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Abstract: Photovoltaic (PV) systems have been growing in popularity as an energy conservation
and carbon reduction approach. Generally, battery storage is integrated with a PV system to solve
the intermittent and fluctuant problems of solar resources, enhancing the relative independence of
the PV–battery (PVB) system. In consideration of the economic benefits and system efficiency, it
is necessary to investigate battery capacity allocation methods. A battery capacity configuration
method was established in this study to increase the self-sufficiency rate (SSR) and self-consumption
rate (SCR) of the system for a building complex by exploiting the battery resources. The PVB system
designed for the building complex is divided into two categories: distributed and centralized storage.
The SSR and SCR significantly increase with the increasing battery capacity for both schemes. The
SCR of centralized storage is always higher than that of distributed storage, considering different
battery and PV capacities. However, the SSR of distributed storage scheme was found to be slightly
higher than that of the centralized storage scheme when the energy generated by PV is half of the
energy consumed by the building load. For instance, when the battery capacity is four, SSR values
for optimal distributed and centralized storage schemes are 47.62% and 47.19%, respectively. For the
distributed storage scheme, there is a slight difference between the optimal allocation ratios achieved
by SSR and SCR, considering that they have the same total battery capacity. In addition, the effects of
converter loss, complementarity in load curves, and centralized batteries were analyzed to achieve
greater SSR and SCR. The comparison results of this study can be used as a guide for battery capacity
design in the PVB systems of building complexes.

Keywords: photovoltaic; battery capacity; building complex; self-sufficiency; self-consumption

1. Introduction

Recently, energy demand and carbon emissions have rapidly grown worldwide [1,2].
Building operations consume nearly 40% of the energy and generate approximately 30%
of the total carbon emissions [3,4]. Renewable energy sources, which are sustainable,
abundant, and convenient to use, are thought to be an alternative to traditional fuels [5].
Therefore, it is encouraged to take full advantage of clean, renewable energy sources.
Solar power generation, wind power generation, and solar heat collection are common
techniques [6]. The contribution of solar and wind energy to power generation is increasing
and studies related to 100% renewable energy scenarios indicate that the contribution of
solar PV may be more than 50% by 2050 [7]. The installed PV capacity in China increased
from 0.03 GWh in 2009 to 204.18 GWh in 2019 [8].

Much attention has been paid to the distributed photovoltaic (PV) systems applied
in buildings. By 2019, the U.S. had 70 GWDC of solar capacity and the National Renew-
able Energy Laboratory found that the technical solar potential of suitable residential
buildings was over 700 GWDC [9]. Gul et al. [10] proposed a grid-connected PV system
for a university campus and neighboring communities. The system exhibited excellent
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performance in terms of flexibility, reliability, climate resilience, and carbon emission reduc-
tion. Gerber et al. [11] analyzed the efficiency of photovoltaics integrated with a DC power
network in commercial buildings. The results indicated that buildings with large PV and
battery capacities achieved efficiency savings of more than 11%. Ge et al. [12] investigated
the matching characteristic of a rooftop hybrid photovoltaic–wind system and building
energy consumption. The proposed general method for analyzing rooftop hybrid systems
can enable widespread and efficient solar and wind energy utilization in densely populated
urban areas. Zhang et al. [13] proposed a controller that achieved 12% annual electricity
cost savings and 34% peak demand reduction for PV systems in commercial buildings
compared with the baseline.

However, PV power generation fluctuates [14] and is intermittent [15] because of
the solar source, which causes unstable and volatile electricity output to the grid [16,17].
Consequently, problems such as the curtailment of PV generation and difficulties in grid
connection need to be urgently solved [18]. Configuration of the energy storage system
is considered an effective way to solve these problems [19,20]. Generally, the chemical
battery is chosen as the energy storage method, because of its characteristics of high
energy density, long lifetime [21], and great performance in circulating operation [22].
Khezri et al. [23] evaluated the optimal sizing and economic analysis of a rooftop PV and
battery energy storage system for grid-connected households. This study found that the
PV–battery (PVB) system is more economical for all-electric houses. Argyrou et al. [24]
proposed a novel power management strategy for a residential-grid-connected PV system
with battery-supercapacitor storage to increase self-consumption and self-sufficiency. The
system achieved effective power sharing among the PV, battery-supercapacitor storage,
building load, and grid.

