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A B S T R A C T

This study addresses the challenge of designing cost-effective and energy-efficient solar energy systems for large- 
scale, multi-functional building complexes, which typically exhibit high and diverse energy demands. Although 
integrating solar power with energy storage has shown promise, existing research rarely considers the full 
complexity of such building types or the trade-offs between cost and renewable energy use. To fill this gap, this 
study develops a novel assessment framework that quantitatively evaluates system performance across both 
energy and economic dimensions. The framework is applied to a real-world airport cargo terminal comprising 
ten functional zones, evaluating six system configurations with different photovoltaic areas and battery capac
ities. Two optimization objectives are considered: maximizing the share of energy supplied by solar generation 
and minimizing the levelized cost of electricity. The results show that two of the six configurations stand out as 
most representative: Case 3 adopts full rooftop and façade photovoltaics with an 87.94 MWh battery, enabling 60 
% renewable energy penetration and the highest overall performance score of 4.6 (out of 6), though it requires 
14.5 % higher investment; Case 5 uses only façade photovoltaics without storage, delivering the maximum cost 
saving of 10.4 % and the lowest energy cost of 0.49 CNY/kWh. The findings reveal a clear trade-off between 
maximizing renewable energy use and minimizing cost. This work contributes a novel, scalable framework for 
evaluating and optimizing solar energy systems in complex building environments, offering practical decision 
support for designers, policymakers, and investors seeking to promote sustainable urban energy transitions.

1. Introduction

Rising economic and environmental awareness, together with in
centives from local governments, have catalysed a growing demand for 
renewable energy. Projections indicate that the proportion of renewable 
energy in total primary energy is expected to surge from 14 % in 2015 to 
63 % by 2050, and in the power sector from 25 % in 2015 to 85 % by 
2050 [1]. Among diverse renewable energy sources, solar energy sys
tems, particularly those integrating photovoltaic (PV) panels into 
building rooftops and facades, are extensively deployed for heating, 

cooling, lighting, and electricity generation. This PV power generation 
systems is not only aesthetically appealing but also economically viable 
and technically sound [2]. The adoption of these PV systems, capable of 
fulfilling partial energy demands, could substantially reduce building 
energy costs and carbon emissions [3,4].

Building-integrated photovoltaic (BIPV) technologies are regarded 
as a commonly used promising solution to reduce building energy costs 
and carbon emissions, applicable to various types of buildings [5]. 
Previous research focusing on rooftop solar photovoltaic (PV) systems 
has attracted significant attention [6-8]. Luo et al. [9] found that 60 % of 
the PV energy penetration for the renewable energy system can 
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Simulation Program.
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effectively achieve cost savings (up to 37.5 %). Lingfors et al. [10]
pointed out that deploying PV only on the roofs of cultural-heritage 
buildings, with insolation > 900 kWh/m2, results in a total PV yield of 
up to 2 % of the total electricity demand. Besides, with a particular focus 
on BIPV installations on rooftops, the vertical facades were also inves
tigated as a supplement for PV utilization [11]. For example, in Rome, 
Italy, the deployment of the PV system across 60 % of the total surface 
area of the envelopes of 11 residential blocks has successfully met the 
criteria for near-zero energy consumption annually, despite the seasonal 
variations in energy production [12].

On the downside, the fluctuations of renewable power generation 
and building energy consumption can significantly affect both the sys
tem economic and energy performance [13]. Luo et al. [14] quantified 
the risk of power imbalance due to the fluctuations of renewable power 
generation and building energy consumption, where the highest hourly 
risk is quantified at about 4.8 % at 9:00 pm in a day. With the initiatives 
of IEA EBC Annex 67 [15], energy-flexibility service from buildings as an 
effective solution can be utilized to reduce surplus renewable energy 
[16]. Two general tendencies include energy storage and direct con
sumption by fully utilizing energy flexibility from the demand side [17, 
18]. Battery storage, serving as an energy storage device, could store the 
peak electricity generated by PV and provide energy when electricity 
production is insufficient [19]. Particularly, the integration of an EV 
battery with a model predictive control system was developed and tested 
in a PV-based office building energy system [20]. The results indicated 
that this configuration could lead to a significant reduction in the lev
elized cost of energy (LCOE), achieving a potential improvement of up to 
42.7 %. Similar studies [21-24] have proved that PV power generation 
together with battery storage has a promising potential to achieve cost 
savings and decrease carbon emissions.

