy Reducing carbon emissions by 1%
China subsidies on the direct cost of | increases the cost by an average of 5.46%.
electricity generation
The impact of eight categories of | The impacts of direct and reused batteries
[56] |Belgium v v v carbon emissions of the battery cycle on climate change are 0.27 and 0.22
on climate change kgCO,eq/kWh, respectively.
Evaluat?ng the effectlvenggs Of‘SLB Marginal benefits can be maximized with
[57] [Texas, US v v v on residential communities in a : .
distributed power network SLB at low to medium solar penetration.
German ?egilc};izcl)rrllg ;Ef)siémpagtf Orfen;?vr:l;)lz The subsidies for carbon reduction are
[58] many. v v v y ol between 411-1944 €/ton (PV) and 82-276
Spain sources on short-term direct program
€/ton (WT).
costs
. Evaluation of the effectiveness of the The. Subsgiy for CO, reduction in reglons
[59] [China v | v developed subsidy model having high solar energy potential is
P Y 0.031-0.044 yuan/kWh.
Hone Kon Life cycle economic analysis of [ SLB could be more cost-effective than FB
[60] Cl?in%i ong, v v v FB&SLB to provide network | if their initial cost is lower than 214
resilience services $/kWh.

o A carbon tax could save up to 5.2 $/kg CO; reduction

cost at lower maximum carbon limits.

o The system cost associated with carbon quotas is

reduced by up to 63.6% by increasing the carbon tax.

o NPC would increase up to 122.65% if RF is increased

from 95% to 100%.

This paper is organized as follows. Section I presents the
literature review and contributions. Section II explains the
methodology, mathematical modeling, and assumptions and
introduces the HPS model, objective functions, and decision
criteria. Section III discusses the scenarios and evaluates the
simulation results. Section IV summarizes the discussions.
Finally, conclusions and suggestions for future work are given
in Section V.

Il. MATERIAL AND METHODOLOGY

Section A introduces system modeling. Section B represents
the materials. The scenarios are described in Section C.
Section D gives the objective function and decision criteria.

A. SYSTEM MODELING
The model design of the hybrid system is presented in
Figure 1. The community energy storage in the model

113294

represents first and second-use lithium-ion batteries. Pro-
sumers connected to the common busbar use a large-scale
common ESS. PV generation is used first for prosumer
demand, followed by the common ESS. Excess energy is
sold to the grid, while energy is purchased from the grid
for higher demand from generation and storage. The energy
that cannot be sold to the grid is considered curtailment.
The model representing a typical distribution network or
small-scale microgrid is included in the cost-based optimiza-
tion framework, considering only electricity consumption.
The first step of the study is the realization of the optimal
sizing at the minimum cost objective, followed by evaluat-
ing the technical, economic, and environmental feasibility
outputs for the scenarios with FB or SLB. ESS throughput
and degradation refer only to technical performance, while
RF, SCR, SSR and EXR are decision criteria for both tech-
nical and environmental performance. NPC and LCOE are
considered for economic performance, while environmental
concerns are mainly defined by CO;. In further analysis, the
impact of a gradual increase in renewable potential and a
carbon tax is also considered, primarily on the extra carbon
emission costs and the feasibility results. It can be empha-
sized that technical issues in the distribution network (power

VOLUME 11, 2023
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FIGURE 1. System modeling.

loss, voltage drop, harmonics, etc.) are not considered in the
study.

PV is widely used in HPS for renewable energy generation.
The power generation performance of these panels depends
on solar radiation, ambient temperature, tilt angle, and sun-
shine duration. The power generated by the PV panel at time
t is shown in Equation (1) [61], the cell temperature of the
PV panel at time t is shown in Equation (2), and the maximum
efficiency of the PV panel is shown in Equation (3) [62], [63].

G
Ppy (1) =va-YPv-GT ©

[V +ap. (Tc (1) — T s1c)]
T.5TC

(D
Gr (1)
Tet) =T, e
c@) O+ Gr.nocr (1)
- (Top.nocr (1) — Tamp.nocr (1)) 2
— Ypy (3)
i Apy .G sTC

Enabling the improvement of power quality and the effi-
cient and reliable utilization of RES potential, using ESS can
provide flexibility for the grid and cost advantages for HPSs.
Various ESS models are available; however, electrochemical-
type ESSs are frequently used in HPSs. This study utilizes
the Lithium-Ion (ASM) model as the ESS in the HOMER
PRO software. The aging of the ESS is modeled by four
sub-models: functional curve, temperature versus relative
capacity curve, DOD-dependent cycle degradation curve,
and temperature-dependent shelf-life curve. The instanta-
neous power dissipation of the ESS is given in Equation (4),
and the theoretical capacity value of the ESS is given in
Equation (5) [64].

