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a b s t r a c t 

Due to the fluctuation and intermittency of distributed PV generation, battery energy storage is required with 

higher renewable installation towards carbon neutrality. Thus, the photovoltaic battery (PVB) system receives 

increasing attention. This study provides a critical review on PVB system design optimization, including system 

component sizing and strategy improvement studies, from mathematical modeling, evaluation system establish- 

ment to feasibility and optimization studies. Several PVB simulation software packages are compared and eval- 

uated, and acknowledged system models are presented. The evaluation indicators are summarized from various 

aspects with cases of various evaluation systems combining different indicators or using the Pareto front for 

multi-criteria system designing. The PVB system feasibility study is analyzed from system configuration varia- 

tion, critical technical and economic parameter analyses, rule-based operation strategies to future expectations 

like large-scale energy storage profitability, grid parity, and energy community trading platform. The targets, 

methods, tariff and time resolution influences, and PVB system capacity optimization design recommendations 

are critically discussed. The research directions for system operation development and future expectations are 

analyzed from system feasibility, flexibility to resilience. The co-planning of PVB system capacity and operation 

design optimization makes the problem complicated, leading to relatively short time resolution but more flexi- 

bility to system operation strategy. This study could provide guidance and references to distributed PVB system 

future design and optimization studies. 
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. Introduction 

To deal with the energy crisis and environmental problems related

o fossil fuel usage, renewable energy resources are increasingly used

orldwide and set to remarkably lead the global electricity sector with

he recent policy momentum [1] . Photovoltaic (PV) technology is one

f the acknowledged driving renewable currently under the carbon neu-

rality target, especially in China which experienced a sharp increase

rom 3,108 MW in 2011 to 306,403 MW in 2021, as shown in Fig. 1 (a)

2] . The congestion problem in grid transmission and curtailment of re-

ewable power production are emphasized in the utility grid with high

enewable penetration [3] , thus the trend of transferring the central-

zed electricity system into decentralized ones with higher grid relia-

ility and resilience [ 4 , 5 ] and larger environmental potential [6] . The

tudy conducted by Yang et al. [7] provides a comprehensive research

n household solar PV (HSPV) in China, showing that HSPV is econom-

cally feasible without subsidy for 86% of the cities and estimated to

ave a large increase potential from 2 to 31.8% by 2035. Also, the grid

arity of distributed PV systems, which is gradually achieved in over
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0% of the Chinese cities with a moderate or higher financial return,

ccelerates the PV deployment in China [8] . 

To further improve the distributed system energy flow control to

ope with the intermittent and fluctuating nature of PV production and

eet the grid requirement, the addition of an electricity storage sys-

em, especially battery, is a common solution [ 3 , 9 , 10 ]. Lithium-ion bat-

ery with high energy density and long cycle lifetime is the preferred

hoice for most flexible photovoltaic battery (PVB) systems that respond

uickly to load demand and grid limits [11] . Moreover, the large-scale

enewable source with electricity storage systems has considerable po-

ential for grid load leveling, with demand side management (DSM) em-

hasizing energy efficiency and demand flexibility [ 12 , 13 ]. The PVB

ystem has recently been a hot topic that turns electricity consumers

nto electricity prosumers [14] . The apparent reduction of battery cost,

hich decreased from 1000 $/kWh in 2010 to 132 $/kWh in 2021, as

resented in Fig. 1 (b) [ 15 , 16 ], especially the Li-ion battery with high en-

rgy density and fast energy response, accelerates the PVB system study

nd practical use to a large extent. 
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Fig. 1. Recent background: (a) PV installation increase; (b) Li-ion battery cost 

decrease. 
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o  
To better deal with the onsite consumption of renewable resources

nd relieve grid burden, the design of the distributed PVB system has

ecome a recent focus, from system configuration, component capac-

ty to operation strategy separately or combined studies. The study

onducted by Dong et al. [17] discusses the technical (consumer self-

onsumption/self-sufficiency rate, network operator peak demand) and

conomic (profitability, levelized cost of storage) feasibility for house-

old and community energy storage systems with PV under time-of-

se (TOU) tariff with DSM. Besides, the work from Koskela and his

olleagues [18] optimally sizes the PV panel with a storage system to

chieve the highest profitability. The joint optimization of PV and bat-

ery sizes is presented by Li et al. [19] under TOU for minimizing total

nnual system electricity cost. Moreover, the optimal PVB system oper-

tion is scheduled by Alramlawi et al. [20] to address the grid blackouts

ith longer battery lifetimes via model predictive control (MPC). Both

VB system optimal sizing and energy dispatch are scheduled together

n the study completed by Talent et al. [10] for the highest system net

resent value (NPV). The work by Sardi et al. [ 21 , 22 ] conducted sep-

rate optimizations for the site, size, and battery operation in the PVB

ystem to satisfy the requirements of the highest NPV within grid voltage

nd load factor limits. Under the improvement of system variation and

ntroduction of heuristic algorithms, the optimization problem tends to

ave higher complexity from large system scale, multi-aspect objectives,

ynamic tariff influence, and system size and operation co-planning. 

The previous review studies on PVB systems or distributed renew-

ble energy systems have not provided the researchers with a specific

ision of PVB system optimal scheduling. At the very beginning, the

tudy focuses on the system components. For example, the three-port
501
C-DC converter topologies are summarized to combine renewable en-

rgy and energy storage systems in the field of power electronics [23] . In

he research field of system development and study, the research focus

rst lies on an energy storage component, such as techno-economic fea-

ibility [11] , environmental issues [24] , grid favors and market-oriented

references [25] , and community energy storage (CES) challenges [26] .

hen the system optimal sizing methods are concluded, including the

tudy for an off-grid PVB system [27] , PV sizing models and software

28] , battery impact on PV sizing [29] , and temporal resolution influ-

nce on renewable resource scheduling with energy storage system [30] .

n addition, the influence of outside factors such as feed-in tariff (FIT)

31] and human health-related impacts [32] could also be found in the

revious review studies. Furthermore, the PVB system operation review

s also focused on conducting DSM [33] and MPC [29] for higher energy

exibility and system resilience. However, the PVB system feasibility

nd optimization study review are not discussed clearly. Also, there is a

imited review study about system size and operation co-planning. The

urrent status and future suggestion of PVB system study with a focus

n electricity tariffs is still valuable to discuss. 

This study critically reviews the PVB system study and summarizes a

lear comprehensive clue for grid-connected PVB system methodology,

valuation system, basic feasibility study, size, operation and combined

ptimization studies. The following sections discuss the system variation

nd the PVB system study overview. Then the system numerical simu-

ation methodology, with mostly used PV system, battery degradation

odel summarization, necessary constraints, software recommendation

nd evaluation and model-free simulation method, are displayed. Be-

ides, the system performance evaluation indicators are categorized in

ifferent aspects and three evaluation system prototypes are summa-

ized. Moreover, the PVB feasibility study is reviewed with three ba-

ic elements and the future directions like large-scale planning are pro-

osed. Furthermore, the capacity and strategy optimization studies are

iscussed in detail, especially on tariff and time resolution influence.

he basic operation strategies are displayed and the development for

ifferent sides in the PVB system with future directions for system flex-

bility and resilience are summarized. Also, the novel system size and

peration co-planning research is discussed. 

. System description 

The components of a distributed PVB system include the PV array, PV

nverter, alternating current (AC) or direct current (DC) load demand,

rid connection, electricity energy storage system, battery converter,

ystem controller, and other auxiliary systems. The system configura-

ion diagram with basic variations of the distributed grid-connected PVB

ystem is depicted in Fig. 2 , with DC load and AC-connected battery sys-

em. 