To address the challenges posed by the intermittent and unpredict
able natures of PV power generation, and to foster BIPV widespread 
adoption, it is essential to conduct accurate quantitative assessments 
and provide insightful analysis regarding the practical application of PV 
power generation [25]. Luo et al. [26] carried out a comprehensive 
quantitative assessment of BIPV applications on hotel roofs, demon
strating that an accurate assessment can effectively prevent the over
estimation of extra charging power needs from the main grid, with a 
potential reduction of up to 70.6 %. Hu et al. [27] conducted a 

performance assessment of BIPV systems in Eastern China, concluding 
that they represent a promising solution for combined cooling, heating, 
and power generation, suitable for applications where electricity, heat, 
and cooling energy are all required. Besides, various studies have been 
conducted to quantitatively assess the performance of renewable energy 
systems, focusing on different types of buildings, including office 
buildings [28], residential houses [29], and hotel buildings [30]. Be
sides, a multi-functional building complex consists of multi-functional 
buildings in a determined area. Owing to its substantial energy de
mand, there is significant potential for reducing both energy consump
tion and carbon emissions through the implementation of renewable 
power generation [31].

In summary, BIPV systems are universally acknowledged for their 
significant potential to bolster economic, energy, and environmental 
sustainability [32]. Numerous comprehensive assessments have been 
conducted across various types of buildings, providing valuable insights 
into their applications and effectiveness [33]. Despite these advance
ments, the applications of BIPV systems in multi-functional building 
complexes is facing the following gaps: 

• Firstly, actual implementation of BIPV systems in such complexes is 
rare, despite their considerable benefits.

• Secondly, a detailed and exhaustive evaluation of BIPV applications 
within multi-functional building complexes remains unavailable.

• Thirdly, the energy performance of BIPV systems in these complexes 
needs thorough quantification, taking into consideration the aggre
gated power consumption profiles of diverse functional buildings.

This entails fine-tuning the configuration of photovoltaic areas and 
battery storage capacities to guarantee efficient system integration and 
optimal performance. To address these challenges, this study proposes a 
comparative techno-economic assessment framework for PV power 
generation application in multi-functional building complexes. The 
framework is applied to a real-world case study of an international 
airport cargo terminal. The configurations of PV surface area and battery 
storage are optimized to achieve two competing objectives: maximizing 
renewable energy penetration (REP) and minimizing the levelized cost 
of electricity (LCOE). The main novelty of the proposed assessment 
approach and original contributions of this study are summarized as 

Nomenclature

APV Total area of PV panels m2

Cfac,k The initial cost of the kth facility CNY
Ctot,k Total cost at the year k CNY
CPV,k Initial cost of the PV panels CNY
CBat Initial cost of the battery storage CNY
Cic Annual income CNY/Y
Cei Annual extra investment CNY/Y
CLCOE,real Real levelized cost of energy CNY/kWh
CLCOE,equ Equivalent levelized cost of energy CNY/kWh
Capbat,min Minimum battery capacity kWh
Capbat,max Maximum battery capacity kWh
Duannual Calculation of the islanded mode duration hour
Etot Total energy consumption kWh
FY Fuel expenditures in year kWh
IY Initial cost CNY
KPV Temperature coefficient of the PV panels /
Loadd

peak,ref Peak load in the reference case kW
Loadd

peak,ren Peak load with renewable power generation kW
MY Maintenance cost CNY
OY Operation cost CNY

PSave Average daily peak shedding kW
Pt

grid Power charging from the main grids at the hour t kW
PPV Power generated from solar radiation kW
Pt

con Power consumption kW
PD

peak Daily peak charging power kW
Pt

tot Total load kW
Pren,t Renewable power generation in the production stage kW
Prele Current market electricity price CNY/kWh
Pur,t Total effectively-used renewable power consumption kW
Rad Solar radiation per area W/m2

Rd
PLS Daily peak load shedding kWh

RD
ocp,n Occupancy rate %

Rbatch,max Maximum charging rate %
Rbatdch,max Maximum discharging rate %
Tref PV panels reference temperatures ◦C
Tamb Ambient temperature ◦C
Tref Reference temperature ◦C
Y Discount rate %
ηPV Overall efficiency of PV panels %
ηtime Timely utilization ratio %
ηori The percent loss of solar energy production %
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follows: 

• It proposes a zone-specific load modeling method that captures the 
detailed and dynamic energy characteristics of multi-functional 
building complexes;

• It develops a novel scoring mechanism for multi-criteria performance 
evaluation, integrating both energy and economic dimensions into a 
unified assessment framework;

• It demonstrates the practical feasibility of the proposed approach 
through a real-case study, providing actionable insights for energy 
system planning.