Pour = I.Voupur = Vo.I — Ro.I* 4
Vo
IPoul,max = m (5)

The temperature-dependent capacity can be calculated
from Equation (6) using the temperature and battery
characteristics shown in Table 2 [64]. Cycle degrada-
tion curves for each DOD are available from the ESS
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Prosumer

La
Prosumer Prosumer

manufacturer or can be calculated by Equations (7)
and (8) [63]. The loss of capacity can be expressed as a
temperature-dependent calendar degradation, irrespective of
the use of ESS. The aging by Arrhenius equation is shown by
Equation (9) [65], [66].

Capacity (T) = (Nominal Capacity) . (do +d T+ dz.Tz)

(6)
1
- = A.DOD? @)
n
N
D=> AD! ®)
i=0
1
k= W. (capacity degradation limit) .e_%
9

The maximum charging power and discharging power of
the ESS are determined according to the varying SOC, con-
sidering three different limitations related to aging at each
time step. The first limitation is the kinetic battery model for
the maximum charging power, calculated as in Equation (10).
The second limitation, the maximum C-rate, is considered
in Equation (11), and the third limitation, the maximum
ESS charging current, is considered in Equation (12) [64].
The maximum charging power, which aims to minimize the
three limitations, is calculated in Equation (13) [63]. The
maximum discharge power is determined in Equation (14),
while the maximum useful discharge power is calculated
in Equation (15) considering the round-trip efficiency [65],
[66]. Another consideration is to stop the discharge when
the demand power of the ESS exceeds the discharge limit
of the storage system’s capacity or when the power grid
supplies the required load.

k.Q1.e 8 4+ Qk.c. (1 — e7kA1)

p _ 10
batt ,cmax,kbm | — e—kAt 4 ¢, (k.At —1+ e—k,At) (10)

1 — e %A (Qpax — O)
Pbatt,cmax,mcr = ( il - (11)
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TABLE 2. Technical parameters for FB and SLB packs.

Parameters FB SLB
Useful Capacity [kWh] 1 0.8
SOH [%] 100 80
Nominal Voltage [V] 3.7 3.7
Max. Charge Current [A] 270 216
Max. Discharge Current [A] 810 648
Max. Capacity [Ah] 270.27 216
Rate Constant [1/hour] 79.288 161.43
Capacity Ratio 1 1
Effective Series Resistance [mQ] 0.36049 0.45124
Max. Operating Temperature [°C] 50 50
Min. Operating Temperature [°C] 0 0
Other Round-trip Losses [%] 8 8
Initial SoC [%] 100 100
Min. SoC [%] 20 20
Degradation Limit [%] 50 37.5

End of Life (EOL)
Calculate EOL by Calendar or cycling degradation, whichever is greater
Cycling degradation uses DOD based on | Degraded battery capacity
CURVE PARAMETERS
do: 0.923 do: 0.923
Relative Capacity vs. Temperature di: 0.00345 di: 0.00345
d2: -0.0000375 d2:-0.0000375
. A:0.00014423 A:0.00018029
DOD vs. Cycles to Failure beta: 1.7945 beta: 1.7945
. B: 1.267 B: 1.5838

Shelf-Life vs. Temperature d: 3826.70644 d: 3826.70644

TABLE 3. System specifications.

Specification PV Converter FB ESS SLB ESS Grid
(Flat Type) (Li-Ion ASM) (Li-Ion ASM)
Capital cost 1500 $/kW 600 $/kW 550 $/kWh 385 $/kWh England TOU: 0.4750 $/kWh
Replacement cost 1450 $/kW 600 $/kW 500 $/kWh 370 $/kWh Spain TOU: 0.368 $/kWh
O&M cost 10 $/kW/yr - 10 $/kWh/yr 7 $/kWh/yr Tiirkiye TOU: 0.12 $/kWh
Degradation limit 50.0% 37.5% FIT: 0.017 $/kWh