The system configuration could vary according to the specific cir-

umstances. For example, the load distribution system could be con-

erted into a DC system for higher energy efficiency [35–37] , and the

art of the flexible load could be controlled based on DSM and MPC

or better system performance [38] . The variation could also come to

he battery system, which is connected to the DC busbar for lower en-

rgy transformation loss [39] , or the addition of bi-directional charg-

ng/discharging electric vehicle (EV) [ 40 , 41 ] and pump hydro storage

PHS) system [42] in the near future. The PVB system is a basic dis-

ributed renewable energy system with a storage system and could be

xtended to larger scale, more complex ones with various novelties in

ystem design. 

. Research on PVB system 

.1. Overview of the research and development of PVB 

The distributed grid-connected PVB system research stems from the

ff-grid renewable energy system study. The addition of grid connection
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Fig. 2. System configuration of a grid-connected PVB system (adapted from [34] ). 
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nd consideration adds to the complexity and emphasis on energy flex-

bility from energy storage systems, DSM, and forecast-based control.

his study comprehensively discusses the target, methods, current vi-

al findings, and future expectations of PVB system feasibility study and

ystem size and operation optimization studies. The PVB system study

evelopment in recent years is shown in Fig. 3 . Among the selected

tudies, the feasibility study for parametric analyses and system config-

ration variation appears at the early stage. In contrast, the system strat-

gy optimization study is the mainstream focus. The recent feasibility

tudies mainly focus on novel system configurations, large-scale system

peration, and complex nano-grid design, which are the primary stages

or future energy community studies. The joint optimization of system

apacity and operation optimization is gradually paid more attention to

or higher complexity and more comprehensive analysis. Based on the

lobal map, the studies in China and US are two significant places in re-

ent years. The studies in Germany, the UK, Australia, and Switzerland

re novel, with focus on renewable energy development. 

The system contains a PV system, battery system (mainly on the AC

ide), load demand, grid connection and constraints from the utility grid,

nd physical components like the battery. The mathematical model of

he whole system is physically established in most cases without a smart

lgorithm to make the study model-free. The energy balance equation is

he core of the system simulation model. The 5-parameter model of the

V system provides relatively high accuracy for long-term simulation,

hile the battery model is gradually improved to better determine the

attery degradation state. Furthermore, the evaluation system could be

onstructed via the preferences of different participants, including end-

sers, the utility grid, aggregators, etc. The self-consumption rate (SCR)

nd self-sufficiency rate (SSR) are two wide-used indicators to assess the

enewable usage technically, and NPV, as well as levelized cost of en-

rgy (LCOE) for user, generation, battery sides, are commonly used for

conomic evaluation. Also, indicators from other aspects, like carbon

mission reduction, could be considered in the multi-criteria optimiza-

ion study. However, the targets in this stage lie mainly in a single aspect

ue to the system complexity. 

In this early stage, the simulation is the foremost tool that promotes

he PVB system study from feasibility study to optimization study on sys-

em size and operation strategy design. The technical parametric analy-

es emphasize the renewable system usage and grid transmission perfor-

ance improvements carried out by the effective system components.

he economic feasibility study, especially sensitivity analyses on bat-

ery profitability, shows significant concern about Lithium-ion batteries

nder the basic maximum self-consumption (MSC) strategy. The system

apacity optimization starts with the battery size sensitivity analysis.

hen it turns to solve the optimization problem from linear to nonlinear

𝑉  

502
rogramming, introducing intelligent algorithms, community-level sim-

lation with group battery, multi-objective targets, and PV and battery

ize joint design under the time-varying tariffs. The system operation

trategy stems from the rule-based strategies, MSC, and TOU strategies

o algorithm-based strategies controlling battery action, flexible load

se, and energy priority management considering present and future

arket electricity prices for various participant preferences. 

.2. Simulation and mathematical modeling 

The numerical simulation of the PVB system is mainly based on spe-

ific mathematical modeling, and the energy balance is the core to the

ystem energy flow simulation, as shown below: 

𝑝𝑣 + 𝐸𝑏𝑑 + 𝐸𝑠𝑜 = 𝐸𝑙𝑜 + 𝐸𝑏𝑐 + 𝐸𝑏𝑜 + 𝐸𝑒𝑙 (1)

Where Epv is the photovoltaic power generation (kWh), Ebd and Ebc 

re battery discharge and charge energy (kWh), Eso and Ebo are sold

lectricity to the grid of the PVB system and bought energy from the

rid (kWh), Elo is the load demand energy (kWh), and Eel is the energy

oss (kWh). 

.2.1. Component modeling 

1) Solar PV 

The model of a PV system includes a simple model which only con-

iders PV electricity generation efficiency with relative temperature co-

fficient or a complex model based on single and double-diode modeling

ith five or seven parameters. The component modeling part only ad-

resses several commonly used ones. 

The simple PV model could be generated based on the STC parame-

ers of the solar panel, and the maximum power point algorithm is often

onsidered to reach the highest PV power output [43] . The model uti-

ized by Alramlawi et al. [20] is based on a single diode PV-cell with a

eries resistance could be expressed as at time step t : 

𝑝𝑣𝑐𝑒𝑙 𝑙 ,𝑚 ( 𝑡) = 𝑉𝑜𝑐 𝑐 𝑒𝑙 𝑙 ,𝑚 ( 𝑡) 𝐼𝑠𝑐 𝑐 𝑒𝑙 𝑙 ,𝑚 ( 𝑡) 𝐹 𝐹𝑐𝑒𝑙 𝑙 , 0 ( 𝑡) 
[
1 − 𝑟𝑐𝑒𝑙 𝑙 ,𝑠 ( 𝑡) 

]
(2)

here the standard filling factor FFcell, 0 (t) could be determined by the

aximum power output, open-circuit voltage and short-circuit current

nder STC condition and the normalized series resistance rs (t) could be

etermined by the open-circuit voltage and short-circuit current at time

tep t and the series resistance of the solar cell. 

The maximum open-circuit voltage Voccell,m 

(t) and short-circuit cur-

ent Isccell,m 

(t) could be calculated based on the NOCT model are shown

elow: 

𝑜𝑐 𝑐 𝑒𝑙 𝑙 ,𝑚 ( 𝑡) = 𝑉𝑜𝑐 𝑐 𝑒𝑙 𝑙 ,𝑠𝑡𝑐 + 𝐾𝑣 

[
𝑇𝑐𝑒𝑙𝑙 ( 𝑡) − 25 

]
(3)
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Fig. 3. PVB research development in recent years: (a) Related article number (till 2022 Nov.); (b) Global map of several selected studies (size of hollow stars increases 

for different studies: feasibility, capacity optimization, strategy optimization and co-planning of size and strategy). 
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𝑠𝑐 𝑐 𝑒𝑙 𝑙 ,𝑚 ( 𝑡) =
𝐺𝑔𝑙𝑜 ( 𝑡) 
1000 

{
𝐼𝑠𝑐 𝑐 𝑒𝑙 𝑙 ,𝑠𝑡𝑐 ( 𝑡) + 𝐾𝑖 

[
𝑇𝑐𝑒𝑙𝑙 ( 𝑡) − 25 

]}
(4) 

here Voccell,stc (t) and Isccell,stc (t) are the open-circuit voltage (V) and

hort-circuit current (A) at STC condition, Kv and Ki are the temperature

oefficient of voltage (V/°C) and current (A/°C) of the PV cell, Tcell is

he cell temperature (°C) and Gglo is the global solar radiation on the PV

anel (W/m2 ). 

Also, the five-parameter photovoltaic model could be utilized for

igher accuracy. The model of the PV panel calculated by Ma et al.

