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PUBLIC SUMMARY

Free trading markets with spontaneous renewable system installations among stakeholders to mitigate investment
pressure of government.

Distributed renewable system in free trading market for energy trading between EV owners and prosumers with flexi-
ble energy management strategies.

Vehicle-to-everything (V2X) with different charging/discharging modes with the trade-off between additional expen-
ditures on EV battery cycling aging costs and additional economic profits.

The trade-off between profit margin and carbon emission with levelized electricity cost, levelized cost of charging and
levelized carbon mitigation subsidy.
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Along with the gradual phase-out of fossil-fuels, technology readiness and
cost decline of renewable energy technologies and battery storages can
bring new prospects for renewable energy trading market and extensive
power-sector decarbonization. Renewable energy trading market has
rapidly transformed from traditional grid-based transactions towards future
direct free trading with multi-stakeholders. However, the direct free trading
market for sustainable development of renewable energy systems is
unclear, in terms of establishment conditions, increased profit margin and
promotion initiatives. In this study, free trading markets with spontaneous
renewable system installations among stakeholders instead of govern-
ment are proposed for spatiotemporal energy and economic balances with
different types of buildings and electric vehicles (EVs). For the centralized
renewable energy system, it is proposed based on energy transmission and
energy trading between centralized PV farms and consumers. Besides, free
trading market in the distributed renewable energy system is also estab-
lished between EV owners and prosumers with flexible energy manage-
ment strategies (i.e. EV energy sharing, and EV battery cascade utilization).
Roles of EVs under vehicle-to-everything (V2X) with different charging/
discharging modes are analysed considering the trade-off between addi-
tional expenditures on EV battery cycling aging costs and additional
economic profits for economic feasibility and carbon emission reduction
for environmental sustainability based on dynamic energy trading mecha-
nism and associated cost decline. The results suggest that, due to the rapid
decline in the costs of both renewables and batteries, along with the
increased penetration of renewable energy in centralized systems, the free-
market trading model could become widely accepted by 2060. Due to the
rapid decrease of battery cost and increase in grid price, the EV owners will
transit from cost payers to economic earners, along with the levelized cost
of charging (LCOC) with EV energy sharing decreases from 2.24 CNY/kWh
in 2020 to -1.27 CNY/kWh in 2060. Furthermore, retired EV battery cascade
utilization in building energy storages can reduce the levelized electricity
cost (LEC) of residential building owners. Overall, this study provides valu-
able insights into dynamic evolutions of free trading markets on renewable
energy which significantly encourages spontaneous renewable invest-
ments and trading behaviours for the sustainable renewable energy
deployment.

INTRODUCTION

With climate change issues becoming increasingly severe, Paris Agree-
ment in 2015 proposed the objective of pursuing efforts to limit the tempera-
ture increase to 1.5 °C above preindustrial level." During the 75th United
Nations General Assembly, Chinese government announced that China
aimed to reach peak carbon emissions before 2030 and achieve carbon
neutrality by 2060 (the so-called “3060" target.” Power, building and trans-
port sectors in China accounted for almost 61% of carbon emissions by
2020.° Rapid adoption and alternative transformation towards low-carbon
living and mobility become crucial and imperative. However, main challenges
for widely adoption of renewables and alternative low-carbon sources
include: 1) instability and intermittence for difficulty in high-efficient utilisa-
tion;=° 2) high costs for limiting economic benefits of investors and user; ™"’
3) limited spaces for renewables installation and quantities of alternative low-
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carbon sources.

Although difficulties for the instability and intermittency impede the high-
efficient utilisation of renewable energies, researchers have already explored
a lot of strategies to improve the performance, like direct renewable
consumption  (PV-driven  air-conditioning,””'®  renewable-driven  heat
pumps,'®'® etc), and energy storage systems (renewable-to-thermal conver-
sions and storages, electrochemical battery storages, etc). Energy storage
systems are considered as one of the most efficient solutions to maintain the
balance between electricity supply and demand, especially for power systems
with high penetration of variable renewable sources.'*” For electrochemical
battery storage, it can balance both electricity supply and demand, while
providing load shifting to fill gaps during peak demand and improving grid
stability with consistent current supply. Dowling et al.*' found that long-dura-
tion electrochemical storage can effectively improve the energy efficiency
and affordability of renewable electricity. Kittner et al.”* found that optimal
combinations of solar, wind, and storage can directly solve the intermittency
of renewable energy and compete with fossil-based electricity options. More-
over, photovoltaic thermal (PVT) panels can simultaneously generate ther-
mal and electrical energy, making them appropriate for applications in build-
ings.”””* Han et al.”” compared techno-environmental indicators of PV and
PVT-driven building energy systems under various climates. They reported
that PVT-based systems were more efficient with higher air temperature and
solar intensity by extracting the waste heat through water. An innovative
thermal energy storage unit equipped with PV and PVT panels was proposed
and compared by Carmona et al.”” They indicated that 7.5 % higher electrical
efficiency was achieved when PVT was applied as the primary mover.

Moreover, rapid cost decline of renewables and battery storage under fast
development and technology maturity provides the great profit margin to
compensate the renewable energy with high investment costs. The chain
effect of cost decline can not only enhance the economic viability of transi-
tioning away from fossil fuels towards the low-carbon and sustainability, but
also open up substantial profit margins for the wide installation of renewable
energy and electric vehicle (EV) deployment.”*?**** This dual benefit of cost
savings and decarbonization forms the core prerequisite for exploring the
economic market and power decarbonization for renewable-grid-demand-
storage in China. He et al.” explored the impact of cost decline on the deploy-
ment of China's power sector. They found that under such rapid cost decline
on renewable energies, 62% of China's electricity demand can be supplied by
non-fossil sources by 2030 at a cost that is 11% lower compared to slow
rapid cost decline conditions. Considering the location, scale and timing, Peng
et al.” explored the impact of cost decline and battery deployment strategies
on the uncertainty of system costs and CO,, emission. They showed that
system costs of the demand-side battery strategy are 13% higher than grid-
connected or renewable energy-connected battery strategies in year 2050.
Meanwhile, carbon emission of renewable-connected batteries is decreased
by 9% compared with grid-connected batteries.