Despite the advantages of battery storage, its high cost [25] has been a significant
obstacle in the deployment of chemical batteries in PV systems. It is necessary to investigate
battery capacity allocation problems to achieve high system performance and economic
benefits. Li et al. [26] developed a capacity optimization configuration method for a photo-
voltaic and energy storage hybrid system considering its entire life cycle. With the proposed
capacity allocation method, the economic efficiency of the system was significantly im-
proved while ensuring demand for the supply load. Zou et al. [27] discussed three groups
of factors of uncertainty relating to outdoor conditions, building construction, and indoor
conditions, in PV and battery capacity design. Capacity configuration indices were pro-
posed to achieve the required self-sufficiency rate (SSR) and self-consumption rate (SCR) for
office buildings in hot summer and cold winter areas. Li et al. [28] investigated the battery
capacity that should be deployed to achieve a high load cover ratio of a grid-connected
PVB system in gymnasium buildings. Mohamad et al. [29] optimized the battery capacity
allocation for a PV power station and decreased the curtailment of the PV generation.
Anuradha et al. [30] analyzed the effect of battery allocation on network loss and voltage
variations in a distributed PV generation system with the goal of applicable power dispatch.
Dawei et al. [31] proposed a novel battery capacity optimization configuration method that
considers the rate characteristics in primary frequency regulation to enhance the power
system frequency regulation capability and performance.

Most existing studies based on battery storage allocation in the PVB system have
focused on the rooftop PV system of standalone buildings and large-scale PV power
stations, even the integrated grid, aimed at price arbitrage, minimizing costs, improving
grid frequency regulation, and improving power quality. Few studies have focused on
the battery capacity configuration of building complexes comprising different types of
buildings. The mismatch characteristics of the building load and PV generation for each
building are diverse, which causes different battery capacities to be equipped in various
buildings. When considering the building as a complex, both the power network topology
and battery capacity allocation ratio influence the system performance. In this study, the
appropriate battery configuration size and arrangement location were analyzed according
to the SSR and SCR. This study attempted to reveal the differences between a single



Energies 2023, 16, 2190 3 of 18

building and a building complex in the battery size design phase. The main conclusions
and contributions of this study are as follows:

(1) A distributed storage scheme and centralized storage scheme of a building complex
are proposed in this paper. The strengths of each scheme are compared based on the
evaluation indicators.

(2) The optimal allocation ratio of battery capacity with a distributed storage scheme is
applied to the building complex.

(3) A battery having a suitable size should be equipped to achieve high SSR and SCR for
the centralized distributed scheme under different PV penetrations.

(4) Evaluation criteria between SSR and SCR are selected while determining the battery
configuration size of a building complex.

The remainder of this paper is organized as follows. In Section 2, the system layout
and model of the components of the PVB system are presented. The evaluation indicators
and operational strategy of the system are introduced. In Section 3, the process results
of a single building, distributed storage scheme, and centralized storage are compared
according to SSR and SCR. The effects of battery loss and converter loss on the indicators
of the system are discussed in Section 4. In addition, the performance of the PVB system
is analyzed for different PV penetrations. Finally, the relevant conclusions are presented
in Section 5.

2. Materials and Methods
2.1. System Layout

Figure 1 shows the schematic design of the grid-connected PVB system for a single
building, which comprises PV modules, battery, building loads, utility grid, DC/DC
converters, and a bidirectional AC/DC inverter. The energy generated by the PV modules
is supplied to the building load and battery, and it is exported to the utility grid when
the PV electricity has a surplus. During PV shortage conditions, the battery is discharged
and some energy is imported from the utility grid to guarantee electricity provision of the
PVB system. The grid-connected PVB system for a building complex, composed of offices,
apartments, and mall buildings, is displayed in Figure 2. All buildings are linked to a high-
level DC bus using standalone DC/DC converters, and the energy exchange between the
building complex and utility grid is achieved using a unified AC/DC inverter. Compared
with the PVB system of a single building, there is an additional energy conversion process
for building complexes considering a standalone DC/DC converter efficiency of 0.98. The
configuration can be classified into two categories based on battery placement position.
For the distributed storage scheme, the battery is linked to the DC bus of the building
and provides service only for its buildings. In the centralized storage scheme, there are no
battery banks in the building interior, and the battery is entirely arranged in the high-level
DC bus, which is responsible for all buildings.
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Figure 2. Topology of the grid-connected PVB system for a building complex: (a) distributed storage;
(b) centralized storage.

Raw annual building load data were obtained from operating offices, apartments, and
mall buildings in Beijing, China. For the convenience of load calculation and comparison,
the load power time series of the three buildings were scaled to the same average daily
electricity consumption of 100 kWh per day. In addition, the proportioned load profile was
directly used as input power data during the simulation process. The detailed time series
load data are illustrated in Appendix A.