44] could be expressed as follows: 

𝑝𝑎𝑛𝑒𝑙 = 𝐼𝑝ℎ − 𝐼0 

( 

𝑒
𝑉𝑝𝑎𝑛𝑒𝑙 + 𝐼 ⋅ 𝑅𝑠𝑐 ⋅𝑁𝑠 ∕𝑁𝑠 ⋅ 𝑉𝑡 − 1 

) 

−
𝑉𝑝𝑎𝑛𝑒𝑙 + 𝑅𝑠𝑐 ⋅𝑁𝑠 ⋅ 𝐼𝑝𝑎𝑛𝑒𝑙 

𝑅𝑝𝑐 ⋅𝑁𝑠 

(5) 

here Ipanel and Vpanel are the output PV panel current (A) and voltage

V), Iph is the light-generated current (A), I0 is the diode reserve sat-

ration current (A), Vt is the diode thermal voltage (V), Ns is the cell

umber in the PV panel, and Rsc and Rpc are the PV cell series and par-

llel resistances ( Ω). 

To estimate the PV output, several weather parameters, including

lobal horizontal irradiance, diffuse horizontal irradiance, air tempera-

ure, wind velocity, rainfall, and soiling losses, are considered by Pillot

t al. [45] . The uncertainty of PV generation could also be estimated

ased on the Beta probabilistic density function of historical solar radi-

tion data [22] . 

The PV panel efficiency and inverter efficiency could be assumed

xed for simplicity [10] . The PV module degradation could be calcu-

ated by the derating factors considering soiling, aging, and other influ-

nces for simplicity [46] . 

2) Battery 

In some early studies considering both home and community energy

torage systems, the battery for the community could be divided vir-

ually into different shares for various households [38] . However, the

esults showing in the share factors are not clear. 

The simple battery energy storage variation is featured by the SOC

hange, as shown below: 

 𝑂𝐶( 𝑖 + 1 ) = 𝑆 𝑂𝐶( 𝑖) +
𝜂𝑏𝑎𝑡,𝑐ℎ 𝑃𝑏𝑎𝑡,𝑐ℎ ( 𝑖) − 𝑃𝑏𝑎𝑡,𝑑𝑖𝑠 ( 𝑖) ∕𝜂𝑏𝑎𝑡,𝑑𝑖𝑠 

𝐶𝑏𝑎𝑡,𝑢𝑠𝑎 ⋅ 𝑆 𝑂𝐻( 𝑖) 
, ∀𝑖 (6)

here SOC is the state of charge of the battery bank, i is the time

tep of the simulation iteration (h), ƞbat,ch and ƞbat,dis are the battery

harging/discharging efficiency, Pbat,ch and Pbat,dis are the battery charg-

ng/discharging power (W), SOH is the battery state of health and Cbat,usa 

s the usable capacity of the battery bank (Wh). 

The SOC upper and lower limitations and battery charg-

ng/discharging power limitations should also be set to prevent over-

harging, deep discharging, and overheating [ 20 , 38 ]. Moreover, the per-

ormance and benefits of lead-acid (PbA) and lithium-ion (Li-ion) batter-

es are compared, showing that Li-ion batteries are more cost-efficient

nd require less energy capacity [47] . 

The improved Shepherd battery model could describe the relation-

hip of battery voltage and current considering SOC, with a controlled

oltage source, an internal resistance, an integrator, and a current filter

9] . Also, the rain-flow counting method is a common method to calcu-

ate the battery equivalent cycle number from different practical depths

f charge (DODs), which origins from the fatigue data analysis. 

Furthermore, the degradation of the battery capacity, which is the

ombination of battery cycle and calendar life aging mechanisms, is also

mphasized in the battery modeling. The major factors include the bat-

ery cycle number, operation temperature, and DOD. Several studies on

i-ion battery degradation, which is more commonly used and compli-

ated than that of PbA battery, are presented in Table 1 . In the studies
504
onducted in the early stage, the calendar life is the only aging factor for

he battery model, however, it is of low accuracy and not useful in the

tudies considering more system flexibility. The equivalent battery life-

ime based on the rain-flow counting method is the basic method, with

onsiderations on both calendar life loss and cycle loss. The DOD and

harge/discharge period are mainly concerned. The more complicated

nd accurate battery aging model could be determined by the exper-

ment data or specific from the manufacturer, with temperature influ-

nce analysis and SOC sub-models, while it is time-consuming and needs

xperiments. According to the previous studies [ 48 , 49 ], it could be seen

hat the dominant factor for calendar life loss is battery temperature his-

ory, and the following ones are discharge/charge rate, SOC variation

nd swing, and cell temperature, with low SOC and small SOC swinging

ycle both disadvantageous. 

The calendar aging is calculated by Zou et al. [54] according to the

mpirical equation. However, the study determined battery aging by

dding the battery calendar aging and cycle aging together. Also, the

actor, state of health, is considered to present the battery’s total aging

s shown below: 

𝑂𝐻( 𝑖 ) = 1 − 0 . 2 × 𝛽𝑡𝑜𝑡𝑎𝑙 ( 𝑖) (7)

A study indicates that cycle life is no longer a major factor for Li-ion

attery revenue as PbA, concerning the tradeoff relationship between

attery cycle and calendar lives in practical usage [63] . 

(3) Common simulation software 

In the cases of commercial use or system design without or with sim-

le optimization requirements, the simulation software or open-source

odels are suitable. The basic introduction of the PV system simula-

ion software could be found in the previous study [64] . However, some

idely-used software with mature basic system numerical modeling, es-

ecially PVsyst [44] , SAM, PVsol, Transient Energy System Simulation

rogram (TRNSYS), and PVLIB software/ programs, are still up-to-date

seful PV(B) system simulation tools during recent decades, as presented

n Table 2 . In practical PV system cases, the PVsyst software is the most

cknowledged for off-grid and grid-connected PVB systems, with updat-

ng functions like shading analysis and integration of global maps. With

he financial consideration and HVAC load estimation as the useful aux-

liary functions, TRNSYS [65] is also frequently found in the current

tudies. Other building load simulation software are also recommended

o synthesize the load demand curve as the data input for the PVB sys-

em study, including Energy Plus [66] and Modelica [37] . Although sev-

ral other software are also utilized in the existing studies, such as inte-

ration of BEopt (building simulation) and REopt (optimization) [67] ,

ridLAB-D simulation tool [52] and PVLIB model [ 68 , 69 ] for PV gener-

tion, APROS [70] , Grasshopper [71] , ReEDS capacity expansion model

72] and RODeO price-taker model [73] , the study via simulation-based

ature software is limited. The limitations include the conventional op-

imization method, rule-based strategies, and simple evaluation system

ith only fundamental economic and technical indicators. The main-

tream novelties in the PVB system study are mostly conducted by the

oding software like Matlab (Simulink [74–78] ), and pay more atten-

ion to the novel topics, i.e., battery aging model, smart algorithm for

ulti-objective optimization, and environmental considerations. 

(4) Model-free simulation 

With the introduction of smart algorithms, especially data-driven re-

nforcement learning methods, the specific mathematical model may be

eglected in some novel studies with complex configurations or various

articipants on a large scale. The probability distribution function with

eibull/Gaussian, Beta, and normal density functions for PV, wind, and

oad generation forecast are utilized with the help of Monte-Carlo simu-

ation and Latin hyperbolic sampling generating scenarios based on un-

ertainties in the recent study [95] . The agent-based modeling (ABM)

s also a novel method to deal with the demand side uncertainties for
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Table 1 

Battery model comparison in the studies on PVB system. 

Degradation model 

Consideration 

factors Calendar loss Cycle loss Specific description Ref. 

SOC model with 

aging sub-model(s) 

Cell temperature, 

load, discharge 

period (DOD) 

Arrhenius formula 

for battery 

temperature 

Linear round-trip 

capacity loss by DOD 

Separate the degradation SOC into 

different sub-models (mostly linear) but 

requires battery capacity loss experiment 

[ 47 , 48 , 50-52 ] 

Equivalent circuit 

model 

Charge/discharge 

power 

Calendar lifetime Linear decrease by 

DOD 

Use Rain-flow counting method for 

equivalent model and linear decrease of 

cycle loss with SOH 

[53–57] 

SOC with battery 

lifetime loss model 

DOD, discharge 

amp-hour (Ah) 

capacity, discharge 

Ah 

Calendar lifetime Effective discharge 

Ah based on DOD 

and actual discharge 

Ah capacity 

Use Rain-flow counting method and 

(improved) Ah throughput model based 

on the given discharge curves. 