The structure of this paper is organized as follows. Section 2 presents 
the major procedure of the proposed quantitative assessment frame
work. Section 3 presents basic information of the multi-functional 
building complex and the developments of the model. Section 4 pre
sents the results and analysis including the assessment of the multi- 
dimensional performance comparison. Section 5 presents the discus
sion and limitation. At last, Section 6 concludes the paper and future 
studies.

2. Methodology

2.1. Framework overview

Fig. 1 shows the framework of the proposed quantitative assessment 
approach, which consists of three steps. In this first step, power gener
ation from solar energy and power consumption for the solar multi- 
functional building complex are calculated considering the different 
properties of the different function buildings. In the second step, the 
impacts of the PV area and battery capacity on the system performance 
are quantified. Then, the determination of the PV areas and battery 
capacities are conducted based on two different objectives; the 
maximum REP and the minimum LCOE. The last step provides the 
quantified techno-economic assessment results and analyzes the multi- 

dimensional performance comparisons. The details of these three steps 
are as follows, 

• Step 1: In the first step, the characteristics of the multi-functional 
building complex are collected. Based on the determined building 
rooftops and building façades of the multi-functional building com
plex, the maximum available PV panel area is determined. The PV 
power generation is quantified based on the PV area, and PV power 
generation model together with the weather data. Then, as for de
mand, the working schedules of the equipment load for the multi- 
functional building complex together with their different energy 
densities such as equipment load density, light load density, and 
HVAC load density, are imported into the developed physical model. 
The physical model was created and simulated within a widely-used 
energy simulation software environment. Based on the mentioned 
model inputs as well as weather data, the different types of loads are 
calculated. The annual load profile is obtained, which is the sum of 
these loads.

• Step 2: The second step consists of two parts, i.e., system perfor
mance assessment and optimization of battery capacities and PV 
areas. Based on the determined ranges of the PV areas and battery 
capacities, the system performance is quantified. Then the optimi
zation is conducted to obtain the optimized cases by maximizing REP 
and minimizing LCOE respectively.

• Step 3: In the third step, the multi-dimensional performance com
parison is conducted. The assessment of the multi-dimensional per
formance comparison is based on several selected indicators, each 
quantified using established energy and economic performance in
dicators. The theoretical maximum total score for any configuration 
is determined by the number of assessment cases, while the mini
mum possible score is one. To ensure clarity and comparability, the 
average total score across all cases is used as the primary metric for 
subsequent assessment and analysis. Then based on the proposed 
new scoring mechanism for these cases, the recommended cases are 
obtained. As the outputs, this assessment approach and results can be 

Fig. 1. The framework of the quantitative assessment approach.
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used for the decision-makers and/or system designers as the 
guideline.

2.2. Energy performance quantification

2.2.1. Renewable energy penetration (REP)
The REP refers to the ratio of the total used renewable power gen

eration (Pur,t) to the hourly total electrical load (Ptot) as shown in Eq. (1)
[34]. If the ratio is close to one, more demand can be met by renewable 
power generation. It is used as the objective function, where the direc
tion of the optimization is to increase the REP. It is noted that since the 
typical year is taken into account, the up limit of t equals 8760 h. 

REP =
∑t=8760

t=1
Pur,t

/
∑t=8760

t=1
Ptot,t (1) 

2.2.2. Renewable power use efficiency (RPUE)
The RPUE is used to quantify the generated power use efficiency 

from renewable sources [26], where Pren,t is the total renewable power 
generation. If the ratio is close to one, the generated renewable power is 
all used by the system. 

RPUE =
∑t=8760

t=1
Pur,t

/
∑t=8760

t=1
Pren,t (2) 

2.2.3. Grid impact indicators
The power grid impact indicators consist of the peak shedding and 

islanded mode duration. The former shows the average daily peak 
shedding and the latter measures the time when the system operates 
without support from the main girds (i.e., islanded mode duration), 
where the details of the calculation are presented as follows. 

• Peak shedding is the reduction of the daily peak load when 
renewable power generation is considered in the system to meet the 
demand as a priority [35]. Eq. (3) is used to calculate the average 
daily peak shedding (PSave) [36]. 

PSave = 1/D
∑d=D

d=1

(
Loadd

peak,ref − Loadd
peak,ren

)
(3) 

where, D is the number of days taken into account, Loadd
peak,ref is the peak 

load in the reference case and Loadd
peak,ren is the peak load with the 

renewable power generation consideration at day d, respectively. 

• Islanded mode duration is the duration of the system operating 
without support from the main girds where the hourly power 
generated from the renewable is sufficient to meet the demand. Eq. 
(4) is used to calculate the islanded mode duration (Duannual). 