Although rapid cost decline has been proved with considerable profit
margin for renewable energy systems, limited spaces for renewables instal-
lation and quantities of alternative low-carbon sources still need to be
addressed.'"'” Both centralized renewables (including PV farms®® and
onshore/offshore wind turbine farms™?") and distributed renewables (like
building integrated photovoltaics (BIPVs)*™) have been widely used to
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decarbonize building sectors. However, investors, profit margins and decar-
bonization ability are quite different between centralized and distributed
renewable energy systems. In China, traditional trading model of centralized
PV system heavily depends on the government-supported feed-in tariff (FiT).
Otherwise, the PV system has no market due to its levelized cost of energy
much higher than the fossil fuel-powered plant.** However, high reliance on
grid feed-in tariff (FiT) places a significant financial strain and economic
pressure on the government. Considering future economic cost decline
factors and market dynamics, whether direct market-to-consumer trading
without government-supported FiT can survive and be widely accepted with
economic feasibility has not been studied. Furthermore, whether renewable-
grid-demand-storage can be widely accepted in the market in the absence of
government subsidies is still questionable.”*

Under the distributed energy market, spontaneous multi-stakeholders’
participations in investment, trading, recycling activities in energy markets
play critical roles in national carbon neutrality targets. Economic benefits and
decarbonization performance of multi-stakeholders need to be investigated,
like EV owners in vehicle-to-everything (V2X) participations. Prior studies
have fully explored the economics of EV charging. Zhou®" analysed the
advanced energy pricing policy and energy interaction mode, which increased
the internal trading cost from 0 to 1.78x10” HKS and overwhelmed its battery
depreciation cost at 6.88 x10° HKS. Song and Zhou™ developed a building-EV
energy sharing model and a battery circular economy model to simulate the
process of reusing retired EV batteries. They found that the decrease of
battery carbon intensity from 1284.57 kg CO,/kWh to -720.79 kg CO,./kWh
with renewable and secondary-life battery. Huang et al.” proposed a coordi-
nated control of building prosumers for improving the cluster-level perfor-
mance, by making use of energy sharing and storage capability of electricity
batteries in both buildings and EVs. They found that, compared with the
conventional controls. the developed control can increase the cluster-level
daily renewable self-consumption rate by 19% and meanwhile reduce the
daily electricity bills by 36%. Based on previous studies, levelized cost of
charging (LCOC) of light-duty EVs in the United States has been determined
by considering the purchase and installation costs of charging equipment
and grid prices from real-world utility tariffs.*” In European cities, LCOC has
been developed to model charging costs under a systematic classification of
charging options, gathering extensive market data on equipment costs.”
However, under the V2X mode with distributed energy markets, LCOC with EV
energy sharing is unclear, especially considering additional capital cost from
accelerated EV degradation and potential profit from flexible EV energy shar-
ing under smart charging/discharging modes.

Based on the above literature review, scientific gaps can be noticed, as
summarised below:

1) Traditional energy trading of the renewable energy system with high
reliance on government (like subsidy on renewable projects, grid feed-in tariff
policy and etc) imposed extremely heavy economic burden for local govern-
ment, which is not suitable globally and not sustainable all the time. Instead
of relying on local government, direct free trade market with multi-stake-
holder's participation and decision-making processes has not been properly
explored. Frontier standardizations, regulations and guidelines design on free
trading market need to be well studied with proactive stakeholders' participa-
tion willingness and market feasibility.

2) Impact of rapid cost decline from renewable systems on the free trading
market has not been specifically quantified. Furthermore, unlike the tradi-
tional levelized cost of charging (LCOC) without considering building-to-vehi-
cle (B2V) and vehicle-to-building (V2B) processes through EV energy sharing,
under the smart mobility within B2V/V2B EV energy sharing framework, the
impact of energy trading between EV owners and prosumers on the LCOC is
still unclear. Current studies have focused on static assessments of prof-
itability under current market conditions, which overlook the dynamic nature
of technological advancements, market mechanisms, and policy changes in
the future. Adaptive renewable energy trading market under rapid cost decline
is significantly required for stakeholders to maintain economic viability in
changing market dynamics. Failure to account for these uncertainties in
renewable energy trading market may lead to inappropriate decision-making
and uneven resource allocation within the free trading market.

3) Thirdly, evolving trade-off between economic feasibility and environ-
mental sustainability in the free trading market has not been investigated in
the academia. Specifically, there's a need to explore whether economic
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investments in renewables and environmental benefits (like carbon emission
reduction) can be balanced and how the profitability affects the environmen-
tal performance of renewable energy systems.

Based on the scientific gaps above, contributions of this study can be
summarised below:

1) This study provides a standard to evaluate the establishment conditions
of the frontier free trading market for both centralized and distributed renew-
able energy systems. Based on the standard, transition from the current
government-dependent market towards the future free trade autonomy
market has been discussed, in terms of multi-stakeholders' participation,
pricing mechanisms, energy trading mechanisms and flexible energy
management strategies.
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2) With the technical maturity and market requirement, impact of rapid cost e

declines from renewable energies and battery storages on trading dynamics
in the free trading market has been studied. Furthermore, impact of energy
trading between EV owners and buildings in B2V/V2B interactions on the
LCOC has been studied. Variation of the stakeholders' profit margin under the
rapid cost declines is quantified to determine the economic benefits of partic-
ipators in the trading market.

3) Under the confliction between global carbon neutrality and considerable
economic investment, the trade-off between economic profitability and
carbon emission reduction has been proposed to reveal the inherent
complexities evolved in balancing economic feasibility and environmental
sustainability in the framework of a free trade market.

MATERIALS AND METHODS

In this research, development of energy systems can be broadly classified
into centralized and distributed renewable energy systems. In the centralized
mode (as shown in Scenario 2), the traditional setup starts with electricity
generation from thermal power plants (Scenario 1), which is then distributed
to consumers through a local power grid. Conversely, in the distributed
renewable energy system (as shown in Scenario 3), BIPV installations facili-
tate the on-site energy generation and reduce dependency on the central
power grid. Compared with the centralized renewable energy system, more
flexible energy strategies can be applied in the distributed renewable energy
system. In Scenario 4, EVs serve as mobile energy storage devices, support-
ing dynamic energy sharing and management among prosumers. Scenario 5
shows the distributed renewable energy system by adding EV battery
cascade utilization, which further extends the use of EV batteries beyond their
initial automotive application by repurposing them for stationary energy stor-
age in consumer settings after the end of their vehicular lifespan.

Trading mechanism and assessment criteria for the centralized renew-
able energy system

Figure 1 illustrates the mechanism of a free trading market within a
centralized renewable energy system, focusing on the interactions between
market prices and consumer costs. In this market structure, consumers
purchase energy directly from renewable sources. Generated renewable
energy is transmitted through the provincial grid, adhering to the existing
transmission price. Consumers assume the cost of the transmission price,
which compensates for the use of the grid infrastructure to deliver renewable
energy from its generation point to the point of consumption. On the market
side, the renewable energy (RE) trading price is influenced by several factors.
The minimum price level is set by the levelized cost of energy (LCOE), which
is the average cost per unit of energy produced. The maximum trading price
for renewable energy is capped by the average grid price, excluding transmis-
sion costs. On the consumer side, the minimum LEC occurs when the RE
trading price equals the LCOE, while the maximum LEC occurs when the RE
trading price is at parity with the average cost of electricity from the grid
excluding transmission costs. Under this balanced state, the profit of the
market and the cost savings to the consumer are supposed to be aligned,
which shows the potential economic efficiency of a free trading market within
a centralized renewable energy framework.

Assessment criteria for the centralized renewable energy system

1) Average grid price

The average grid price (Pr_gﬂd) refers to the mean cost of electricity provided
by the local power grid, typically factored by the time-of-use grid price
(Pr,4(t)) and dynamic required electricity from the local power grid (Py (1)).
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The average grid price is formulated as:

Total cost for grid import energy _ S P (1) XPy (1) dit
Total grid import energy f‘:“'e"mepgmd (t)dt

t=0

M

Prois=

where Pr,(t) and P,,(t) refer to the time-of-use grid price and required elec-
tricity from the local power grid at time t, respectively.