[ 9 , 20 , 58-60 ] 

SOC model only 

consider calendar 

life 

Calendar lifetime Calendar lifetime Replacement only when the calendar 

lifetime ends 

[ 61 , 62 ] 
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oad forecast [96] . Due to the complexity of the energy internet with

arious components, the asynchronous advantage actor-critic reinforce-

ent learning (RL) algorithm helps optimally schedule the energy dis-

atch to minimize system cost without specific mathematical models.

n an intra-day market of a hybrid microgrid, a reinforcement learning

ethod is utilized for the multi-objective optimization, which outper-

orms the linear MPC method [97] . 

The model-free feature appears to be a novelty in a complex system.

owever, the training cost is consuming with the pre-study offline infor-

ation crucial to RL training, and the stability, feasibility, and robust-

ess of RL remain challenges. Thus, the specific mathematical model is

till recommended for PVB system studies with simple configurations. 

.2.2. Constraints and outside factors 

1) Utility grid 

The grid electricity tariff is a basic but crucial outside condition

o the PVB system study, especially for peak shaving and energy ar-

itrage profitability. The various usage electricity tariff may include the

at electricity tariff [ 50 , 98 , 99 ] with fixed electricity price, TOU tariff

 10 , 50 , 56 , 98 , 100 ] with several fixed electricity prices for different pre-

efined periods, step tariff [56] with different electricity prices for dif-

erent ranges of cumulative load demand and RTP tariff [ 10 , 50 , 98 , 100 ]

ith fluctuating electricity prices depending on specific conditions like

ystem demand, system peak demand, grid network service, community

ervice, tax, and incentives. Other common electricity tariffs also include

IT [ 56 , 101 ] for the surplus renewable generation sold to the grid and

ubsidies [56] for total renewable generation. The different tariff condi-

ions are compared in the PVB system in countries with relatively high

enewable proportions like the UK [ 98 , 100 ], Belgian [99] , China [56] ,

witzerland, Germany [50] , and Italy [101] . 

Thus, the peak load demand and grid importation in different time

eriods are the focus of the electricity transaction between the utility

rid with high penetration of renewable energy and the PVB system

 10 , 54 , 65 , 102 ]. Other key points in the PVB system study may also in-

lude ramp rate limitation [102] , grid voltage security [103] , and eco-

omic earnings under different tariffs considering relatively high battery

rices [ 10 , 101 ]. 

Besides the impact of the grid on the PVB system, the even larger and

revail distributed renewable energy system also influences the utility

rid [99] . The feed-in-limit (FIL) on the grid is a common method for

ealing the excessive PV generation with less burden on the utility grid,

amely flattened peak grid transmission via feed-in power to relieve

tress from the PVB system to the grid [ 99 , 104 ]. The PV curtailment

s then caused and regarded as a crucial parameter for system control

104] . 

Also, the other limitations of the utility grid contain the grid maxi-

um absorption and injection [38] , scheduled grid blackout, which is
505
he designed electricity power cut down [20] , and the emergent opera-

ion under extreme weather events [105] . 

2) Auxiliary factors 

The other limitations of the system device, socioeconomic con-

itions, and climate influence should also be concerned. The com-

only used system limitation lies in the system power balance, bat-

ery charging/discharging rate limits, battery SOC upper and lower lim-

ts, and equipment lifetime especially considering the battery aging in

ection 3.2.1 . The social and economic situation usually includes the

quipment device cost, operation and maintenance cost, replacement

ost, labor cost, discount rate, electricity tariffs, and government sub-

idies as mentioned in the first part, utility gird, in this Section. Also,

ocial concerns focus on the government regulations like electricity sell-

ng licenses, electrical measurement systems, and consumer lifestyle.

he climate condition should be paid attention to if the energy system

lan is for practical use [106] . 

3) Load demand 

Although the load profile may include curves from the residential,

ommercial, and public buildings, the residential load with household

evice management is the most focused in the distributed rooftop pho-

ovoltaic system with battery storage. Among the optimization studies

onsidered in Fig. 3 (b), the residential load from houses or communities

akes up more than 70%, and the rest is suitable for the application on

esidential, commercial (mainly lie in the office building), and industrial

oads. 

The duck curve proposed by the California Independent System Op-

rator [107] is a typical example for residential load with PV genera-

ion. The load curve remains low during the night without the user’s

ction; however, the daytime curve is lowered obviously by the self-

onsumption of onsite PV, and the difference between the peak and val-

ey of the load curve is enlarged due to the disappearance of PV gen-

ration at night. Several solutions to the grid transmission fluctuation,

uch as using flexible loads, reducing load peak at night, and adding a

attery system, are proposed [108] . The match of the load curve with

ime-varying tariff with the duck curve brings more economic potential

or the addition of battery and DSM method, as depicted in Fig. 4 . 

The forecast of the load focusing on the equipment use time and rate

ariation could also be emphasized as the basis of the DSM part, and

he user action influence in the ABM model could also be considered

96] for better MPC control results. 

.3. System performance evaluation 

To assess the system performance, the evaluation system with indi-

ators from various aspects is necessary. The traditional evaluation sys-

em concerns fundamental technical and economic indicators, and the

ecent improvements add other concerns like environmental and social
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Fig. 4. Peak shifting effect of battery storage under TOU tariff. 

f  

a

 

t  

r  

m  

t  

n  

t  

a  

r

 

a  

f  

i  

m  

p

 

a  

d  

[

 

r  

o  

t  

a  

s  

P  

t  

c  

f  

d  

o  

c  

i  

m  

d  

s  

a  

m  

m  

a  

u  

a  

506
actors. The commonly used evaluation system in technical, economic,

nd environmental aspects are presented in Fig. 5 . 

The technical ones are the basic and most direct indicators for dis-

ributed PVB systems. The SCR and SSR are two most used ones for the

enewable part performance. The energy flow, especially the grid trans-

ission and battery power, is also crucial [54] . Besides the common

echnical ones, the technical index could be defined according to the

eed of authors, such as the cumulative energy demand from the bat-

ery system [7] , system average interruption frequency index, system

verage interruption duration index, customer average interruption du-

ation index and loss of load probability [30] . 

As for the basic economic index, the LCOE is used for grid parity

nalysis, with NPV for discounted cash flow analysis and payback period

or visualized years to break even the cost. Other economic indicators

nclude levelized cost of storage, the value of load [30] , operation and

aintenance cost, investment cost, primary energy saving [109] , grid

arity index, and levelized profit of electricity [110] . 

The indicators from other aspects are gradually added to the multi-

spect evaluation system, especially the environmental ones. Other in-

exes may include air pollutant emission and health benefit parameters

7] , and carbon emission [88] . 

Several evaluation systems with single or indicator combinations in

ecent studies are summarized in Table 3 . The cost optimization based

n the minimum system electricity cost, NPC, or LCOE is the early pro-

otype in the single-objective optimization. The techno-economic evalu-

tion system is a more mature prototype with highlights from different

ides, i.e., user load shifting, grid frequency support, grid transmission,

V prediction and error penalty, PV usage ratio, battery ramp rate con-

rol and aging. The economic indicator is basically the annual electricity

ost, NPC or LCOE for overall evaluation of the system economic per-

ormance. The addition of environmental indicators, CO2 emission re-

uction, improves the prototype to the techno-economic-environmental

ne to provide a more comprehensive optimization study. Besides the

arbon emission, the carbon trading in the emerging carbon market

s a new highlight, while the evaluation system is still based on the

ulti-objective economic optimization in the multi-trading market. To

eal with the complex nonlinear optimization problem in very recent

tudies, most of the optimization method are the smart algorithms

nd their variations. Although the analytic hierarchy process (AHP)

ethod [111] provides the basic indicator combination method for

ulti-criteria decision-making (MCDM) techniques, the Pareto optima

re recommended for the tradeoff relationship and is more commonly

sed, especially the non-dominated genetic algorithm (NSGA-II). More

pproaches to the MCDM could also be found in the grid-connected PVB
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Table 3 

Various system performance evaluation systems. 