Npart Lmax -V nom

Pbatt,cmax,mcc = T (12)
Pbatt,cmax
_ MIN (Pbatt,cmax,kbms Pbatt,cmax,mcrs Pbatt,cmax,mcc) (13)
\/ﬁbatt,rt
P batt ,dmax ,kbm
_ —k.c.Opar + k017 4 Qke. (1 — e2) a4
- 1 —e kA e (k.At — 1+ e kA1)
Ppart ,dmax = «/ﬁbmt’rppbatt,dmax,kbm (15)

Since [63] compared SOH and DOD performance for
SLB, this study was conducted at 80% SOH and 80% DOD,
as shown in Table 2. HPS is equipped with both AC and DC
power generation capabilities. DC/AC and AC/DC energy
conversions are provided by the power conversion system
(PCS). The inverter operating power Equation (16), rectifier
operating power Equation (17), and DC/AC inverter ratio

113296

Equation (18) can be calculated [67].

Piny (1) = 77inv-PDC (3] (16)

Prec (t) = Nyec.Pac (1) a7
_ Ppy (1)

nac/pc = Prcs () (18)

A load profile has been generated assuming 100 prosumers
in the IEEE European LVDN. The daily energy demand of
the LVDN is 1427.21 kWh/day. The hourly peak load is
200.83 kW, and the average hourly load is 70.92 kW. The
load profile with random variability factors is assumed to be
based on the load model average demand for each hour of the
day.

B. MATERIALS

Technical and economic system specifications are given in
Table 3. The data on global solar horizontal irradiation
(GHI) and temperature for European countries are given in

VOLUME 11, 2023
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FIGURE 2. Solar radiation and temperature data for European countries.

TABLE 4. Meteorological information and economic data of the regions.

Region England (London) Spain (Madrid) Tiirkiye (Antalya)
Annual average solar GHI 2.72 kWh/m?/day 4.40 kWh/m?/day 4.54 kWh/m?/day
Clearness index 39.54% 54.72% 54.06%
Average temperature 9.38 °C 14.25°C 12.63 °C
TABLE 5. Scenarios.
. Optimal Sizing CO; tax .
St Region Aim
P g PV FB SLB ) !
Investigate the technical, economic, and environmental impacts of a
1 v v v - oo .
Eneland variation in PV&ESS capacity.
netan Optimum sizing of the HPS powered by second-life batteries to achieve
2 Spain v - v 20 o . .
Tiirkiye 100% renewable energy and determination of carbon reduction costs
3 v ) v 0, 20, 40, Assessing additional carbon reduction costs of 100% renewable energy
60, 80, 100  target under different carbon taxes

Figure 2 [68]. Three countries (Spain, England, and Tiirkiye)
were selected to represent the European region as a first
step in global planning for a gradual transition to clean
energy. The selected countries have different solar radiation
and temperature potentials and varying economic conditions
such as interest rates, inflation, grid tariffs and electricity
selling prices. In addition to the criteria above, population
densities were also considered in selecting countries. The
average solar radiation and temperatures of each country are
given in Table 4.

C. SCENARIOS

Increasing renewable energy potential is just one of the
goals of zero-carbon policies. Accordingly, the possible
contributions of a prosumer-based distribution grid using
shared ESS to clean energy demands must be examined in
detail. However, technical grid stability and integrity chal-
lenges may arise due to variable and intermittent power
generation, especially at high-RES capacities. ESSs can
contribute to overcoming these challenges by operating in
charge/discharge mode, smoothing the power output of PV
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plants, and controlling the ramp-rate compliance of the plant.
However, countries’ economies, power purchase costs, and
climatic characteristics can limit the use and benefits of ESS.
A different perspective comes from the carbon emissions
from increased energy use during the production of FB [15].
Moreover, considering the increasing water use [16] and
mineral ore [17], the interest in SLB with lower investment
costs will increase. Accordingly, the technical, economic, and
environmental advantages and disadvantages of FB and SLB
in a shared ESS application were first compared, as shown in
Table 5. Based on the proven performance of SLB, the CO;
reduction costs on the path to the 100% renewable energy
target are then determined, and possible threshold points in
selected countries are assessed. Finally, the potential impact
of a carbon tax on CO, reduction costs at the clean energy
target is analyzed at maximum carbon limits.