2.2. System Model
2.2.1. PV Generation

The generation power of the PV system is determined as [32]:

PPV = PPV,rated·
It

1000
[1 − γ·(TPV − 25)] (1)

TPV = Ta +
It

800
·(NOCT − 20) (2)

where PPV indicates the actual generation power of the PV modules, PPV,rated indicates
the rated PV generation power, It denotes the solar radiation intensity incident on the PV
panels (W/m2), γ symbolizes the temperature power coefficient (0.0045/◦C), TPV and Ta
denote the temperatures of PV cells and ambient air, respectively, and NOCT indicates the
nominal operating cell temperature (45 ◦C) [32].

The solar radiation intensity on the plane of the PV panels is calculated as [27]:

It = IdirRdir + Idi f

(
1 + cos β

2

)
+ Iρ

(
1 − cos β

2

)
(3)

where Idir, Idif, and I denote the direct solar radiation intensity, diffuse solar radiation
intensity, and global solar radiation intensity on the horizontal plane (W/m2), Rdir denotes
the ratio of direct solar radiation on the inclined plane to the horizontal plane, ρ indicates
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the reflectance coefficient of the ground (0.2), and β corresponds to the installation angle of
the PV panels (β = 30◦ is adopted in this study).

2.2.2. Battery System Model

The state of charge (SOC) is defined as the ratio of the energy content of the battery
(Eb) to the rated battery capacity (Capb) in Equation (4). The operational conditions of the
battery can be divided into charging and discharging processes as shown in Equation (5):

SOC =
Eb

Capb
(4)

Pb = αPb,ch + (1 − α)Pb,dis (5)

where Pb denotes the actual operating power of the battery; Pb,ch and Pb,dis represent the
charging power and discharging power of the battery, respectively; and α corresponds
to a binary number, where 1 represents the battery charging process and 0 represents the
battery discharging process.

The SOC is limited by the maximum and minimum states of energy (SOCmax and
SOCmin) as shown in Equation (6). More specifically, Pb is limited by the maximum charging
power (Pmax

b,ch ) and maximum discharging power (Pmax
b,dis) to prevent over charging and over

discharging, as shown in Equation (7):

SOCmin ≤ SOC ≤ SOCmax (6)

Pmax
b,ch ≤ Pb ≤ Pmax

b,dis (7)

During the discrete simulation process, SOC at each time step was calculated using
Equation (8) [33]:

SOC(t + ∆t) = SOC(t)− α
Pb,ch·∆t·ηch

Capb
− (1 − α)

Pb,dis·∆t
ηdis·Capb

(8)

where ηch and ηdis denote the charging and discharging efficiencies of the battery, respec-
tively; ∆t symbolizes the time increment, and the time step is taken as 1/10 h in this study.

2.3. Evaluation Indicators

SSR and SCR were chosen as evaluation indicators of the PVB system in this study.
SSR is the proportion of the total load consumption supplied by the PV-generated electricity.
SCR is the proportion of the total PV generation consumed by the PVB system. Collectively,
SSR and SCR denote the relative independence of the PVB system and utility grid, aimed
at the supply and demand sides, respectively. SSR and SCR are defined in Equations (9)
and (10), respectively:

SSR =
Eload − Eg,im

Eload
× 100% (9)

SCR =
EPV − Eg,ex

EPV
× 100% (10)

where Eload denotes the total electricity consumption of the building load (kWh), Eg,im
indicates the electricity imported from the utility grid (kWh), EPV symbolizes the total
electricity generated by the PV modules (kWh), and Eg,ex indicates the electricity exported
to the utility grid (kWh).

2.4. System Operation Strategy

For PVB systems, maximizing the SSR and SCR is usually the ultimate control goal,
with the battery having the flexibility to charge and discharge. The system operation
strategy is illustrated in Figure 3. For a single building, the battery is charged first when
the PV generation has a surplus of energy, and is discharged when the PV generation is less
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than the building load. The power of the battery is limited by the operational range of the
SOC and maximum charging/discharging rate of the battery, as expressed in Equations (6)
and (7). The power of the utility grid, building load, PV, and battery should maintain
energy balance. Consequently, the power of the utility grid is calculated using the algebraic
sum of the others. When distributed storage is adopted in the building complex, the battery
control method for each building remains the same, except for the final exchange of power
with the grid (Pg), which is calculated as the sum of P i

g for each building, as determined
by the system topology shown in Figure 2. For centralized storage, there is no battery
inside the building, and the building achieves an electricity exchange with the DC bus.
Hence, the unified battery will respond following the complementation of each building.
For example, when the PV generation is larger than the office building load and the PV
generation of the apartment cannot cover the building load, the battery is probably not
charged or discharged because of the demand and supply offset in the two buildings. The
operating state of the battery is determined by the total energy requirement of the buildings
and the battery safety management limit, as shown in Figure 3.Energies 2022, 15, x FOR PEER REVIEW 7 of 19 
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3. Results

The total PV energy generation during the entire year is the same as the annual
building load for offices, apartments, and malls. For the convenience of comparison of
battery capacity for different buildings, the battery is nondimensionalized by a multiple of
the average daily building load (100 kWh). The detailed specifications of the battery bank
used in this study are listed in Table 1 [18].