2) Levelized cost of energy (LCOE)

The levelized cost of energy (LCOE) is a commonly used indicator for
comparing electricity costs from different energy technologies. It is a

measure of the average costs to build and operate a power-generating asset
over its lifetime divided by the total electricity output of the asset over its life-
time. LCOE can also be regarded as the minimum cost of selling electricity so
as to achieve the payback of the investment cost even over the lifetime of the
project. The costs of solar PV projects include power generation, predevelop-
ment, construction, operation and maintenance costs, as well as the discount
rate of fixed-term considerations, the depreciation of fixed assets, and/or the
residual value of assets. In this research, the lifetime of the solar PV system is
assumed to be 20 years. Moreover, the depreciation and residual value of the
PV is not considered. Therefore, LCOE is expressed as:

CO&M PVi

i=N
Cmma\ capl(a\PV+Z\:1

LCOE senyrizeary =

Total lifetime cost of the centralized PV system B (1+dr) ®
Total lifetime renewable energy generated by the centralized PV system Z‘:Nj-t,hfeume P yenerateare (1) dt
m)er T N
(1+dr)

refers to the initial capital cost of the centralized PV and

CO&MPVJ

operation and Y, year (A +dr)
cost considering the discount rate (dr) of 8% during the lifetime of the PV

system. [P emenc(D)dt refers to the total electricity production gener-
ated by the centralized PV over the entire lifetime.

3) Renewable energy trading price

Range of the renewable energy trading price needs to be regulated to guar-
antee the profit for both consumer and the centralized PV market. Maximum
renewable energy trading price is limited by the average grid price (excluding
the transmission cost afforded by consumers).

where Cmma\capua\,w

refers to the operation and maintenance

Profit of the centralized PV market:RepfopV:PrREXI

where Prq. is the renewable energy trading price; P v (1) 1S the power of
renewable energy generated by centralized PV, and LCOE is the levelized cost
of energy of centralized PV. Moreover, the cost savings of consumer is
defined as the difference between the cost of grid-imported energy for total

If the renewable energy trading price is much higher, consumers cannot
obtain profits from the trading. Moreover, the minimum renewable energy
trading price is restricted by the LCOE of PV. If the renewable energy trading
price is even lower than LCOE, centralized PV market cannot obtain profits
from trading.

The balance state is defined as the special condition in which the cost
savings of consumers are equal to the profit of the centralized PV market.
Profit of the centralized PV market is obtained from the difference between
the revenue of selling the renewable energy to the consumer (Re,,) and the
total investment cost of the centralized PV market (C,,), which is expressed
as:

t=lifetime

Pereraeare (1) dt

t=lifetime

P (1) At-LCOE e X [ ®

t=0 t=0

electricity demand (Cy0r0m0) @nd the sum of the cost of buying renewable
energy from centralized PV (C..), the cost of grid-imported energy for the
shortage electricity demand (Cy,4), @nd the transmission cost for renew-
able energy (C....). Therefore, cost saving of the consumer is expressed:

telifetime
Cost Saving of the consumer=Cis tor otal ED’(CRE"'Cshm orid T C(rar\s) = J Pryis (t) XPED (t) dt-
t=0

t=lifetime

t=lifetime
Proox [ Puaacare (0t |

Based on the principle of the balance state in which the profit of the
centralized PV market equals the cost saving of the consumer, the renew-

t=0

Pra (DX (Peot)P s (0)E+ Pl

t=lifetime

Pger\era(ed RE (t) dt]

t=0

able trading price under the balance state is defined as:

[Total investment cost of the centralized PV market+Cost for total electricity demand from local power grid—
(Cost for grid - imported energy for the shortage electricity demand+ Cost for renewable energy transmission)]

Prag under batance state =

— CPV + and for total ED ~ (Cshon grid + C(rans)
2x I‘t:uhfeume Pger\sratedRE(t)dt

2 x Total lifetime renewable energy generated by the centralized PV system

t=lifetime

LCOEcenlrahzedP\/ X B 1Li)hfeume Pgenerateth(t)dt + J‘[:‘feume Prg”d (t) X Pgeneraleth (t)dt - {I‘:O Prg”d (t) x (PED (t) - PgeneratedRE(t)) dt + Pr”ansm‘SS'O” X B (:‘fe"me Pgenerateth (t)dt]

where LCOE, .. v refers to the levelized cost of energy of the centralized
PV; Peaes e (1) TefErs to the power generated by the centralized PV at time t
Pr, (1) refers to the time-of-use grid price; refers to the electricity demand
of the building, and Pr,,...s0n(t) refers to the transmission cost afforded by

2 X .J’;t:j‘feume Pgeneratedm (t)dt

()

consumers following the provincial grid transmission and distribution tariffs
attimet.

4) Levelized electricity cost (LEC) of consumer

The levelized electricity cost (LEC) of building consumers is defined as the
levelized cost per kWh of building electricity demand for building consumers.

Total operational COStbuMdmg from centralized PV and grid

LECbuMdmg with centralized PV and grid —

Total electricity demand of the building
Pl Preneane (1) At J ™™ Poio(8) X [Peo (1) — Paeraes e ()] A 4+ Prrmssan X fi5

t=lifetime

Pgenerated RE(t) dt

transmission price defined by the government.

e ©)
[ P () dt
where Pry refers to the renewable energy trading price; P.....qx¢ () refers to
the power generated by the centralized PV market at time t; Pr,., (t) refers to
the grid price considering the escalation rate at 1.4% per year; Pq,(t) refers to Total operational COSt,, .. o oo
the electricity demand of the building at time t and Pry.msson refers to the LEChuicing witn gigonty = Total electricity demand of t?]e t;uildying
5 Pr(t) x Pa (b dt o

Levelized electricity cost with the grid only is expressed below, which is in
fact the special expression of the previous formula that equals to zero.

J;(:Ohfeume PED(t) dt
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Figure 1. Schematic diagram of the centralized renewable energy trading market.

where Pr_, (t) refers to the grid price and P(t) refers to the electricity
demand of consumer at time t.

Trading mechanism and assessment criteria for the distributed renew-
able energy system

In the centralized renewable energy system, PV market predominantly
burdens the investment responsibilities. Conversely, as shown in Figure 2,
distributed renewable energy system disperses investment obligations
across prosumers, allocating the financial burden and operational manage-
ment at a more localized level. Although this may exacerbate the fiscal
burden for prosumers, more flexible strategies can be potentially imple-
mented to mitigate these burdens and concurrently enhance profitability.

When an EV is used, under what conditions and by whom dictates whether
or not these EVs can deliver economic benefits. Therefore, behavioural char-
acteristics of EVs are divided into three different charging/discharging modes
to explore the economic performance of the EV sharing process.