Technical/ 

Economic 

indicators Other indicators Highlight PV side Battery side Grid side User side Objective type 

Optimization 

method 

Combination 

method Ref. 

Electricity cost Cost 

optimization 

Electricity bill Single (AA)PSO 2017 [95] 

LCOE, IRR Cost 

optimization 

LCOE Single ANN 2017 [113] 

Energy cost Cost 

optimization 

Investment, 

O&M, capital 

replacement cost 

Investment, 

O&M, capital 

replacement cost 

Grid exchange 

cost and revenue 

LCOE Single GA 2019 [114] 

Electricity cost Cost 

optimization 

Electricity 

purchase cost 

Single Enumeration 2019 [18] 

Peak shaving 

load & power 

loss, 

replacement cost 

Load shifting Capacity limit Bus voltage 

magnitude, line 

current 

Multiple PSO Pareto-optima 2019 [115] 

NPC, COE Cost 

optimization 

Overall cost Overall cost Grid exchange 

cost and revenue 

Single TLBO (GA, PSO) 2020 [116] 

Investment cost Carbon emission Carbon emission Capital, O&M, 

replacement cost 

Capital, O&M, 

replacement cost 

Grid exchange 

cost and 

revenue, carbon 

emission 

Multiple NSGA-II Pareto-optima 2020 [117] 

Battery capacity, 

frequency 

support 

Grid influence Ramp rate Ramp rate, size Frequency 

support 

Simple Enumeration 2020 [78] 

Equivalent cost Battery aging 

and grid 

influence 

Ramp rate Ramp rate, 

operation cost 

AGC payment Multiple Rolling 

optimization 

AHP 2020 [118] 

Net income, 

battery balance, 

prediction error 

cost 

PV estimation Prediction error 

penalty cost 

Battery 

charge/discharge 

balance 

Multiple HS-MOPSO AHP 2020 [119] 

LCOE CO2 emission 

reduction 

Carbon emission CO2 emission LCOE Multiple NSGA-II AHP/ 

Pareto-optima 

2021 [88] 

Electricity cost, 

peak load 

shifting 

Carbon 

emission, user 

comfort 

Grid influence, 

carbon emission 

Carbon 

emission, 

electricity cost 

Peak power 

consumption 

ratio, delay time 

rate 

Multiple Hybrid GA and 

ACO (ACO, PSO, 

GA, HGPO) 

Multiple 

Knapsack 

Problem 

2021 [120] 

Battery SOC, 

Electricity cost 

Carbon emission Techno- 

economic- 

environmental 

Battery SOC Electricity 

purchase cost, 

CO2 emission 

Multiple MOEA/D-DE 

(ANN, SVM) 

Pareto-optima 2021 [121] 

Electricity cost Size-operation 

joint 

optimization 

Investment, 

O&M cost 

Investment, 

O&M cost 

Multiple MINLP AHP 2022 [122] 

5
0
7
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Fig. 5. Performance indicators from different aspects. 
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ystem study or learned from the off-grid microgrids, including the fuzzy

et theory [112] , the technique for order preference by similarity to ideal

olution [109] , and improved algorithms, such as MOEA/D, MOPSO and

PEA-II for the multi-objective evolutionary algorithms. More novelties

n the evaluation system are expected to lie in the improvement on the

ulti-objective algorithms and combination method for indicators of

ifferent priorities. 

.4. PVB system feasibility study 

The system study with PV and battery started with the hybrid system

n remote islands without grid connection, focusing on LPSP and COE,

nd was extended to the distributed PVB system with declining PV cost,

ttractive subsidies, and increasing load demand. The feasibility study

rst considers adding novel components such as solar PV [123] , battery

124] , and the home energy management system [95] to the existing

nergy systems. The energy losses during power conversion, transfer,

nd storage are also considered in developing specific PV and battery

odels [125] . The addition of a battery is required to decrease the mis-

atch between PV and load curves, and obvious improvements could

e achieved, including 76%, 78.3% sold and bought electricity trans-

ission reduction with the grid, and 87% electricity bill cut down [75] .

The MSC strategy is taken as the basic strategy, compared to the early

trategies of selling all PV generation and maximizing self-consumption

ithout battery [126] , to use the most onsite generated PV electricity

ith the help of a battery system. The electricity tariffs, including elec-

ricity price and government subsidy, are gradually considered when it

omes to the economic feasibility study of the PVB system [ 50 , 99 , 101 ].

he battery profitability is also a concern in this stage, with the PbA

attery shown to be profitable [18] . However, the high-density, flexible

i-ion battery has grabbed more attention than the PbA battery and is

ore promising in a large-scale study. Even the economic revenue is
508
harply reduced due to the battery cost in a single system by most of

he early studies [ 38 , 100 ]. The DSM, to arrange the controllable load

sage time and power according to the PV generation, grid burden, fu-

ure load demand, and battery status, is also mentioned in the feasi-

ility study [ 47 , 127 ]. The DSM methods, including load control group

ivision, load limiter, smart metering, and smart appliances, were high-

ighted in 2014, increasing 2–15% SCR and the combination of DSM

nd battery could further reduce peak load consumption and electricity

eneration [123] . The MSC strategy is the mostly used strategy for strat-

gy comparison, while the grid burden and the neglect of the dynamic

ariffs are its disadvantages compared to other strategies like TOU. The

SM is the crucial scheme to do the PVB system operation optimiza-

ion, especially with the help of other schemes like MPC. However, it

dds a higher requirement to the system, e.g., turning some fixed load

nto controllable or deferrable load and dealing with the uncertainties

rom renewable production and load demand like HVAC load. 

The overview of the distributed PVB system feasibility study is dis-

layed in Fig. 6 . In the preliminary stage of the distributed PVB system

tudy, the feasibility study lies in the system configuration variation, pa-

ameter analyses, and simple improvements in operation strategy. Some

tudies still partly focus on the feasibility system study, with research

irections, large-scale energy storage system, grid parity of PVB system,

nd energy trading community considered. 

.5. System capacity design 

The system size optimization design is a common concern after the

easibility study. The major system types include PVB houses/buildings

nd communities with PV and battery systems, while PVB commercial

uildings [ 10 , 37 ] and hybrid microgrid studies [128] are not so com-

only found. The system capacity design starts with battery size opti-

ization to obtain the highest profit. Other improvements may include
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Fig. 6. PVB system feasibility study overview. 
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he joint optimization of PV and battery sizes [19] , the multi-aspect tar-

ets and multi-objective optimizations like grid transmission, battery ag-

ng, renewable energy self-consumption, system cost, and carbon emis-

ion [88] , and additional consideration of grid importation and tariff

98] , self-consumption [18] , and environmental impact [37] . 

The method of the study is correspondingly improved to solve the

ore complex targets with various considerations. The initial method is

attery size enumeration [ 47 , 100 ] with parametric and sensitivity anal-

ses [ 37 , 38 ], where the load shifting with battery storage and flexible

oad is found crucial to cut down battery size and electricity bills under

ime-varying tariffs [125] . Then the linear optimization of system en-

rgy flow with the lowest electricity bill as the target is commonly used.

he discrete-time Mixed Integer Linear Programming (MILP) method

ia CPLEX solver in GAMS software is the acknowledged tool to size the
509
ystem optimally [ 10 , 14 , 98 , 129 ], considering the time-varying tariffs,

ncluding FIT, flat, TOU, and RTP tariffs. The grid tariffs in the study

end to be applicable and practical. 