Table 1. Specification of the battery used in this study.

Parameters Value

SOCmax 0.95
SOCmin 0.1

Max charging/discharging rate (Rateb) 0.5 C
ηch/ηdis 95%

Cycle times 6000
Service life 15 years

3.1. Single Building

The effect of battery capacity in a single building on SSR and SCR is discussed in this
section. The results are illustrated in Figure 4. For each type of building, both SSR and SCR
significantly increase with the increasing battery capacity. The increasing trend slows when
the battery capacity is relatively high. This indicates that a greater Capb can increase the
independence of the PVB system in terms of both self-sufficiency and self-consumption.
With the same battery capacity, the SSR and SCR of the apartment are the lowest compared
to those of the office and mall. When Capb is lower than 0.8, the SSR and SCR of the mall
are higher than those of the office. When the Capb is greater than 0.8, the SSR and SCR of
the mall are lower than those of the office, and the difference gradually increases with an
increase in Capb. For example, when Capb is equal to 0.2, SSR values for office, apartment,
and mall are 0.62, 0.48, and 0.63, respectively. When Capb is equal to 2.0, SSR values for
office, apartment, and mall are 0.82, 0.78, and 0.81, respectively. Table 2 lists the detailed
battery capacities for each building under specific SSR and SCR values, which will be used
as basic input data in the calculation in a later section.
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3.2. Building Complex
3.2.1. Distributed Storage

In this section, the battery is placed inside the building and is not shared with others,
as shown in the topology in Figure 2a. This implies that the battery allocated to each
building will only absorb the surplus PV power generated inside the building and cover
its load. However, the building complex is identified as a whole when calculating the
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evaluation indicators. The effect of the proportion of battery capacity allocated among
these buildings on the relative independence of the building complex with a certain total
battery capacity is analyzed and not limited to a single building.

Table 2. Battery capacities for every single building under specific SSR and SCR values.

SSR
Capb

SCR
Capb

Office Apartment Mall Sum Office Apartment Mall Sum

55% 0.070 0.316 0.058 0.444 55% 0.063 0.281 0.052 0.396
60% 0.156 0.410 0.141 0.707 60% 0.139 0.361 0.126 0.626
65% 0.249 0.520 0.237 1.006 65% 0.222 0.452 0.210 0.884
70% 0.358 0.670 0.346 1.374 70% 0.313 0.558 0.302 1.173
75% 0.553 0.994 0.568 2.115 75% 0.432 0.709 0.432 1.573
80% 1.188 2.993 1.452 5.633 80% 0.746 1.046 0.782 2.574

85% 1.663 2.784 2.436 6.883

The battery capacity for each building is arranged according to the calculation results
listed in Table 2 as the basic case, and the PVB system used the same evaluation indicators
for the single building scheme. Figure 5 shows the concrete allocation capacity for each
scenario and the corresponding SSR and SCR results. As shown in Figure 5, the gray
dashed line represents the reference indicators of the original single-building scheme. SSR
of the basic case is less than the reference value, and the difference gradually decreases
with an increase in battery volume. SCR of the basic case is greater than the reference
value, and the difference gradually decreases with an increase in battery volume. As
shown in Figures 1 and 2a, there is an additional DC/DC converter for each building in
the distributed storage scheme for the building complex. The extra energy loss produced
in this DC/DC converter requires the added electricity to be imported from the utility grid
and the reduced electricity to be exported to the utility grid. Consequently, the SSR of the
distributed scheme is lower than the reference value of the single building, and the SCR of
the distributed scheme is higher than the reference value of the single building. The impact
of the increased battery capacity can be explained by the fact that energy exchange is more
likely to finish inside the building, and less energy is exchanged with the DC bus through
the DC/DC. Therefore, the influence of the DC/DC loss weakens.
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As mentioned above, the battery capacity allocated to each building influences the
final SSR and SCR of the building complex. The optimal allocation to achieve the maximum
SSR and SCR is discussed. The calculation patterns for all the allocation proportions are
shown in Figure 6. The white marks correspond to the maximal SSR and SCR and the
corresponding allocation ratio. For instance, when SSR reaches a maximum of 69.9%, the