D. OBJECTIVE FUNCTIONS AND DECISION CRITERIA

The system’s total net present cost (NPC) is the value of all
revenues generated, less the end-of-life value of all costs.
The NPC to be minimized is calculated by summing the
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total discounted cash flows at the end of the year and divid-
ing the resulting data by the capital recovery factor (CRF).
Equation (19) shows the total net present cost, Equation (20)
gives the CRF, and Equation (21) represents the annual real
discount rate [69].

NP = Camior_ (19)
CRF (i, N)
. "N
CRF (i, N) = % (20)
i
=157 @1)

The total annual cost is the sum of the costs associ-
ated with HPS at the end of the first year. In addition,
annual cost items such as capital cost, replacement cost,
operation, and maintenance (O&M) cost, fuel cost, grid
purchases, and carbon tax are also considered in the NPC.
Equations (22), (23), and (24) show the total annual cost,
investment, and maintenance costs. The carbon tax is deter-
mined by Equation (25), the electricity purchase is calculated
by Equation (26), and the revenue from electricity sales is
computed by Equation (27) [61].

Cann,tot = Cinv + Cmain + me + CGP - CGS (22)
Lo
Ciny = CRF (i, n) . ZIC (£) .Ceap () (23)
=0
Lo
Cinain = €. ZIC (0) .Ceap () (24)
=0
8760

Ciax = COxA. D Egp (t) = COx . TCO,  (25)

=1

8760

Cop = D Ecp (1) .Chuy (1) (26)
t=1
8760

Cas = D Egs (1) .Cen (1) 27

=1

The average energy cost produced is the LCOE defined
in Equation (28) [70]. Besides NPC, low LCOEs represent
a secondary objective.

Cann,tot _

Cann,tot (28)

LCOE = =
Eserved Ejoaa + Egv

Environmental performance is assessed by multiplying the
possible electricity purchased from the grid at each hour of
the year by the CO, per unit of energy in the grid mix and
cumulatively summing in Equation (29) [71]. On the road
to 100% renewable energy, CO, minimization is as critical
a study objective as cost reduction.

8760
TCO, = A. Z Egp (1) (29)

t=1
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The RF indicates the ratio of the total annual energy
obtained from the RES to be transferred to the load, as given
in Equation (30) [72].

Enonren

RF=1— — (30)
served
Self-consumption ratio (SCR) is the ratio of renewable
energy transferred directly to the load to the total renewable
energy, as represented in Equation (31) [73].

cons

SCR = ZEES (31)
EREs
Self-supply ratio (SSR) is the ratio of renewable energy
transferred directly to the load to the total load, as shown in
Equation (32) [73].
Eg

SSR = (32)

served

Ill. SIMULATION RESULTS

The technical, economic, and environmental impacts of the
increase in prosumer PV&FB ESS installed capacity are
presented in Figure 3. In countries with high solar radiation
potential, such as Tiirkiye and Spain, SCRs vary depending
on PV capacity between 34.7-86.5% in non-FB scenarios.
According to the PV generation and load overlap, SCRs are
similarly maximized at installed capacities below 300 kW. In
contrast, above this value, SCRs vary up to 22% depending
on the solar potential of the countries. For example, at the
installed capacity of 500 kW in England, the SCR increases to
71.3% in optimal scenarios. In contrast, this value can grow
to a maximum of 55.8% for the same scenario in Tiirkiye.
However, the SSR is up to 28% lower in England. In addition,
PV capacity expansion can decrease grid dependency by
up to 46% in non-FB scenarios, while FB utilization can
increase it by up to 2 times. Energy purchase costs are lower
in Tiirkiye, where FB has raised discounted payback period
(DP), and project amortization processes have not been real-
ized. Depending on solar radiation in England, the EXR for
a 500 kW PV installed capacity was up to 35% longer than
in the other two countries. In Spain, where energy purchase
costs are high, consumers have avoided the grid and used
FB. Utilizing FB in England is economical for PV installed
capacities above 100 kW; in these scenarios, the DP can be
reduced by up to 7 years. Although the use of FB in Spain is
favorable for PV installed capacities above 200 kW, the DP
is reduced by up to 5 years in optimal scenarios. On the other
hand, in Tiirkiye, the optimum economic results are realized
in scenarios without FB, and DP is reduced by up to 12 years.
ESSs can facilitate enabling an energy system that increases
the energy independence of the community by reducing the
net energy exchange.