1) Behavioural characteristics of EVs

Total number of retired EV battery

ARTICLE

mmsl> Energy flow
» Economic flow

Reused EV
battery

Electric vehicles

Reused EV
battery

Prosumers with
BIPV

& T

Figure 2. Schematic diagram of the distributed renewable energy trading market.

Three charging/discharging modes for EV are considered in this research:
slow charging/discharging mode offers 3.5 kW power for EV charging and
discharging, which can provide long battery lifespan and low initial cost but
relatively slow charging and low EV energy efficiency. Medium and high
charging/discharging mode provides 15 kW power and 50 kW power, respec-
tively. However, fast charging and high energy efficiency provided by the
medium and high charging/discharging mode leads to shorter battery life and
higher initial cost compared with the low charging/discharging mode. Under
different modes, trade-off between the arbitrage potential from peak and off-
peak price differences and the additional EV cost associated with various
battery degradation process can be clearly quantified.

2) Number of retired EV through the B2V/V2B process

Number of the retired EV battery is defined based on the relative capacity
(RC). When the RC of the EV battery decreases to 80%, EV battery should be
replaced and retired EV battery can be utilized as the static battery for energy
storage. At the end of the lifespan, last EV battery is converted to a propor-
tion of the expected value.

= Number of fully degraded EV battery + Proportion of the expectancy of the last EV battery

= Number of fully degraded EV battery +

Tcr\d oflife ~

T startof thelastoycle (8)

Number of fully degraded EV battery refers to number of EV battery with
relative capacity degraded to 80%, and number of the last replaced EV battery
is defined as the counterparts of the proportional degraded section.

3) Levelized cost of charging (LCOC) of EV

As shown in Figure 2, LCOC can be assumed as the unit cost per kWh for

Tend of the last cycle ~ Tstan of the last cycle

EV charging that is required to be paid by EV owners. It depends on the
initial capital cost of EV battery (Cinial capital). the cost of operating and main-
taining the EV battery (Cogp), cost for G2V (Cgyy), cost for B2V (Cgyy), profit for
V2B (Profit,,g), and the total charging energy from both the grid and the
building.

LCOC i v energy sharing = Battery cycling aging cost + Total electricity cost

EV capital cost

Cost for G2V + Cost for B2V — Profit for V2B

~ Total EV charging energy

Ninyear Cosmevi
(Cmma\ capial v T Lt (T ) Ceoy + Capy — Profit,,s

t=ifetime tiifetime
J;ZW Pey charging (1) At jr:w Pev charging (1) dit
hyear Cosmi —lifetime
[C\n\(\a\capnal‘ EV + Z(\; (C1+dr)w:| + J;tﬂl 1 [Prgnd (t) % PGZV (t)

Total EV charging energy

t=lifetime t=lifetime

Jdt+Praoy x [ Pey(t)dt—Proe x [ Pug(t)dt

C)

Under the traditional operational mode (EV for transportation only), LCOC
without EV energy sharing is defined as the special form of the above equa-
tion, expressed as:

EV capital cost+ Cost for G2V
Total EV charging energy from grid

th year CO t=lifetime
Coapar v+ L7 T - [ [Py (1) x P (D] dlt
_ (1+dry (10)
J;ijleel\me Psz(t)dt
where P,,,(t) and P, (t) equals to zero under this particular condition.

4) Levelized electricity cost (LEC) of prosumers

Figure 2 presents a detailed approach to calculating the levelized electric-
ity cost (LEC) for prosumers in a distributed renewable energy system. The

LCOCwmhom EV energy sharing —

J“:weume (Pszv (t) —+ Pazv(t)) dt

LEC accounts for the capital and operational maintenance costs of PV
panels, including expenses arising from both the inherent battery degrada-
tion due to daily use and the additional degradation from engaging in EV
energy sharing. It also includes the costs associated with the integration of
secondary batteries, specifically retired EV batteries repurposed as static
storage, which contributes to the prosumer’s capital expenses. The calcula-
tion further incorporates the variable costs and profits from EV energy shar-
ing arrangements, such as B2V and V2B transactions, where pricing is
contingent upon the LCOE of BIPV and the time-of-use grid price. These
components collectively determine the economic feasibility of a prosumer's
engagement in this sustainable energy framework.

When electricity demand of prosumer is only supported by the renewable
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energy and local power grid, total cost of prosumer only includes the capital
(Ceapiarmv), Operational and maintenance (Coey 5¢v) cOsts for BIPV and electric-
ity cost for grid (C,.,) from local power grid.

BIPVcapital cost+Costfor grid

Levelized electricity cost (LEC) with BIPV and grid only is defined as:

ear CO i t=lifetime
Ccawta\ B\PV+ZwN:twhy (]?;:)\T +J‘t:‘1f (Prgnd(t)xEwah grid (t) )dt
amn

LECprosumer with BIPV & grid —

When EV involves in the energy sharing among prosumers, electricity
demand of prosumer is supported by the renewable energy, local power grid,
as well as EV energy sharing, total cost of prosumer includes the capital

Total electricity demand of prosumer -

J‘t;:'eumeED (t) dt
(Ceapar ), OPerational and maintenance (Coespv) costs for BIPV and electric-
ity cost (C,) for local power grid, but also includes the cost for V2B process
(C.,s) and revenue from B2V process (Revenueg,,).

CCapNaIB\PV + Cosepy + Cois + Cgmd +Cy,s — Revenueg,,

LECprosumer with BIPV&gridREVRSLE —

Nth year Coamipvi

CCaD\(a\ Bpv 1 Z::w ('| + r)r

Total electricity demand of prosumer

+ L5 (Pugua (1) X EDygua(1)) dt — LCOEge, x [ ED, e (1) dlt

(12)

With the participation of EV energy sharing (B2V&V2B processes), previ-
ously dumped renewable energy can be reused, generating additional
revenue for prosumers to reduce LEC.

Levelized electricity cost (LEC) of prosumer with BIPV, grid, EV energy
sharing and EV battery cascade utilization

.J;t:]hfeume ED(t) dt

With the EV battery cascade utilization, total cost of prosumer additionally
includes the cost of the retired EV battery (Cq.) besides total cost with EV
energy sharing. In addition to B2V&V2B processes, dumped renewable
energy can be stored in secondary-life EV batteries (SLB) to further reduce
the cost.

Coaptarirv + Coanaipy + Coig + Cyoe — REVENUES,,

LECDrOSumer with BIPV&grid&EV —

Nth year Co&M BIPV,i

cCapI(al ey T Z‘:] (_I T dr)‘

Total electricity demand of prosumer

A T (Pya(£) X EDn g (1)) dt — LCOE ey x [ ™ EDyue (1) dlt

Levelized carbon mitigation subsidy (LCMS) for economic feasibility and
environmental sustainability

Levelized carbon mitigation subsidy (LCMS) is defined as the subsidy for
the carbon mitigation when the net EV cost is greater than zero.

Net EV cost

LOMS = Carbon reduction with EV

(14)

(Note: Net EV cost represents difference between total cost of EV with
energy sharing and total EV cost without EV energy sharing.)