Energies 2023, 16, 2190 9 of 18

capacity allocated for office, apartment, and mall is 0.413, 0.609, and 0.378, respectively.
SCR reaches a maximum of 73.7% when the capacity allocated for the office, apartment,
and mall is 0.413, 0.609, and 0.378, respectively. Using the optimization method shown in
Figure 6, the optimal allocation proportion and maximum indicators under different battery
capacities are acquired. As shown in Figure 7, the SSR and SCR of the building complex
increase with an increase in total battery capacity. The battery is mainly dispatched to the
apartment, particularly in the relatively low Capb situation, and the proportions for the
office and mall are almost the same. This is determined by the characteristics of the relative
independence of the PVB system in a single building, as discussed in Section 3.1. SSR and
SCR of the apartment are the lowest of the three buildings, and SSR and SCR for the office
and mall have almost no difference. Moreover, the allocation ratio comparison between
Figures 7a and 7b indicates that the optimization directions of SSR and SCR are coincident,
which means that the PVB system in a distributed storage scheme usually achieves a high
SCR when the SSR of the system is high.
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3.2.2. Centralized Storage

The building complex adopts a centralized storage scheme with the topology shown in
Figure 2b. There is only one battery location for the system, and Figure 8 analyzes the effect
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of Capb on the two indicators. The green points indicate the results for the total capacity
listed in Table 2. SSR and SCR of the building complex increase with total battery capacity.
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3.3. Comparison of Different Configuration Way

Figure 9 presents the comparison results of different battery arrangement schemes
with the same total battery capacity aimed at different contrastive indicators. It can be
observed from the title of the horizontal axis that the total battery capacity is chosen as the
result in Table 2. For both SSR and SCR, the calculation results of centralized storage are
maximal, and the results of the optimal allocation case are higher than those of the basic
case. The SSR and SCR values of the horizontal axis are the results of a single building as a
reference value. When Capb is 0.444, the SSR is lower than the reference value, which is
caused by the energy loss of the converter. The difference gradually turns from negative
to positive as Capb increases, which demonstrates the regulating effect of the battery. For
SCR, the indicators of the three schemes are all higher than the reference SCR. Moreover,
the difference between the optimal allocation case and reference SCR value decreases with
an increase in Capb but gets larger for the centralized scheme and reference SCR value.
This is mainly because a centralized battery can be utilized more adequately. In summary,
the results imply that the centralized storage scheme is better for achieving the maximal
SSR and SCR. The advantage of the centralized storage scheme increases with higher
battery capacity.
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4. Discussions
4.1. Energy Loss

The energy loss of the PVB system comprises battery loss and converter loss. Battery
loss is generated during the charging and discharging processes as determined by ηch and
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ηdis. The converter plays a crucial role in the electricity transfer part of the PVB system.
In particular, for a building complex, the DC/DC converter is responsible for linking the
building itself and the entire DC system. Electricity losses occur in power electronic devices
during the energy conversion process. This means that the greater the interaction between
the building and high-level DC bus, the greater the converter loss.

Figure 10 shows the energy loss of the battery and converter corresponding to the
case shown in Figure 9. The converter loss of the building complex is obvious compared
to that of a single building. The converter loss of the basic case and optimal allocation
decreases with an increase in Capb and the converter loss of centralized storage remains
constant, as determined by the system control strategy depicted in Figure 3. The converter
losses of the basic case and the optimal allocation are both lower than those of centralized
storage. Converter loss requires more energy to be imported from the utility grid and
less energy to be exported to the utility grid. Therefore, converter loss causes a decreased
SSR and an increased SCR. The battery losses of these four scenarios are close in value,
and the loss increases with an increase in Capb. A larger battery loss means that the
battery is used more adequately and more energy is transported by the battery. Hence, as
explained in Section 3.1, the effect of the battery will increase SSR and SCR, which will
increase with an increase in battery capacity. As mentioned above, it is comprehensible
that the SSR of the building complex is first lower than the reference, and the higher
than the reference later; the SCR of the building complex is consistently higher than the
reference, with the interaction of converter loss and battery. The total energy loss of
centralized storage is the largest among the four scenarios, which proves that the SCR of
centralized storage is maximal. However, this seems to conflict with the maximal SSR
value of the centralized storage. This complementarity in the net electricity consumption
curve of the three buildings improves the self-sufficiency of the system. The influence of
complementarity is hidden by converter loss.
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To explore the positive effect hidden by converter loss, the calculation results without
considering converter loss are listed in Tables 3 and 4. The battery capacity of the system
is arranged according to the results in Table 2 and matched with the relevant indicators.
The SSR of distributed storage is higher than the corresponding reference value, and the
SSR of centralized storage is higher than the SSR of distributed storage. This illustrates the
effect of complementarity on net load curves. The electricity required from the utility grid
may decrease under the condition that energy is surplus for one building but deficient for
another, which shows a complementarity process without considering converter loss. For
the distributed storage scheme, the net load curve of each building becomes smoother with
a higher battery capacity, and the complementarity effect consequently weakens. Therefore,
the difference between the SSR of the distributed storage and the reference value decreases
with increasing battery capacity. For the centralized storage scheme, the net load curves
of the three buildings are fixed, and the complementarity effect between the curves is
constant. The difference between the SSR of distributed and centralized storage presents an
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upward trend with increasing battery capacity. It is reasonable that the SSR of the building
complex can be higher than that of a single building, regardless of the battery capacity,
battery distribution pattern, and converter loss, with a powerful complementarity effect.
The results of SCR exhibit a variation pattern that is similar to that of SSR. The SCR of the
distributed storage is higher than the corresponding reference value, and the difference
decreases with increasing battery capacity. The SCR of centralized storage is higher than
that of distributed storage and increases with the battery capacity. Moreover, it is apparent
that SSR increases and SCR decreases without considering converter loss when comparing
the result in Figure 9 and Tables 3 and 4.