With the complexity of the system configuration and operation and

omputational time growth, smart algorithms are introduced to solve

he nonlinear optimization problems. The advanced-adaptive particle

warm optimization (PSO) is utilized to deal with Mixed Integer Non-

inear Programming (MINLP) in an Iran residential house [95] . What’s

ore, the genetic algorithm (GA) is used for PV and battery size jointly

esign in an Australian residential PVB house [19] . The ant lion opti-

izer (ALO) optimization, gray wolf optimization (GWO), kill hear algo-

ithm (KH), and JAYA algorithm are compared in the hybrid renewable

nergy system with battery system in Algeria [128] . Moreover, teaching-

earning-based optimization (TBLO) is applied to a residential building
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Table 4 

Cases on system capacity design. 

Time period 

(resolution) Optimal size Method Tariff Strategy Target 

Optimization 

type Ref. 

1 year (at least 2 s 

for load and 15 min 

for PV) 

PV, battery, 

battery inverter 

MILP (GAMS in 

CPLEX) 

Flat, FIT MSC Min total discounted 

investment and 

operating cost 

Deterministic 2016 [129] 

1 year (1hr) PbA/Li-ion 

community 

battery 

Enumeration TOU (7-period), 

RTP (4-period), FIT 

Peak PV and load 

shifting 

Min total cost with 

future zero emission 

scenario 

Deterministic 2017 [100] 

1 day (1hr) repeated 

for 1 year 

Retail tariff, 

battery 

GA Flat, TOU, dynamic Battery scheduling Min daily electricity 

bill 

Deterministic 2017 [139] 

1 year (1hr) CES GA and MILP TOU MSC Max NPV Deterministic 2017 [22] 

1 year (15 min load, 

10 min PV for 

30 min forecast) 

Battery, PV Enumeration Flat Min curtailment loss 

(FIL), Max SCR 

Min system cost with 

the grid 

Deterministic 2017 [134] 

24 hour (0.5hr) and 

repeater for 1 year 

PV, Battery MILP Flat, TOU (7-period), 

RTP, FIT 

Optimized Max FIT revenue, 

Min grid electricity 

import 

Deterministic 2017 [98] 

1 year (1hr) Battery AAPSO Flat Peak shifting Min electricity cost Probabilistic 2017 [95] 

1 year (0.5hr) PV, Battery MILP TOU, demand tariff

(total and peak 

consumptions) 

Peak grid load 

shaving (optimized) 

Max NPV Deterministic 2018 [10] 

1 year (1hr) PV, Battery, 

converter 

CMA-ES FIT, Flat MSC, MPC for min 

battery aging 

Min energy cost Deterministic 2019 [114] 

1 year (1hr) PV-inverter/ 

battery-inverter 

ratios 

Enumeration Not mentioned Price-taker dispatch Max revenue Deterministic 2020 [73] 

1 year (1hr) Battery, Grid 

limit 

NSGA-II FIT, TOU TOU Min LCOE, Min net 

grid transmission 

Deterministic 2020 [88] 

1 year (1hr) PV, Battery, 

Grid limit 

Improved ABC TOU Follow load Min annual total cost 

and CO2 emission, 

max energy 

conservation 

Deterministic 2020 [140] 

i  

t  

i  

p  

o  

c  

v  

i  

b  

a

 

b  

s  

t  

g  

t  

fl

 

p  

e  

c  

t  

[  

w  

d  

i  

f  

b

 

s  

b  

F  

a  

t  

p  

s  

o  

l  

t  

b  

n  

e  

p  

h  

i  

t  

[  

e  

l  

a

 

c  

e  

E  

m  

b  

s  

c  

r  

P  

c  

r  

f

3  

c  

[  

v  

h  

s  

t  
n Iran with the comparison to GA and PSO [116] . When it comes to

he multi-objective optimization, NSGA-II with Pareto-optimal solution

s a common resolution to performance improvements in different as-

ects and sides [88] . It could be expected that more multi-objective

ptimization study with more complex system configurations will be

onducted with the help of novel smart algorithms under various time-

arying tariffs. However, the choice of different algorithms may vary

n specific circumstances. The multi-objective optimization method is

asically limited to Pareto fronts, NSGA-II, and AHP with the existing

lgorithms, which needs further development. 

Several system size optimization studies are shown in Table 4 . The

attery sizing is the major target in the PVB system design with peak

hifting or TOU operation strategy for higher revenues under time-based

ariffs. The deterministic optimization based on multi-objective smart al-

orithms tend to be the mainstream of the optimization study, though

he scenario-based probabilistic optimization provides higher system

exibility [ 95 , 130 ], especially for the model predictive control [131] . 

Although most of the capacity optimization studies select the time

eriod and resolution at one year and one hour, respectively, significant

rror could be caused with intermittent spikes or teeth in demand PV

urves under scattered cloud conditions [132] . There are rare PVB sys-

em study based on the high temporal resolution, though relative studies

 97 , 129 ] suggest 15 min load profile is sufficient for small-scale system

ithin 2 kW and the temporal resolution influence time period is less

istinct for PVB system than PV system. The 60 min temporal resolution

s suitable for PVB system rough sizing, while 5 min is still recommended

or specific system design [133] . Also, the high resolution data are good

asis for load and PV generation forecast-based studies [134] . 

Another focus in the table is the electricity tariff, including the sub-

idies, grid electricity purchase price and FIT [101] . The subsidy may

e provided based on the renewable generation or act as the additional

IT, while it will ebb if the grid parity of the PVB system is gradually

chieved. The grid electricity purchase tariff is separated basically into

he time-fixed and time-varying types, namely flat tariff (fixed electricity

rice), TOU, and real-time pricing (RTP) [100] . The additional pricing
510
chemes may be adopted according to the requirements from countries

r DSOs, such as step tariff [135] and demand tariff [10] . The feed-in

imit is used at the early stage of the PVB system study to simply add

he grid restriction to the PVB system simulation. The FIT and the time-

ased tariffs bring about the opportunity of energy arbitrage on eco-

omic benefit, with the peak shifting or TOU-matched operation strat-

gy [ 31 , 136 ]. The Net-metering is a practical scheme to calculate both

rosumer’s total energy supply and consumption with the grid and the

ourly net metering tends to be a conventional practice [18] . Although

n some cases, the difference from the TOU and demand tariff struc-

ures may not be obvious enough to affect the optimal PVB system size

10] , the electricity tariff with time-varying nature tend to increase the

conomic efficiency and fairness (less cross-subsidization signs) in the

arge-scale long-term P2P energy trading market with more prosumers

nd higher system flexibility [ 137 , 138 ]. 

Several system capacity design recommendations could also be con-

luded based on the previous studies: (1) battery addition is shown to

ffectively increase more than 70% SSR for PV alone houses [14] , home

MS could reduce the electricity bill by 27.8% with battery earning

oney from TOU tariff [95] and the combination of battery and flexi-

le loads could cut down up to 30% battery size via DSM and peak load

hifting [ 67 , 125 ]; (2) the DC topology considering over-sizing and PV

urtailment loss could help 19% SSR increase and 2% carbon emission

eduction with large battery capacity via energy loss saving [37] ; (3)

V system is economic with large load demand which could be directly

onsumed [116] , and large PV capacity with small battery addition is

ecommended [10] ; (4) the Li-ion battery is shown to be more suitable

or PVB system compared to PbA, LA, Ni-Cd batteries with about 1/3–

/5 LCOEs reduction based on PbA battery, in community with large PV

apacity and will be more competitive with Li-ion battery cost reduction

 47 , 100 , 128 ]; (5) joint optimization of PV and battery system could ob-

iously reduce the electricity bill by 2457.8$ under TOU tariff for PVB

ouse in Australia [19] ; (6) PV alone system is profitable for most con-

umers and PVB system profitability could be achieved with higher elec-

ricity price, FIT rate, lower battery cost and more economic incentives
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 14 , 18 , 98 ] or scheduled in group battery instead of individual batteries

19] ; (7) battery action could improve the optimal system size, indicat-

ng the necessity of the operation strategy improvement which will be

iscussed in the next Section. At this stage, the parametric and separate

ize design on basic PVB system is gradually mature, and the system ca-

acity optimization needs more novelties on system configuration and

ystem scale variation, or deeper model development like battery degra-

ation model and load estimation. 