RESULTS
Centralized energy transition and market acceptance

For the energy transmission in the centralized renewable energy system, it
follows the traditional transmission line that solar energy generated by the
centralized PV market can be supplied to consumers via the traditional grid
infrastructure. However, in the centralized renewable energy system, free
trading market between centralized PV markets and consumers significantly
differs from the traditional trading market between centralized PV market and
government. Traditionally, centralized PV markets profit through the feed-in
tariff (FiT) from government, resulting in limited profits for centralized PV
markets and financial burden on the government. However, itis operated with
the negotiated renewable energy trading price between centralized PV
markets and consumers. This significantly alleviates the financial burden on
the government and enhances the participation willingness of centralized PV
markets and consumers by offering higher profit margins.

Figure 3 shows the dynamic acceptance process of the free trading market
in the centralized renewable energy system. Without FiT from government,
standard for the establishment of the trading in the centralized renewable
energy system is that the levelized cost of energy (LCOE) of centralized PV
requires to be lower than the regional average grid price, while renewable
energy trading price in the trading requires to be set between the LCOE and
average grid price. In this study, range of the renewable energy trading price
has been quantified (as indicated in blue marked regions in Figure 3). This
price range serves as the standard for assessing whether it can be estab-
lished in the centralized renewable energy system. When the renewable
energy trading price surpasses the upper limit of the identified price range
(shown as Max RE trading price (average grid price) in Figure 3), it loses the
market competitiveness against local power grid (as building consumers will
choose the local power grid for electricity supply, instead of renewable

jli\\fellme ED(t) dt

(13)

energy). On the other hand, when renewable energy trading price is even less
than the lower limit of the identified price range (shown as Min RE trading
price (LCOE) in Figure 3), centralized renewable energy market cannot realize
any profit (as the renewable energy trading income is lower than initial
investment cost of renewable systems).

Based on this standard above, although free trading market in 2020 cannot
be universally achieved in all regions, it can be achieved by 2060 for both
office and residential buildings in all regions. For example, for residential
buildings in Kunming in 2020, LCOE at 0.32 CNY/kWh is higher than the aver-
age grid price at 0.3 CNY/kWh, resulting in the untenability of the trading.
However, in 2060, LCOE in all regions is much lower than the average grid
price, resulting in the establishment of the trading. This is due to the rapid
cost declines and increased grid price and solar energy penetration that
results in higher profit margin until 2060. Overall, this analysis highlights the
role of free trading markets in boosting renewable energy adoption, which
ensures economic competitiveness and the feasibility of centralized PV
markets over traditional local power grids.

Distributed energy transition with electric vehicles and market accep-
tance

Compared to the centralized energy transition, distributed energy transi-
tion is more flexible, controllable, and accessible, like BIPVs, electric vehicles
(EVs), fuel cell, combined heat and power generators, and so on. The integra-
tion of these technologies enhances connections among muiltiple stakehold-
ers, particularly for EV owners and prosumers involved in B2V/V2B energy
sharing in the distributed renewable energy system. Unlike the traditional
levelized cost of charging (LCOC) of EV without considering B2V/V2B EV
energy sharing, the LCOC under the B2V/V2B energy sharing needs to
consider the net cost during the energy trading between EV owners and
buildings. As shown in Figure 4, EV energy sharing and EV battery cascade
utilization can be deployed in the distributed renewable energy system to
improve the renewable energy penetration and energy efficiency, leading to
higher economic benefits for both EV owners and prosumers to compensate
the economic burden for additional cycling aging costs on EVs and capital
investment costs on BIPVs. Therefore, economic performance of EVs and
prosumers needs to be analysed, simultaneously considering additional EV
energy sharing process and EV battery cascade utilization.

Based on the free market trading in the distributed renewable energy
system, LCOC of EV determines whether the business model of EV-based

6 The Innovation Energy 2(1): 100062, January 13, 2025

www.the-innovation.org/energy


https://www.the-innovation.org/energy
https://www.the-innovation.org/energy
https://www.the-innovation.org/energy

ARTICLE

Beijing Guangzhou

Beijin Guangzhou
2.5 Jing 9 1.5
2.0r |
1.0¢ o
1.5+ _ a8
= P . = - - .- -
1.0r [ -7 e \/‘/
L= 0.5
_ ______-—-——__ o
= 0.5F =
s I R i
= 0.0 = 0.0
pd ; ; =z ; .
Q o Kunming Shanghai Q 15 Kunming Shanghai
o (O
L L
o 20r o
1.0
1.5F
1.0- e T
—-._,.-—' 0.5+ -___..-"" '__,-"'-
0.5F -_ R '_____-____-_____._- = fp— v
— -—
0-8520 2040 2060 2020 2040 2060  9%020 2040 2060 2020 2040 2060
Year Year
Min LEC Min RE trading price
Range of LEC (RE trading price equals to LCOE) (LCOE)
Range of RE trading price === | EC under balance state — Snig?g;gn%‘écgtate
Max LEC . —. Max RE trading price
(RE trading price equals to average grid price) (Average grid price excludes transmission cost)
Figure 3. Economic metrics in the centralized renewable energy trading market (A) Office building, (B) Residential building.
< Low < Medium < High
s 4@ engae. 7| = 4@ 12 4'© 3 Guargiin ] Year
= SSghe! = Guangzfiga R = | )
z - z $D .- > i 2020
S . S - 2 - 2080
g 2 Guan@ /'&M‘ R g 2 Shanghai \/u,A g g 2 e /'/ TJ‘/" ming 2000
2 Cunngiho: silfigral G g5 | i - Y .. A Increased number
> cifing ijin > ai* 5 . > b2 Shapghail _e... :
g e g Wi g g 2 . . of retired EV
S X Kunming 5 K“.”“)” Kunming H K"‘.’“’)": ® 5
@ 0 . @ 0 s @ 0 ’°
E /, g /, E /, . 45
= /s’ 3 P £ L,
] ke o ke (6] ke ‘ 85
O 5 7z O 2D 7z (@] D) 7
Q ™2 0 2 49 =2 0 2 49 "2 0 2 4
I-COCwith EV energy sharing (CNY/kWh) l-COCwith EV energy sharing (CNY/kWh) I-Cocwith EV energy sharing (CNY/kWh)

Figure 4. Impact of EV energy sharing on the levelized cost of charging (LCOC) in the distributed renewable energy trading market (A) Low EV charging/discharging mode, (B)

Medium EV charging/discharging mode, (C) High EV charging/discharging mode.