Table 3. SSR comparison between distributed storage and centralized storage without considering
converter loss.

Reference
SSR

Capb of Distributed Storage
SSR

Capb of Centralized
Storage SSR

Office Apartment Mall

55% 0.070 0.316 0.058 55.14% 0.444 55.86%
60% 0.156 0.410 0.141 60.04% 0.707 60.77%
65% 0.249 0.520 0.237 65.02% 1.006 65.92%
70% 0.358 0.670 0.346 70.02% 1.374 71.32%
75% 0.553 0.994 0.568 75.01% 2.115 76.29%
80% 1.188 2.993 1.452 80.00% 5.633 81.51%

Table 4. SCR comparison between distributed storage and centralized storage without considering
converter loss.

Reference
SCR

Capb of Distributed Storage
SCR

Capb of Centralized
Storage SCR

Office Apartment Mall

55% 0.063 0.281 0.052 55.17% 0.396 55.83%
60% 0.139 0.361 0.126 60.05% 0.626 60.69%
65% 0.222 0.452 0.210 65.02% 0.884 65.75%
70% 0.313 0.558 0.302 70.02% 1.173 71.02%
75% 0.432 0.709 0.432 75.01% 1.573 76.18%
80% 0.746 1.046 0.782 80.01% 2.574 81.23%
85% 1.663 2.784 2.436 85.00% 6.883 86.51%

In summary, the existence of converter loss will reduce the SSR and increase the SCR
of the system; the complementarity effect of load curves will increase both SSR and SCR;
and the centralized storage scheme exhibits greater performance than distributed storage,
regardless of whether the converter loss is considered.

4.2. Effect of PV Penetration

PV penetration is typically defined as the ratio of the total PV generation energy to
the building load. The results in Section 3 are primarily aimed at the condition that the
PV penetration value is 1. In this section, the effect of PV penetration on the building
complex is analyzed. Table 5 lists the calculation indicators for different PV penetrations.
When the PV penetration value is 1 or 1.5, the SSR of the centralized storage is higher
than that of the optimal allocation scheme. When the PV penetration is 0.5, the SSR of
the centralized storage is lower than that of the optimal allocation scheme, and the SCR
for both distribution schemes is almost 100%. It indicates that for the PV penetration
condition of 0.5, the major PV generation is directly consumed by the building load, and
it is appropriate to store the remaining energy in the battery inside the building, not in
the centralized battery storage, which will cause extra energy loss with the converter. The
SCR of the centralized storage is always higher than the optimal allocation scheme for each
PV penetration, with the influence of the complementarity effect and converter loss. In
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summary, centralized storage shows better performance than distributed storage, except
for some low PV penetration conditions.

Table 5. Evaluation indicators comparison of optimal allocation and centralized storage under
different PV penetration and battery capacity SSR and SCR values.

PV
Penetration

Capb

SSR SCR

Optimal
Allocation

Centralized
Storage

Optimal
Allocation

Centralized
Storage

0.5
2 47.25% 47.11% 99.31% 99.81%
4 47.62% 47.19% 99.99% 100%
6 47.68% 47.19% 100% 100%

1

2 74.10% 74.75% 78.26% 80.23%
4 78.73% 79.21% 83.24% 85.33%
6 80.24% 80.64% 84.90% 87.08%
8 81.20% 81.37% 85.98% 88.05%
10 81.76% 81.81% 86.83% 88.70%

1.5

2 83.35% 84.51% 59.12% 60.98%
4 89.30% 90.14% 63.41% 65.25%
6 91.75% 92.54% 65.22% 67.13%
8 93.35% 94.02% 66.42% 68.33%
10 94.41% 95.09% 67.24% 69.23%

Table 6 lists the allocation ratios of the three buildings aimed at different optimization
goals. When Capb is constant, the allocation ratio varies with PV penetration, and the
variation does not show a distinct regularity. Hence, it is essential to consider the PV
penetration and characteristics of the building load when selecting an appropriate allocation
ratio in practical applications. In addition, the allocation ratio of the SSR optimization
process is almost the same as the final allocation ratio for pursuing the maximal SCR
under different PV penetrations and battery capacities. As mentioned in Section 3.2.1, the
optimization directions of SSR and SCR are coincident in the distributed storage scheme.