.6. Operation strategy improvement 

As mentioned in Section 3.5 , the operation strategy improvement,

specially the battery action schedule, could further improve the system

erformance [19] . The rule-based control strategy is the basis of the PVB

peration strategy and is used mostly in recent studies when strategy

ptimization is not the major focus. 

The MSC strategy consuming the most renewable energy production,

nd the TOU strategy, utilizing the most valley grid electricity to charge

he battery bank, are the two most used basic rule-based controls in PVB

ystem operation [54] . However, battery degradation is not considered

n the basic strategies. MSC could also be applied to other hybrid re-

ewable energy systems like a PV self-consumed residential building

ith a ground-source heat pump, electric heater, water tank heat stor-

ge, battery electricity storage, and shiftable load for maximum PV SCR

141] . Several rule-based improvements could be added to the two basic

trategies, including grid FIL control with forecast-based battery action

142] , preserved battery discharge capacity at night with load predic-

ion and energy market electricity price consideration [113] , the com-

ination of MSC and TOU strategies for high battery SOC maintenance

nd grid transmission power limits [9] and different priorities of various

torage systems like battery and PHS [117] . The three practical tools,

ncluding forecast-based study (MPC), load shifting method (DSM), and

ime-varying electricity tariffs with battery action schedule (grid impact

nd constraints), are emphasized in this optimization study. 

Besides the rule-based strategies, strategy operation optimization

s also the major PVB system study. The optimization targets could

e summarized as the electricity cost minimization with PV self-

onsumption maximization [141] , PV and load limiting smoothing and

having [ 78 , 143 ], peak grid transmission reduction [ 17 , 144 ], network

roblem prevention and infrastructure update deferral [145–147] , bat-

ery lifetime loss reduction [ 20 , 52 , 148 ], imbalance cost reduction for

ommunity study [149] , carbon emission reduction [149] , and pol-

cy influence [ 97 , 135 ]. The dynamic electricity tariffs, including FIT,

at/TOU/RTP/CPP, and step tariffs, are utilized and sometimes com-

ared under different conditions of the studied cases, with the TOU tar-

ff, as the most common one to providing obvious energy arbitrage via

peration strategy improvements. Also, the simulation horizon has been

xtended from 24 h [ 78 , 141 , 144 , 145 ] in the early stage to one year

141] or the system lifetime for most of the present study, considering

easonal differences and component degradations. The battery lifetime

egradation consideration [ 20 , 52 , 54 , 143 ] and forecast-based operation

 17 , 52 , 97 , 143 , 146 , 150 ] are emphasized in operation optimization. In

ontrast, the battery aging model and predictive model construction

ith forecast error reduction mechanism are required technically. 

With the requirements and considerations of the operation strategy

rowing, more effective methods are used in the optimization study for

ystem operation. They include MILP or MIQP solved by CPLEX as a sys-

em capacity optimization study [ 38 , 143-146 ], dynamic programming

DP) [ 54 , 141 , 148 ], GA [ 20 , 135 ], convex programming [52] and novel

achine learning algorithms [ 65 , 97 , 150 , 151 ]. MATLAB and Python are

sually utilized in the complex optimization-solving process. Based on

he current operation strategy improvements, which mostly focus on sin-

le targets for the system users, the multi-objective and multi-agent op-

imization could be a future direction for operation optimization study.

he multi-objective optimization could be conducted based on Pareto

rontiers with single-optimization results [149] or via other methods
511
ike the utopia point and commonly-used AHP, a namely weighted sum

f different criteria [119] . The multi-agent study takes more participants

ith their various preferences in the smart grid into consideration, in-

luding system users with technical requirements, the utility grid with

rid transmission and safety limits, community aggregators with eco-

omic and transmission concerns, an investor with economic expecta-

ions, etc. 

The main current and future research directions of distributed PVB

ystems are summarized in Fig. 7 , focusing on three major parts, system

easibility, flexibility, and resilience: (1) Operation schemes in system

easibility - The system feasibility extends from the system configuration

f grid connection and battery addition to the distributed PV system, re-

ewable production usage and system economic benefits as two major

oncerns, as mentioned in Section 3.4 . Based on the energy management

ystem (EMS) [152] scheduling, the PV SCR and user SSR are generally

ncreased in most of the studies. With the help of the rule-based bat-

ery basic model predictive control, the peak load are shifted or shaved,

hus the energy arbitrage is achieved from the time-varying tariff and

ubsidies at this stage. (2) System flexibility schemes – The distributed

VB system is converted from the conventional prosumer to the flexi-

le agent [141] in the distributed grid with basic energy management

chemes, DSM for load adjustment and comprehensive MPC from uncer-

ain components. Both the deterministic and probabilistic (with scenario

nalysis) optimization studies on system operation are emphasized. The

SM is improved from load shifting to flexible load adjustment, accord-

ng to the grid requirement, i.e., the PSDF is a typical prototype [35] .

he forecast-based scheme [142] adds to the system flexibility, with

igher energy arbitrage, better grid transmission preference, and possi-

ility for energy community trading. (3) Future system resilience per-

pectives – Based on the optimization study for the single distributed

ystem, higher targets are raised for the distributed energy system, such

s the resilience to extreme climatic catastrophes [105] , thus leading to

ower dependence on the grid and higher reliability on long-term energy

torage. To increase the reliability and resilience of the distributed sys-

em, large scale planning with P2P energy trading and different energy

ector combinations for the integrated energy system (IES) with electric-

ty, heat, gas, and hydrogen are gradually emphasized in the academic

ircle. The multi-energy system with a reliable long-term hybrid energy

torage system, fair energy community trading market, and mature IES

tructure, is expected in near future. 

.7. Co-planning of system size and operation strategy 

To simultaneously design the PVB system size and operation strat-

gy, as an emerging novelty in recent five years, is undoubtedly a high-

ight of complexity in the present and future system study. The relative

tudies are listed in Table 5 and could be categorized into single PVB sys-

em and community energy storage system, based on system complex-

ty and scale. Studies in the small-scale system set targets from multi-

spects and focus on long-term simulation, while the large-scale system

refers a single target with shorter simulation period due to the com-

lexity and computational time. Considering the feasibility and com-

utation time, most of the studies in this stage size the system under

ifferent pre-defined strategies, mainly rule-based ones in single PVB

ystems [ 9 , 113 ], or separate the size, site, and operation optimizations

nto different stages to obtain separate objectives [ 21 , 22 ]. Thus, the fur-

her co-planning of optimizing system size and operation simultaneously

ill still be regarded as a complex and time-consuming problem, requir-

ng more smart algorithms or reinforcement learning methods to reduce

omputational time. A resolution is to optimize the system size and op-

ration simultaneously with decreased simulation time period instead

f the life cycle, i.e., 24 hr control horizon and 72 hr prediction horizon

ith 15 min resolution [97] , one other with second-level filter constant

133] , and even shorter period [153] . Another resolution is to set dif-

erent optimization period for size optimization and operation optimiza-

ion, namely shorter optimization period for higher problem complexity
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Fig. 7. PVB system operation optimization overview (business model sub-figure from Ref. [34] ). 

Table 5 

Co-planning of system sizes and operation strategy. 

Target Location Variable Tariff Key points Year 

Min total cost Changsha, China Battery size and 

schedule 

FIT/TOU The operation cost is sharply reduced by the PVB system. Grid 

import limit and peak FIT are more important than grid export 

limit. 