Low, medium, and high charging/discharging mode refers to the maximum EV

charging/discharging power at 5 kW, 15 kW and 50 kW, respectively. The black dashed line represents the scenario where there is no impact of EV energy sharing on LCOC. The
upper part of the dashed line indicates a decrease in LCOC through EV energy sharing, while the lower part indicates an increase in LCOC through EV energy sharing. The size of
the bubble represents the number of retired EVs by participating in EV energy sharing subtracting the number of retired EVs by not participating in EV energy sharing (i.e., EV for

daily transportation only).

spatiotemporal renewable energy sharing can be widely accepted or not.
Figure 4 depicts the impact of EV energy sharing on LCOC under different EV
charging/discharging modes (i.e., low, medium, and high charging/discharg-
ing modes at 5 kW, 15 kW and 50 kW, respectively), considering the trade-off
between additional capital cost (i.e., battery degradation and replacement
costs due to accelerated EV battery degradation) and additional profits (i.e,,
profits from B2V/V2B energy sharing process) in EV energy sharing.
Economic feasibility of EV energy sharing cannot be achieved in Beijing and
Kunming in 2020. For example, as shown in Figure 4C, in Beijing in 2020
under high charging/discharging mode, LCOC without EV energy sharing at
2.13 CNY/kWh is even lower than LCOC with EV energy sharing at 2.45

CNY/kWh. This indicates that additional profit through EV energy sharing
cannot compensate the additional capital cost, especially when capital cost
of battery is relatively high and grid price for profit is relatively low in 2020.
However, a considerable decrease of LCOC with EV energy sharing can be
observed from 2020 to 2060, resulting in the economic feasibility of EV
energy sharing compared with the traditional EV mode (i.e., EV for daily trans-
portation only) until 2060. For example, as shown in Figure 4C, in Guangzhou
under the high charging mode, the LCOC without EV energy sharing
decreases from 3.50 CNY/kWh in 2020 to 1.08 CNY/kWh in 2060, and the
LCOC with EV energy sharing decreases from 2.24 CNY/kWh in 2020 to
-1.27 CNY/kWh in 2060. The gradual decrease in LCOC from 2020 to 2060 is
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Figure 5. Impact of EV energy sharing on the levelized electricity cost (LEC) in the distributed renewable energy trading market (A) Office building, (B) Residential building.
Specifically, S1 refers to the traditional energy system where consumers only depend on the electricity from local power grid. S3 refers to the distributed renewable energy
system with BIPV and without EV energy sharing. S4 refers to the distributed renewable energy system with the advanced integration of BIPV and EV energy sharing. S5 refers to
the distributed renewable energy system with the integration of BIPV, EV energy sharing and EV battery cascade utilization. S2 refers to the centralized renewable energy system.

mainly attributed to the rapid decrease in the EV battery cost and the increase
in grid price, which results in lower cost investment and higher profit margins
for EV owners. Moreover, high profit margin for EV owners can be achieved to
promote the EV energy sharing until 2060. The negative value of LCOC with
EV energy sharing in Guangzhou under the high charging mode is -1.27
CNY/kWh, which is the sum of battery cost at 1.09 CNY/kWh, G2V cost at
1.03 CNY/kWh, B2V cost at 0.03 CNY/kWh, and V2B cost at -3.42 CNY/kWh.
This indicates that, by adopting the EV energy sharing, the EV owner can
additionally earn 1.27 CNY/kWh when being charged by renewables and
spatial heterogeneity in grid prices of local power grids, instead of paying
back to the power grid under the traditional EV charging mode. This high
profit margin is due to the low initial investment cost in battery and high grid
price with higher profit margin for EV energy sharing until 2060.

Furthermore, LCOC with EV energy sharing also highly depends on differ-
ent EV charging/discharging modes. On the one hand, EV charging/discharg-
ing mode affects the battery cycling aging cost (i.e., a faster battery cycling
aging under a higher EV charging/discharging mode). On the other hand, EV
charging/discharging mode determines the amount of energy transmitted
through EV energy sharing, as well as the following profit from EV energy
sharing (i.e, more energy can be transmitted under high EV charging/
discharging mode with higher profit). However, depending on the relative
correlation between increased capital cost (e.g., battery degradation and
replacement costs due to accelerated EV battery degradation) and additional
economic profits (i.e, profits from B2V/V2B energy sharing process), the
medium charging/discharging mode leads to the lowest LCOC compared to
the low and high charging/discharging modes. For example, as shown in
Figure 4C, in Guangzhou in 2020, the LCOC under the medium
charging/discharging mode at 1.82 CNY/kWh is lower than the LCOC under
the low charging/discharging mode at 2.48 CNY/kWh and high charging/
discharging mode at 2.24 CNY/kWh. This indicates that the medium charg-
ing/discharging mode shows superiorities than both the low and high charg-
ing/discharging modes, in terms of compensating for the additional EV
battery cycling aging cost through the economic profit of EV energy sharing.
Therefore, with the comprehensive consideration on economic profits and

additional EV battery cycling aging costs, the recommended EV charging/
discharging mode for EV energy sharing is the medium charging/discharging
mode with the minimum LCOC with EV energy sharing.

Although economic impact of EV energy sharing has been evaluated
through LCOC, participation of EV owners with EV energy sharing also signifi-
cantly affects the economic performance of prosumers in the distributed
renewable energy trading market. Figure 5 demonstrates the impact of BIPV
installation, EV energy sharing and EV battery cascade utilization on the
levelized electricity cost (LEC) in residential and office buildings, respectively.
For both residential and office buildings, BIPV is the primary driving force for
the LEC reduction, while the reduction magnitude of LEC gradually increases
from 2020 to 2060. For example, as shown in Figure 5B, for the office build-
ing in Guangzhou, the LEC in 2020 decreases from 1.37 CNY/kWh (in S1
without BIPV) to 0.73 CNY/kWh (in S3 with BIPV) by 0.64 CNY/kWh, while it
reduces from 3.69 CNY/kWh (in ST without BIPV) to 1.52 CNY/kWh (in S3
with BIPV) by 2.17 CNY/kWh in 2060. This is due to the rapid decrease of PV
cost (from 1.34x10" CNY/kW in 2020 to 4.6x10° CNY/kW in 2060) and the
increase of grid price (from 1.23 CNY/kWh in 2020 to 2.15 CNY/kWh in 2060)
from 2020 to 2060.

Moreover, although EV energy sharing can reduce the LEC, reduction
magnitude of LEC under different charging/discharging modes is not obvi-
ous. For instance, as shown in Figure 5B, in Guangzhou in 2060, LEC in office
building under the high charging/discharging mode at 1.37 CNY/kWh (in S4
with EV energy sharing) is only slightly smaller than that under the low charg-
ing/discharging mode at 1.47 CNY/kWh (in S4 with EV energy sharing). This
slight decrease in LEC through EV energy sharing is restricted by the fixed EV
schedule, which limits the flexible interactions between EV owners and
prosumers and further constrains cost-savings from the curtailed renewable
energy.

Furthermore, EV battery cascade utilization can help reduce the LEC.
Compared to the office building, impact of EV battery cascade utilization on
the LEC reduction in the residential building is more obvious. For instance, in
Guangzhou in 2060, LEC for office building reduces from 1.37 CNY/kWh with
EV energy sharing (in S4) to 1.29 CNY/kWh with EV cascade utilization (in S5)
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Figure 6. Operational carbon emissions of the centralized renewable energy trading
market.