Optimistic climate zones with high solar potential can
increase RF by up to 86.6% with the adoption of ESSs.
However, poor choices of decision-makers can make the
sizing misleading. This can be exemplified by the increase
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FIGURE 4. Analyzing the technical, economic, and environmental impacts of PV&SLB ESS capacity change.

of CE up to 21.16% in FB and 18% in SLB scenarios.
Therefore, it has always been essential to harmonize PV and
ESS capacity. On the other hand, regardless of the battery
option, Spain and Tiirkiye are one step closer to harmoniza-
tion with a 40% reduction in PV capacity compared to the
optimal scenarios. At the same time, in England, it is 20%.
Regarding the capacity choice, FB&SLB can minimize CE
while the SCR increases to 25.12% and 16.84%, respectively.

VOLUME 11, 2023

However, increasing LCOE and decreasing SSR, battery uti-
lization, and average DOD reduce the attractiveness. On the
other hand, less utilization of ESS due to its cost reduces
battery degradation by up to 9%, recovering the cost-benefit
relationship to some extent. Besides the reduced and insuf-
ficient PV capacity, reducing the BESS capacity increases
the grid dependency and reduces the economic demand reli-
ability. Reducing the FB capacity to 50% in each climate
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FIGURE 5. The performance of FB&SLB in different climates.

zone increased the CE by 3.25%, but the return on invest-
ment (ROI) and annual battery utilization could be improved
by 2.8% and 37.62%. However, DODgyerage increased to
44.21%, but degradation increased by 15.06%, reducing SCR
by 12.09% and lowering the benefit. On the other hand,
increasing DODyyerage and SSR by 4.64% and 6.3% through-
out the year and reducing degradation by 11.52% makes
SLB superior. Due to the dominance of benefits, DP can
be shortened by 2.02 years. As a result, storage superiority
may vary depending on the decision criteria. For instance,
FB-based HPS can increase SSR to 12.51% and prevent ESS
degradation by up to 6.25% in Tiirkiye. However, Spain can
increase DODayerage by 9.41%, battery utilization by up to
33.33%, and reduce the equivalent cycle by 18%. Besides
optimistic battery aging performance, CO, can be reduced by
33.6%. Therefore, the feasibility of storage with FB based on
battery technology and clean energy criteria changes in favor
of Spain.

The performance of SLB in different climate regions can
be seen in Figure 4. SLB-based HPS can reduce LCOE by
up to 59.1% and address environmental concerns by up to
34.16%. Increasing renewable energy potential can reduce
EXR by 15.3% and SCR by 3%. In addition, the battery’s
efficiency can be increased by 37.6 % and thus the equivalent
cycle by 20.4 %. Thus, the DOD,yerage Over the year can be
increased by up to 10.63%. Thanks to their efficient economy,
SLB can reduce LCOE by 14.3% and CO» by 9.4% compared
to FB. Moreover, it maximizes the benefit of FB by increasing
battery throughput by 11.5%, DODayerage by 11%, and equiv-
alent cycle by up to 14.8% in the supply-demand balance.
However, usage-dependent battery degradation may increase
by 6.22%. Finally, the dominance of benefits can shorten the
simple payback period (SP) by 2.21 years, while the internal
rate of return (IRR) can be increased up to 4%.

To extend the comparison between FB and SLB in
ESS applications, the technical performance of battery
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replacement years and the number of battery replacements,
throughput, and cycle degradation are examined in Figure 5.