2022 [122] 

Max net profits France Battery size and 

operation 

Not mentioned The optimization for battery size and battery schedule based on 

MPC is conducted via global LP. 

2016 [154] 

Max SSR and 

NPV 

Sweden Battery size and 

rule-based 

schedule 

TOU The rule-based operation strategies are compared, including 

the conventional, dynamic price load shifting, and hybrid 

operation strategies, via multi-objective GA. 

2017 [9] 

Min system 

annual energy 

loss 

Australia CES site, size, 

and operation 

Not mentioned Separate optimization for three different targets. A modified 

center-of-gravity formulation to site CES. Size CES by a load 

following the control method. Schedule CES to flatten the daily 

demand profile and improve the voltage curve. 

2017 [21] 

Max total NPV Australia CES site, size, 

and operation 

TOU The CES size is optimized via GA with site allocation and load 

following the control strategy. 

2017 [22] 

Min annual 

electricity bill 

Iran Battery size and 

operation 

TOU Considering the uncertainties with the probability distribution 

function, Monte-Carlo simulation via MINLP with 

Meta-heuristic optimization techniques is used for net-zero 

energy. 

2017 [95] 

Max NPV Australia PVB size and 

EMS 

TOU, demand MILP is used. A large PV system with a small battery size is 

preferred. Peak grid consumption reduction is found under 

demand tariff. 

2018 [10] 

Max payoff of 

each player 

Pakistan Battery size and 

game theoretical 

EMS 

TOU Separate capacity optimization under different rule-based 

strategies. With PV prediction by the ARIMA method, the 

optimization could increase 30–40% payoffs. 

2019 [155] 

Min energy cost Germany Component size 

and operation 

strategies 

Flat, FIT Combine the operation strategy and component capacity 

optimization to achieve better economic performance for PVB 

with power-to-heat coupling. 

2019 [114] 

Max income China PVB size and 

system 

operation 

control 

TOU Separate capacity optimization under different rule-based 

strategies. High benefit, earning 36% investment, could be 

achieved with 23% revenue from energy saving and emission 

reduction. 

2020 [156] 

Min net 

electricity cost, 

CO2 emission 

and max battery 

SOC limit 

Taiwan, China PV size, battery 

schedule, 2 

electricity 

pricing, 6 

strategies 

Flat, Step, 

seasonal TOU 

The differential evolution variant of multi-objective 

evolutionary algorithm (MOEA/D-DE) is used to find the 

optima with equal weighting for each objective. MPC-based 

operation strategy is shown to outperform conventional ANN 

and SVM-based strategies, while the temporal resolution is still 

limited to 10 min. 

2021 [121] 

512
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nd then combine the optimization together at the longer simulation pe-

iod, e.g., optimize the system operation daily at 1hr resolution and size

he PVB system based on year-long optimization at 1hr resolution as

ell. 

The battery capacity and operation are emphasized in controllable

ariables in most studies [ 9 , 21 , 22 , 111 , 113 , 125 , 139 ], and the targets

nclude maximum NPV [22] / SSR [9] / SCR, LCR [89] / IRR [113] , min-

mum electricity bill [ 96 , 125 , 139 ]/ energy loss [21] / O&M cost [111] /

et grid transmission [89] . Smart algorithms like GA, PSO, and ANN are

tilized more than MILP problems solved in CPLEX in the system size

r operation design mentioned in Section 3.5 and Section 3.6 and con-

ucted in previous years. The Pareto front is still useful when dealing

ith multi-targets in technical and economic aspects [9] . The location of

he study comes from different countries in the world with high renew-

ble energy penetration, and most of them are residential architecture,

ut the building type will be less limited if more smart algorithms are

pplied. 

The key findings could be summarized as follows: The battery prof-

tability in 2017 was not achieved in the residential part, and flat tariff

rings more benefits due to the expensive battery addition [ 9 , 139 ], the

ntraday community energy transaction could increase the battery prof-

ts [113] , noticeable technical and economic performance improvement

ould be achieved by CES system scheduling with 47% more load fac-

or, 11.1% electricity cost reduction and 36.88% energy loss decrease

 21 , 22 ], load shifting integration could significantly reduce battery ca-

acity by 30% [125] , the combination of MPC is also considered and

nnual cost cut down is obvious by more than 36% [ 96 , 111 ]. The si-

ultaneous optimization of system size and operation is paid attention

o in further study with smart algorithms, and more valuable results and

ndings on larger-scale systems with various energy flows are expected.

onclusions 

Under the carbon targets, renewable energy applications, especially

hotovoltaic (PV), play a crucial role. With battery installation to cope

ith the intermittent and fluctuating PV generation, the distributed pho-

ovoltaic battery (PVB) system is a typical prototype for distributed en-

rgy systems, and its design optimization is paid more attention to. This

tudy provides a critical review of PVB system design optimization, from

ystem modeling, evaluation system establishment, feasibility study, ca-

acity optimization, operation improvement to co-planning of size and

trategy. 

The recent PVB system study includes system component variations

ike DC distribution load substitution for AC systems, system novel con-

rol schemes with demand side management and model predictive con-

rol, and electricity market tariffs. The PVB system study development

lobally is discussed with east Asia, the US, and Western European ar-

as focusing on strategy improvement in recent years. The modeling

f the PVB system is shown in three methods, mathematical establish-

ent, software use or model-free simulation. The basic system mathe-

atical model of distributed PVB system is shown in this study. Four

attery degradation models with calendar and cycle losses are sum-

arized. Several simulation software or established models are recom-

ended for PVB system study, including HOMER, SAM, PVsol, PVsyst

nd RETscreen as mature practical model with relative publications and

valuations listed in detail, while the programmable function makes

RNSYS more widely used. The model-free simulation is also a novel

irection based on the stochastic and reinforcement learning meth-

ds, which is suitable for complex distributed system especially with

orecast-based controls. 

The evaluation indicators are summarized from various aspects, es-

ecially SCR and SSR for technical performance, LCOE and NPV for

conomic analysis, and CO2 emission reduction for environmental per-

ormance. Three prototypes are summarized for the evaluation system

evelopment, including cost-effective, techno-economic with different

ighlights like user load shifting, grid frequency, PV usage and battery
513
ging, and techno-economic-environmental with multi-objective opti-

ization, especially Pareto front. Although the single-objective opti-

ization in household systems accounts for most of the studies, the

ulti-objective one on a larger system scale is necessary in future stud-

es. 

The PVB system feasibility study is analysed from system configu-

ation variation, key technical and economic parameter analyses, ba-

ic rule-based operation strategies to future expectations, large system

cale, grid parity, and energy community trading platform. Moreover,

he targets, methods, tariff and time resolution influences, and design

ecommendations of PVB system capacity optimization are summarized.

ith the battery size as the major size optimization target via determin-

stic optimization method, the peak shifting TOU strategy is the main-

tream and the multi-objective algorithms based on Pareto optima, es-

ecially NSGA-II, is emphasized. The temporal resolution affects the sys-

em size design, though not no obvious compared to PV alone system,

ith 60 min resolution is acceptable for coarse PVB system capacity op-

imization and 5 min for specific design. The time-based tariff, subsidy,

eed-in tariff are influential to the system cost-optimization due to the

nergy arbitrage from higher system flexibility based on battery stor-

ge and user load management, and the tailored tariff is recommended

ith the future large-scale energy trading community for fairness and

conomic efficiency. Besides, several research directions for system op-

ration development are proposed from system feasibility, flexibility,

o resilience. Also, the co-planning of PVB system capacity and opera-

ion design optimization remains challenging, though basic resolutions,

eparate optimization and different time period for size and operation

ptimization, are raised. This study provides useful guidance and ref-

rences to researchers and developers of distributed PVB systems for

uture design and optimization studies. 
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