(as shown in Figure 5B), while LEC in residential building reduces from 0.91
CNY/kWh with EV energy sharing (in S4) to 0.75 CNY/kWh with EV battery
cascade utilization (in S5). The more obvious reduction on LEC in residential
building with EV battery cascade utilization is due to the higher mismatch
between electricity demand and renewable energy generation, which allows
the retired EV battery to store more excess energy to enhance renewable
energy utilization and reduce the LEC.

Overall, EV energy sharing and EV battery cascade utilization can not only
promote the adoption and sustainability of the distributed renewable energy
system, but also contribute to the economic benefit for EV owners and
prosumers in the distributed renewable energy system. Integration of the
economic performance of EV energy sharing and EV battery cascade utiliza-
tion into LCOC and LEC assessments is crucial for EV owners and prosumers
to actively participate in the distributed renewable energy system. This inte-
gration further highlights the importance of the rapid cost decline of renew-
ables and EV batteries for the economic feasibility of EV sharing and EV
battery cascade utilization in the distributed renewable energy system.

Carbon emissions of future advanced power systems

Based on above analysis, advanced technologies (like PV installation,
B2V/V2B, EV energy sharing, EV battery cascade utilization and so on) with
technical readiness and cost decline on renewable systems can contribute to
sustainability transformation with renewable-grid-demand-storage syner-
gies and direct free trading market with considerable economic performance.
However, the environmental performance of the advanced energy paradigm
and the direct free trading market transformations is critical as well for
national carbon neutrality transformation. This section aims to demonstrate
the carbon emission evolution based on the transition towards advanced
energy paradigm and direct free trade market from the environmental
perspective.

Along with the technology readiness and cost decline, participators in
advanced energy paradigm and direct free trade market greatly increase,
together with system decarbonization. Trade-off between the environmental
and economic performance of the renewable energy system needs to be
considered. Figure 6 demonstrates the operational carbon emission of the
centralized renewable system with the cleaner power grid upgrade (from
68.9% thermal power generation in 2020 to 2.5% in 2060 in Guangzhou).
Carbon emission of the centralized renewable energy system is greatly
reduced from 2020 to 2060 among all regions. For example, carbon emis-
sion in Guangzhou is reduced from 4.5x10" ton CO, in 2020 to 3.3x10° ton
CO,, in 2060. Substantial reduction in carbon emission for the centralized
renewable energy system is mainly due to the upgrade of the cleaner grid
with increased penetration of renewable energy.
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Figure 7. Impact of EV energy sharing on the operational carbon emissions in the
distributed renewable energy trading market Low, medium, and high charging/
discharging mode refers to the maximum EV charging/discharging power at 5 kW,
15 kW and 50 kW, respectively.

Compared to the decarbonization of the centralized renewable energy
system with gradually increasing solar penetration, environmental perfor-
mance of the distributed renewable energy system needs to be assessed,
especially considering the additional carbon emission associated with the
increased number of EV batteries in EV energy sharing. Figure 7 compares
the operational carbon emission with and without EV energy sharing in the
distributed renewable energy system. EV energy sharing can reduce carbon
emission in the distributed renewable energy system. However, until 2060,
decarbonization magnitude by EV energy sharing becomes less significant.
For instance, in Guangzhou under the high charging/discharging mode,
compared to carbon emission at 1.64x10" ton CO,, without energy sharing in
2020, carbon emission with EV energy sharing decreases to 1.57x10* ton
CO,,, leading to 700 ton carbon emission reduction. However, in 2060,
compared to carbon emission at 2.66x10° ton CO,, without energy sharing,
carbon emission with EV energy sharing decreases to 2.47x10° ton CO,,
leading to only 190 ton carbon emission reduction. This is mainly due to the
upgrade of the cleaner grid, which greatly reduces the impact of EV on decar-
bonization.

Based on above analysis, although free trading market between the EV and
prosumers in the distributed renewable energy system cannot be estab-
lished until 2060, decarbonization of the distributed renewable energy system
with EV and prosumers has been demonstrated. Therefore, in order to
promote the decarbonization of the distributed renewable energy system
before the establishment of the free trading market, carbon subsidy needs to
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be applied for EV owners to compensate their economic investment. As
shown in Figure 8, levelized carbon mitigation subsidy (LCMS) serves as the
reward for the decarbonization of EV energy sharing to offset the increased
total cost for EV owners and ensure the economic feasibility of the free trad-
ing market in the distributed renewable energy system. EV energy sharing
under the high charging mode is more suitable before the establishment of
the free trading market in the distributed renewable energy system. For
example, in Guangzhou in 2020, LCMS under high charging/discharging
mode at 76 CNY/ton CO,, is much lower than LCMS under low and medium
charging/discharging mode at 273 CNY/ton CO,. and 130 CNY/ton CO,,,
respectively.

Moreover, compared with the suggested carbon price range from 76 to 152
CNY/ton CO,. in China®, LCMS for EV owners maximally reaches to 273
CNY/ton CO,,, which is over twice of the suggested carbon price. High cost
of EV battery with high capital cost on EV batteries and small EV scale with
limited decarbonization ability in 2020 are still the most fundamental issues.
Additionally, the ability of decarbonization and cost-saving of EV is also
restricted by a fixed EV schedule that lacks flexible interaction between EV
owners and prosumer for the utilization of the curtailed renewable energy.
Therefore, in the distributed renewable energy system, although the LCMS for
EV owner is currently higher than the proposed carbon price in China, this
subsidy can be applied for the temporary transition to promote the EV decar-
bonization (like smart EV scheduling, reduced costs of renewables and
batteries, etc) before the establishment of the free trading market. Such an
interim measure is critical since it continuously promotes the decarboniza-
tion of EVs in the distributed renewable energy system and bridges the gap
before the establishment of the free trading market with cost declines and
increasing EV scale in the future.

DISCUSSION

Considering considerable heavy economic burdens of local government
from subsidy or grid feed-in tariffs, the fully government-supported decar-
bonization strategies currently face critical challenges in sustainability and
worldwide scalability. In order to radically replace the current government
dominated renewable market by free trading market with spontaneous
participations of various stakeholders in investment, trading, recycling activi-
ties, this study explores establishment conditions, economic viability and
feasibility on direct market-to-consumer trading without any subsidy from
local government. Impact of rapid cost decline and technical readiness of
renewables and storages on direct trading has been studied for both central-
ized and distributed renewable energy systems, considering both regional
energy and economic balances among stakeholders. For the centralized
renewable energy system, it has been developed based on the energy trading
between centralized PV market and consumers. Furthermore, considering the
flexible, controllable, and accessible of distributed renewable energy system,
it has also been proposed in the distributed renewable energy system with EV
energy trading between EV owners and prosumers. Trade-off between the
economic profits from EV energy sharing and additional battery cycling aging
cost has been identified and analysed under the rapid cost decline of both
renewables and battery. To incentivise multi-stakeholders' proactivity and
market vitality, free energy trading market with advanced energy pricing
policy has been therefore proposed with the objective to increase the
economic benefits and promote participation willingness of each stakeholder.
Moreover, trade-off between the profit margin and carbon emission in the
free trading market has been explored to balance the economic feasibility and
environmental sustainability based on dynamic energy trading and associ-
ated cost decline. Key results are summarised below:

1) Establishment conditions on free trading market without economic
pressure of local government via subsidy or grid feed-in tariffs have been
clearly identified, so as to judge and promote the future renewable free
market with spontaneous renewable installations and trading among stake-
holders. Compared to the levelized cost of energy (LCOE) and profit of PV in
China before 2018, profit of PV energy trading after 2020 under the shift in
policy and economic context is influenced by self-negotiated PV trading price
and LCOE, instead of feed-in tariff supported by the government. This
research provides the economic feasibility of renewable energy under the
rapid cost decline of PV and the absence of a feed-in tariff.
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Figure 8. Levelized carbon mitigation subsidy (LCMS) for EV owners.