PV capacity up to 300 kW increases FB cycle degradation
up to 5.3% in high renewable potential Spain. On the other
hand, degradation is 11.3% higher in Tiirkiye, which has
a better solar energy potential than in England. However,
the FB efficiencies of prosumers avoiding electricity tariffs
and shifting to clean energy are 31% higher with increasing
PV capacity. Countries with low electricity tariffs, such as
Tiirkiye, are less likely to utilize batteries with high initial
costs. Similar situations are also observed in SLB. However,
these batteries, which have experienced degradation in the
first use, have a 3.1-7% slower degradation tendency for
second use despite the increasing PV capacity. On the other
hand, 20% less capacity does not mean the throughput in
the supply-demand balance will be lower. In contrast, due
to the lower investment cost, its utilization has increased to
15.6% compared to FB. Differently, independently of the first
or second use of the batteries, with the PV capacity rising
to 300 kW, the batteries were replaced only once during
the project’s lifetime. In addition, the battery replacement
occurred three years ago, owing to the higher rate of bat-
tery degradation in Spain. Battery replacement occurs later
in England (14™ year) due to reduced degradation rates.
Although a similar trend is realized with the increase of PV
capacity to 500 kW, the degradation and throughput changes
are less. Also, SLB replacement (2 times) could not be
avoided in Spain and Tiirkiye. Moreover, the second replace-
ment period in Spain occurred one year ago. The increase
in the capacity of ESS affects professional consumers with
PV capacity installations of more than 300 kW. Increasing
battery capacities in these scenarios effectively improves
ESS throughput and reduces grid dependency. Moreover,
as DOD is reduced depending on demand, cycle degradation
is reduced. Accordingly, SLB throughput is 42.5% higher
than FB in England, which is seeking lower-cost energy
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FIGURE 6. Optimal sizing break-even points of different regions depending on the renewable fraction.
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alternatives. In other climatic regions, the throughput benefit
is reduced to 37.5%. However, with increasing ESS capac-
ity, a high increase in SLB utilization compared to FB can
increase cycle degradation by 15%, especially in England.
The combined rise of PV&ESS capacity can increase the RF
to 86.6%. However, the increase of CE to 21.6% causes HPS
sizing inefficiency. Moreover, the battery replacement period
increases, prolonging the payback period of the investment.

The CO; reduction cost of a gradual increase in RF at a
100% renewable target can be seen in Figure 6. In addition,
by evaluating the increase in NPC relative to the minimum
cost optimal HPS sizes, break-even points on the path to clean
energy were determined for three different regions.

In countries like Tiirkiye, where electricity tariffs are rel-
atively low, grid dependency is high. Therefore, there is an
early break-even point at the upper levels of CO, reduction
limits, i.e., 200 t/y, and economic outcomes can be at risk
at RF values of 59.2% and above. However, Spain’s rela-
tively better economic parameters and weather conditions
led to a break-even point at 50 t/y with an RF of 87%. In
England, where electricity tariffs are high, weather condi-
tions are poor, the break-even point reached 75 t/y with a
corresponding RF of 82.44%. On the other hand, although not
shown in the figure, similar break-even points were observed
for FB. The NPC at the break-even point with FB preference
is 5.5%, 3.4%, and 11.06% higher in Spain, England, and
Tiirkiye, respectively. However, carbon emissions are 1.17%,
0.47%, and 17.5% lower in Spain, England, and Tiirkiye,
respectively.

Table 6 summarizes the possible changes in HPS capac-
ities, COy reduction cost, NPC, CE, LCOE, and CO; for
possible RF transitions towards the 100% renewable energy
target. For RF transitions from 85% to 90%, the CO» reduc-
tion cost is up to 10 $/kg higher in England, and the technical,
economic, and environmental changes are more significant.
While the situation for rising RF transitions is the same
regarding CO» reduction cost, the changes in feasibility out-
comes are more significant in Tiirkiye. While reductions in
LCOE and CO; are critical in moving towards the clean
energy target, it is clear from the increases in NPC that
prosumers need to be supported by governments.

CO; must be maximally limited to increase the RF; there-
fore, the additional financial obligation to reduce CO, cannot
be avoided. At lower carbon reduction levels, the cost of
carbon reduction in Tiirkiye, with its high grid dependency,
can reach 16 $/kg. In contrast, there are extra financial obliga-
tions of 12.5 $/kg in England and 4.5 $/kg in Spain. FB can
increase additional costs by up to 2.1 $/kg at low reduction
levels compared to SLB. On the other hand, in England, with
high energy prices, extra costs could increase to 1445.5 $/kg
for SLB and 1302 $/kg for FB at high reduction targets.
While SLB does not seem to support extra financial increases
compared to FB for low carbon reduction targets, the opposite
is the case in England and Tiirkiye regarding higher car-
bon reduction targets, which can cause extra costs of up to
352.3 $/kg. On the contrary, the SLB retains its advantage in
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Spain and can reduce costs by up to 100.3 $/kg. In Figure 7,
CO» reduction costs, determined according to maximum
carbon limits, are evaluated in a progressive carbon tax.
Providing flexibility in carbon reduction makes the impact
of progressive carbon taxes on the cost of CO;, reduction
more significant. A progressive carbon tax could reduce CO,
reduction costs by up to 4.1 $/kg in England, 2.1 $/kg in
Spain, and 5.2 $/kg in Tiirkiye. Higher financial savings are
inherent in Tiirkiye with its high grid dependency. The system
cost associated with carbon quotas is reduced by 31.5%, 46%,
and 63.6% for England, Tiirkiye, and Spain by increasing
the carbon tax. As a result of the stricter carbon reduction,
the impacts of a carbon tax are not high due to reduced
grid dependency and increased renewable capacity due to the
limitations. In contrast to England and Spain, where energy
prices are relatively higher, potential increases in the carbon
tax are more effective in Tiirkiye. After all, increased CO»
taxes can reduce the financial obligations of prosumers with
increased RES installations in countries. Implementing the
CO; reduction target is relatively more difficult in Tirkiye,
where electricity prices are lower. In contrast, CO; reduction
targets are easier to achieve in Spain. Countries with high
electricity tariffs, such as England, can be advantageous in
the middle stages of the clean energy transition.