Table 6. Allocation ratio for different optimization goals.

PV
Penetration Capb

Allocation Ratio
(Optimization for SSR)

Allocation Ratio
(Optimization for SCR)

Office Apartment Mall Office Apartment Mall

0.5
2 30.0% 40.5% 29.5% 30.0% 40.5% 29.5%
4 40.0% 30.5% 29.5% 40.0% 30.5% 29.5%
6 39.0% 28.5% 32.5% — — —

1

2 28.0% 43.0% 29.0% 28.0% 43.5% 28.5%
4 35.0% 34.5% 30.5% 35.0% 35.5% 29.5%
6 33.0% 36.0% 31.0% 33.0% 36.0% 31.0%
8 33.0% 40.5% 26.5% 29.5% 41.5% 29.0%

10 34.5% 36.5% 29.0% 31.5% 39.0% 29.5%

1.5

2 28.0% 44.0% 28.0% 28.0% 44.0% 28.0%
4 33.5% 40.5% 26.0% 33.5% 40.5% 26.0%
6 30.5% 39.5% 30.0% 30.5% 39.5% 30.0%
8 31.5% 39.0% 29.5% 31.0% 39.0% 30.0%

10 31.5% 40.0% 28.5% 30.0% 41.5% 28.5%

Figure 11 shows the SSR and SCR of centralized storage under different PV penetra-
tions and battery capacities. When the PV penetration is constant, the SSR and SCR both
increase with an increase in Capb. When Capb is constant, SSR increases with increasing
PV penetration, and SCR decreases with increasing PV penetration. A contour line of
90% is shown in the figure. As shown in Figure 11, it is feasible to achieve a high SSR
when the PV penetration is relatively high and achieve a high SCR when PV penetration
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is relatively low for the centralized storage system. Hence, the configuration goal of the
battery capacity can be determined based on the practical capacity of the PV installation.
SSR should be recognized as an indicator of high PV penetration conditions, and SCR
should be recognized as an indicator of low PV penetration conditions.

Energies 2022, 15, x FOR PEER REVIEW 15 of 19 
 

 

increase with an increase in Capb. When Capb is constant, SSR increases with increasing PV 
penetration, and SCR decreases with increasing PV penetration. A contour line of 90% is 
shown in the figure. As shown in Figure 11, it is feasible to achieve a high SSR when the 
PV penetration is relatively high and achieve a high SCR when PV penetration is relatively 
low for the centralized storage system. Hence, the configuration goal of the battery capac-
ity can be determined based on the practical capacity of the PV installation. SSR should 
be recognized as an indicator of high PV penetration conditions, and SCR should be rec-
ognized as an indicator of low PV penetration conditions. 

 
(a) 

 
(b) 

 

Figure 11. Effect of PV penetration and battery capacity for evaluation indicators with the central-
ized storage scheme: (a) SSR: (b) SCR. 

4.3. Limitation and Outlook 
The results presented in this study are subject to some limitations. The analysis of 

this study is based on the actual load data investigated from three kinds of buildings in 
Beijing, China. For the convenience of comparison, the load power time series of the three 
buildings are scaled to the same average daily electricity consumption of 100kWh per day, 
which is different from the real energy consumption proportion. However, the nondimen-
sionalization of load profiles, PV generation, and battery capacity make the simulation 
results universal. The performance of the PVB system in different PV installations is ana-
lyzed as an attempt to present the different relative sizes of PV capacity and building load. 
Furthermore, the battery capacity configuration method of the PVB system applied in a 
building complex proposed in this paper and the main conclusion are not limited by 
whether or not the actual load profile is adopted. The results and methodology relating to 
capacity configuration with the PVB system can be applied to large-scale building synthe-
ses and used as a guide for battery capacity design in the PVB systems of building com-
plexes. The efficiency of DC/DC in this study is adopted with the current device level. In 
the future, more efficient DC/DC will be manufactured and the energy conversion loss 
will be reduced in the PVB systems. However, the effects of converter loss and building 
load curve complementarity for building complexes are constant. 

5. Conclusions 
Battery storage is recognized as a powerful technique for enhancing the relative in-

dependence between a building PV system and utility grid. This paper presents a battery 
capacity configuration method for PVBs, aimed at improving the self-sufficiency and self-

Figure 11. Effect of PV penetration and battery capacity for evaluation indicators with the centralized
storage scheme: (a) SSR: (b) SCR.