For the centralized renewable energy system, free trading market of the
centralized renewable energy system is established when levelized cost of
energy (LCOE) of PV is less than the average grid price. For the distributed
renewable energy system with EV-based energy sharing, trading between EV
owners and prosumers is established only when the total cost for EV owners
and levelized cost of charging (LCOC) with EV energy sharing is lower than
those under traditional EV mode (i.e., EV for daily transportation only). This
establishment condition ensures that EV owners can benefit from free trad-
ing in the distributed renewable energy system, leading to cost saving from
EV energy sharing compared to the traditional EV mode without EV energy
sharing. Based on the above establishment condition, free trading market in
centralized renewable energy system can be completely achieved after 2040,
while free trading market in distributed renewable energy trading market
between EV owners and prosumers cannot be established until 2060. In other
words, for the centralized renewable energy system, both the centralized PV
market and consumers can benefit after 2040. For the distributed renewable
energy trading market, prosumers are willing to install PV since 2020, while
EV owners are not willing to participate in the EV energy sharing until 2060.

In practical applications, conditions for establishing a free trading market
proposed in this research can be used to evaluate whether a future renew-
able energy market can operate autonomously without government subsi-
dies. This allows energy producers to assess profitability without relying on
subsidies, enables consumers to purchase energy directly from producers at
potentially lower costs, and facilitates energy trading among EV owners and
prosumers for economic benefits. These conditions collectively provide a
quantitative measurement for the self-sustaining, economically viable renew-
able energy market.

2) Technology readiness and rapid cost declines of renewables and battery
storages can contribute to the free trading market with EV owners' role tran-
sition from cost payers to economic owners. Previous research has primarily
defined EV as consumers, focusing on the levelized cost of charging (LCOC)
in terms of various electricity prices for EVs charging at different locations
and under various charging modes.”**'" However, the participation of EV
owners in EV energy sharing transforms the role of EV from merely consum-
ing electricity to actively participating in flexible energy interactions, leading to
new LCOC models and represents an emerging trend in the future of energy
sharing.

The smart energy management can further promote participators and
stakeholders to win economic benefits under the rapid cost declines, enabling
multi-stakeholders' proactivity and market vitality. Due to the rapid decrease
of battery cost and increase of grid price, EV owners will transit from cost
payers to economic earners, along with the levelized cost of charging (LCOC)
with EV energy sharing in Guangzhou under the high charging mode
decreases from 2.24 CNY/kWh in 2020 to -1.27 CNY/kWh in 2060. Regard-
ing prosumers in the distributed renewable energy system, the levelized elec-
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tricity cost (LEC) for office building in 2060 reduces from 3.69 CNY/kWh with
local power grid to 1.37 CNY/kWh with BIPV installation and EV energy shar-
ing, and further decreases to 1.29 CNY/kWh with EV cascade utilization.
Consequently, levelized cost in this research is proposed considering the
impact of the rapid technology development on the rapid cost declines of
renewables and battery storages. In practical applications, it can be served as
a reference to guide the formulation of trading prices, taking into account the
significant impact of technological advancements and cost reductions in
renewables and battery storage systems. This ensures that the pricing
mechanism remains economically viable and reflective of current market
conditions.

3) The promotion of free trading market can enable decarbonizations and
contribute to the global carbon neutrality target worldwide. By economically
incentivising multi-stakeholders' proactivity in participating, market vitality for
renewable installation and spatiotemporal energy sharing with high renew-
able penetration can be activated microgrids. Although economic feasibility
for the EV energy sharing in the distributed renewable energy system cannot
be achieved until 2060, carbon emission is greatly reduced among all regions
due to the upgrade of the cleaner grid with incremental penetration of renew-
able energy. Based on the above condition, levelized carbon mitigation
subsidy (LCMS) is proposed as the subsidy for EV decarbonization to
compensate the additional cost for EV energy sharing compared to the tradi-
tional EV mode (i.e., EV for daily transportation only). LCMS, ranging from 28
CNY/ton CO,, to 273 CNY/ton CO,,, can be considered as the temporary
economic subsidy to keep the role of carbon reduction of EV energy sharing
before the establishment of the distributed free trading market. Compared
with the predicted carbon price ranging from 194 to 283 CNY/ton CO,. in
2040 and from 359 to 1614 CNY/ton CO,. in 2060, carbon mitigation
subsidy in this research is significantly lower than the prevailing carbon
prices in the broader market. Therefore, carbon emission mitigation subsidy
proposed in this research can be assumed as a reasonable and temporary
transitional solution to incentivize early adoption of free trading market.

Accordingly, carbon emission mitigation subsidy proposed in this research
can be assumed as a temporary transitional solution to support the estab-
lishment of a free trading market. This subsidy can be applied in practice to
offset additional costs associated with renewable energy adoption and EV
energy sharing. By providing financial support during the transition period,
this approach helps maintain stakeholder engagement and promotes grad-
ual market development until trading can operate independently and sustain-
ably.

This study explores the establishment of frontier free trading market under
the increasing technology maturity and economic viability in the centralized
and distributed renewable energy system, which can be widely applied to
promote the free market in reality. In order to achieve this goal, concerted
efforts are essentially required to integrate energy interaction and foster
collaboration among muilti-stakeholders. Government and policymakers are
encouraged to set ambitious renewable energy targets and remove regula-
tory barriers to accelerate the implementation of renewable energy projects
and encourage investment in related technologies and infrastructure. Addi-
tionally, government should provide financial risk mitigation to create a stable
and long-term regulatory economic environment for the investment of the
renewable energy trading. Moreover, multiple stakeholders, including EV
owners, prosumers, and renewable energy developers, are economically
incentivised in the free trading market based on the proposed energy sharing
framework, with advanced energy pricing policy, flexible energy interaction
and sustainable carbon emission. It can also be integrated with smart grids
and advanced energy management technologies to further enhance grid
stability and efficiency. Dynamic pricing models and real-time energy trading
platforms can be combined with the proposed free trading market to maxi-
mize economic benefits while ensuring flexible and stable energy interac-
tions. Overall, this research offers essential guidance for policymakers and
stakeholders striving to promote the sustainable development of the renew-
able energy trading market. Future studies can focus on economic benefits
analysis with bioenergy production supply chain® and free trading market
with battery safety through internal short circuit diagnosis.”
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