IV. DISCUSSION
The results illustrate several important considerations and
challenges for achieving zero-carbon goals. The work
in [74] is consistent with this study in that the cost
increases non-linearly to achieve higher RF, especially as
RF approaches 100%. For instance, increasing the RF from
95% to 100% increased the NPC up to 122.65% due to the
additional PV and ESS capacities of around 200%. However,
less use of larger ESS reduces battery degradation by up to
9% and slightly improves the cost-benefit ratio. A similar
study emphasized that the nominal ESS capacity for 100%
renewable energy in Western NY is 83,011 MWh, most of
which is never used but is held in reserve for a few peak
hours on hot summer days. This study also highlighted that
increasing the battery capacity to increase the RF from 95% to
100% increases the system cost by approximately 300% [75].
An essential aspect of SLB is reducing the LCOE by
up to 14.3% towards increasing the use of clean energy
to eliminate grid dependency. Compared to FB in similar
studies, SLB reduces the levelized cost of electricity (LCOE)
by 12-41% [33] and 35% [31]. Conversely, increasing FB
capacity reduces grid dependency up to 2 times more than
the scenarios with SLB. However, the analysis results indicate
that the choice of FB increases the NPC by 3.4% to 11.06%.
Another important parameter that affects battery utilization
is the cost of grid energy purchase. In Spain, where energy
purchase costs are high, prosumers avoid the grid and pre-
fer FB, while in optimal scenarios, DP decreases for up to
5 years. In Tiirkiye, optimal results are obtained in scenarios
without FB due to low energy purchase costs. Therefore, it is
even more important to consider the energy purchase costs
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TABLE 6. Possible changes in prosumer feasibility towards 100% renewable energy target.

Extra cost Increase (%) Decrease (%)
Regions RF cohange f:om CO2 Reduction . SLB
..%to...% ($/ke) PV Capacity Capacity NPC CE LCOE COz
85=>90 0.69 19.56 1.46 0.66 43 8.04 20
Spain 90 =>95 19.76 46.73 0.89 6.33 14.89 7.65 36.96
95=>100 2639.75 125.03 162.97 111.25 2.27 0 100
85=>90 10.65 16.1 8.3 2.66 5.1 1.52 16.79
England 90 =>95 25 36.85 28.83 12.8 1.7 (- 17.17 40
95=>100 2931.3 110.3 221.94 120.88 8.71 25 (+) 100
85=>90 2.1 21.77 2.32 1.79 6 6.54 22.66
Tiirkiye 90 => 95 152 41.45 1.2 6.81 15.77 4 37.55
95=>100 2669.7 195.97 117.75 122.65 17.02 0 100
Carbon tax :20 $/ton
Annotate:  (-) : Indicates a decrease when it should increase.
(+) : Indicates that it increased when it should have decreased.
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@
S

g
€O ($/kgCO2-eq)
€O, Tax ($)
~
8

8
Extra cost of decreasi

8

. 0
870% 947% 987% 99.7% 999% 100.0% 824% 91.3% 97.0%
RF (%)

99.1% 99.8% 100.0%

4000

3500

3000

2500

™
B
8
Extra cost of decreasing
€Oz ($/kgCOz-2q)

g
Extra cost of decreasing
€Oz ($/kgCOz-eq)
€O, Tax (81)

1500

8

1000

2500
2000 £
0

0
502% 046%  98.0% 997%  99.9%  100.0%
RF (%)

FIGURE 7. Assessment of additional carbon reduction costs of a 100% renewable energy target considering levelized carbon tax.

in the context of clean energy targets when planning storage
subsidies [36]. The optimal RF depends on the local avail-
ability of renewable resources and other economic parameters
such as energy purchase costs, inflation, and interest rates.
In regions with high solar radiation potential, the RF can be
increased up to 86.6% with the implementation of ESS if
the economic parameters are also favorable. The RF cannot
be increased by more than 59% in countries with lower
electricity tariffs, such as Tiirkiye, because even SLB is
expensive. In contrast, in countries with high electricity tar-
iffs, such as Spain, RF can be increased by 28% more thanks
to ESS.