4.3. Limitation and Outlook

The results presented in this study are subject to some limitations. The analysis of
this study is based on the actual load data investigated from three kinds of buildings
in Beijing, China. For the convenience of comparison, the load power time series of the
three buildings are scaled to the same average daily electricity consumption of 100 kWh
per day, which is different from the real energy consumption proportion. However, the
nondimensionalization of load profiles, PV generation, and battery capacity make the sim-
ulation results universal. The performance of the PVB system in different PV installations
is analyzed as an attempt to present the different relative sizes of PV capacity and building
load. Furthermore, the battery capacity configuration method of the PVB system applied
in a building complex proposed in this paper and the main conclusion are not limited by
whether or not the actual load profile is adopted. The results and methodology relating to
capacity configuration with the PVB system can be applied to large-scale building syntheses
and used as a guide for battery capacity design in the PVB systems of building complexes.
The efficiency of DC/DC in this study is adopted with the current device level. In the
future, more efficient DC/DC will be manufactured and the energy conversion loss will be
reduced in the PVB systems. However, the effects of converter loss and building load curve
complementarity for building complexes are constant.

5. Conclusions

Battery storage is recognized as a powerful technique for enhancing the relative
independence between a building PV system and utility grid. This paper presents a battery
capacity configuration method for PVBs, aimed at improving the self-sufficiency and self-
consumption of building complexes. In addition, the effects of converter loss and building
load curve complementarity were analyzed. The main conclusions are as follows:

(1) The centralized storage scheme usually shows a greater system performance than
a distributed storage scheme. The technical indicator SSR is more sensitive to the
PV capacity than SCR. The SCR of centralized storage is consistently higher than
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that of distributed storage for different battery capacities and PV penetrations. The
SSR of centralized storage is only lower than that of distributed storage in the low
PV penetration conditions when the converter loss dominates the benefits of central-
ized storage.

(2) There is a slight difference between the optimal allocation ratios achieved by the SSR
and SCR considering that they have the same total battery capacity when equipped
with a distributed storage scheme. The optimal allocation ratio for a building complex
is determined based on the characteristics of a single building in the battery arrange-
ment. The allocation ratios to achieve the maximal SSR under different battery and
PV capacities are also tabulated. The SCR values of different combinations of battery
and PV capacities are also shown.

(3) Converter loss decreases the SSR and increases the SCR of the PVB system in a
building complex. The effect of complementarity in load curves and centralized
batteries is conducive to increasing SSR and SCR, especially in the centralized storage
scheme. The adoption of a high-efficiency converter can achieve a greater SSR for
building complexes while reducing the battery capacity configuration.

Author Contributions: S.L.: Conceptualization, Investigation, Methodology, Data curation, Formal
analysis, Writing—original draft. T.Z.: Methodology, Supervision, Funding acquisition, Writing—
review and editing. X.L. (Xiaochen Liu): Data curation, Methodology. X.L. (Xiaohua Liu): Methodol-
ogy, Project administration, Writing–review and editing. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by National Natural Science Foundation of China (No. 52278114)
and the science & technology project of the State Grid Corporation of China (5400-202219175A-1-1-
ZN), and the Tsinghua-Toyota Joint Research Institute Inter-disciplinary Program.

Data Availability Statement: Due to the nature of this research, participants of this study did not
agree for their data to be shared publicly, so supporting data is not available.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

Nomenclature

Greek symbols
α A binary number
β Installation angle of PV panels
γ Temperature power coefficient (1/◦C)
η Efficiency (%)
∆t Time increment
Abbreviations
PV Photovoltaic
PVB Photovoltaic and battery
Cap Capacity (kWh)
P Power (kW)
NOCT Nominal operating cell temperature (◦C)
T Temperature (◦C)
SOC State of charge
E Total energy (kWh)
SSR Self-sufficiency rate (%)
SCR Self-consumption rate (%)
Subscripts
a Ambient air
b Battery
grid Utility grid
load Building load
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dis Discharge process of battery
ch Charge process of battery
im Electricity imported from the utility grid
ex Electricity exported from the utility grid
max Maximum
min Minimum
Other variables
It Solar radiation intensity incident on PV panels (W/m2)
Idir Direct solar radiation intensity on the horizontal plane (W/m2)
Idif Diffuse solar radiation intensity on the horizontal plane (W/m2)
I Global solar radiation intensity on the horizontal plane (W/m2)
PPV,rated Rated PV generation power (kW)
Rdir Ratio of direct solar radiation on the inclined plane to the horizontal plane (%)

Appendix A

Detailed time series PV generation and building load power data used in the study.
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