Increasing carbon tax does not positively affect the
RES penetration [34]. Investors may prefer wind power
to coal-fired power plants when the carbon tax reaches
30 yuan/ton [51]. In contrast, it is suggested that if the cost
of carbon penalty in Korea can be kept below 83 $/ton CO;,-
eq, it will favor domestic RES production [49]. In addition,
a possible decrease in electricity purchase prices reduces the
benefit of the carbon tax [45]. At low carbon limits, carbon
reduction costs are 16 $/kg in high grid-dependency Tiirkiye
and 4.5 $/kg in low grid-dependency Spain. Therefore, since
electricity prices are lower in Tiirkiye, it is relatively more
challenging to achieve the CO; reduction target. SLB can
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reduce carbon reduction costs by an additional 2.1 $/kg
compared to FB when the carbon limit is lowered. However,
at higher carbon limits, using SLB could result in addi-
tional costs of up to 352.3 $/kg in England and Tiirkiye.
In contrast, the SLB retains its advantage in Spain, where
it reduces the carbon reduction costs by up to 100.3 $/kg.
Similar studies also show that increasing carbon tax impacts
the cost of carbon reduction [46], [47], [48]. The results
show that prosumers must gradually be subsidized towards
100% renewable energy targets. Notably, integrating SLB-
RES instead of FB provides a sustainable energy supply with
a reliable supply-demand balance.

V. CONCLUSION

This study comparatively evaluates the optimal HPS with
minimum cost for prosumers using FB or SLB as shared
energy storage in different climate regions in technical, eco-
nomic, and environmental perspectives. The impacts of the
optimal PV and ESS size on the feasibility outputs in the
scenarios with FB or SLB are analyzed. The feasibility of
HPS is evaluated considering the gradual increase in RF
for carbon limits and tax on the path to 100% renewable
energy. Moreover, the possible effects of a carbon tax on
CO, reduction costs based on maximum carbon limits are
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analyzed. Possible carbon taxes for prosumers, who should
be rewarded for the extra financial obligations caused by
the reduction of carbon emissions in carbon neutrality goals,
are evaluated and how financial welfare can be improved is
detailed. However, since the focus is on cost-based optimal
sizing and feasibility analysis, the study does not consider
technical aspects on the distribution grid side (power loss,
voltage drop, power factor, harmonics, etc.). Additionally,
analyses were carried out for three countries, considering
climatic characteristics, economic conditions, and population
densities. The results proved the SLB-based HPS’s benefits
in addressing the climate crisis. SLB can reduce LCOE by
14.3% and increase self-consumption potential by up to 2%,
even though storage superiority varies depending on the deci-
sion criteria. Furthermore, increasing the battery throughput
by 11.5% and equivalent cycle up to 14.8% maximizes the
benefit to FB. RFs above 87%, 82.44% and 59.2% lead to
costly HPS investments in Spain, the England and Tiirkiye,
respectively. Severely limiting the carbon limit for the 100%
renewable target would increase the cost of carbon reduc-
tion by up to 2851.3 $/kg and lead to costly investments.
An increase in the carbon tax could save up to 5.2 $/kg
in CO; reduction costs at lower CO, limits, but at higher
CO, limits, the carbon tax has little impact on extra costs.
Increasing the RF from 95% to 100% increases the NPC up to
122.65% due to approximately 200% additional PV and ESS
capacity. According to the results, the financial obligations
of prosumers should be subsidized according to categorized
carbon limits or RF targets. The findings of this study can be
extended using clean energy policies such as gradual feed-in
tariff reduction, net metering, net billing, and investment
discounts. Future research can investigate the feasibility of
energy investments and targets in different climatic and eco-
nomic regions on a global scale, considering power quality
constraints in distribution networks and the gradual transition
to clean energy.
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