Duannual = Duannual + 1, if Pt
grid = 0 (4) 

where, Pt
grid is the power charging from the main grids at the time t. If the 

islanded mode duration is longer, the system is more independent. Be
sides, the longer islanded mode duration can effectively decrease the 
dependency of the system on the main grids, which can effectively avoid 
the outage risk due to the outage from the main grids and decrease the 
burden of the power charging from the main grids.

2.3. System economic performance quantification

2.3.1. Total system cost
The overall cost of the system consists of three major parts, i.e., the 

initial cost, the operating cost, and the maintenance cost (Eq. (5)). Note 
that, the overall costs of the system during the typical year are adopted 
in the system economic performance quantification considering 
different lifetimes (Y) of the electrical facilities. For instance, the life
times of PV panels and the battery are 20 years and 15 years, respec
tively, considering the properties of the different electrical components. 
The initial cost of the system (IY) is the sum of the annual initial cost of 
the PV panels (CPV,k) and the battery storage (CBat), as shown in Eq. 7. 
The operation cost (OY) is the sum of the payment for the electricity 
purchase from the main grids, as shown in Eq. 8. 

Cov = IY + OY + MY (5) 

IY =
(
CPV,k ×1

/
YPV
)
+
(
CBat,k ×1

/
YBat

)
(6) 

OY =

(
∑8760

t=1
Pt

grid × Δt

)

× Prele (7) 

where, Prele is the current market electricity price. The maintenance cost 
(MY), as shown in Eq. (8), is the annual maintenance cost that is used to 
support the maintenance of the major components of the renewable 
power generation system per year, which is about 1 % of the initial cost 
[37]. 

MY = 1% ×
(
CPV,k ×1

/
YPV +CBat,k ×1

/
YBat

)
(8) 

2.3.2. Levelized cost of energy (LCOE)
In conventional evaluation methods, the economic value of the sys

tem is assessed using LCOEcon, which represents the price per energy unit 
(in CNY/kWh) that balances out all the costs associated with the system 
[38]. Eq. (9) shows the calculation process. 

LCOEcon =
∑Y

Y=1

IY + OY + FY

(1 + r)Y

/
∑n

t=1

EY

(1 + r)t (9) 

where, Y is the discount rate (%) and r the is degradation factor, IY is the 
initial cost expenditures in year Y, OY is the annual operation cost in 
year Y, and FY is the fuel expenditures in year Y. The FY is zero since the 
system uses no fossil fuels to generate electricity or meet demand. In the 
following calculation, r is the average value and is assumed to be 0.5 % 
[39] over the entirety of the lifetime because the computed LCOE is 
based on the usual year. Besides, the annual maintenance cost (MY) is 
also considered in this study. Thus, the calculation of the LCOE is 
modified and presented in Eq. (10). 

LCOE =

(
IY + OY + MY

(1 + r)Y

)/
[
E0 ×(1 + r/100)Y] (10) 

Additionally, the total power consumption (E0) is calculated based 
on the hourly total electrical load (Ptot,t) as shown in Eq. (11). 

E0 =
∑t=8760

t=1
Ptot,t (11) 

3. Model development for the multi-functional building 
complex

3.1. Case study description

The developed assessment framework is applied to the typical multi- 
functional building complex, i.e., a cargo terminal situated in a western 
Chinese city at N30◦28′, E104◦49′, serving an international airport with 
a total size of 0.72 million square meters. The cargo terminal, which is 
depicted in Fig. 2, includes the 10 different building in three different 
areas (cargo area, living area and office area). The integrated system 
schematic featuring battery storage and photovoltaic generation has 
been shown for retrofitting the existing multifunctional complex in 
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Fig. 2(a), while Fig. 2(b) illustrates the master plan visualization. This 
developed assessment approach was tested and validated based on an 
actual case study; therefore, the selection of the location did not involve 
extensive deliberation. The location from the actual case was adopted, 
and relevant cost data were derived from real-world pricing at the 
project destination.

The cargo terminal is a typical multi-functional building complex, 
which consists of three different functional areas. A total of ten func
tional building areas are involved in this study. The details of the basic 
information of the cargo terminal are presented in Table 1 and the load 
profile quantification for the cargo terminal is presented in Section 4.1.

Table 2 gives the cost data of the energy system, including the PV 
panels and battery, the unit prices, and their lifetimes. The unit price is 
determined by the current price, which is the sum of the installation 
price and the unit price. The value of the unit price of the electricity is 
taken according to the official electricity price in Sichuan (a western 
province of China).

3.2. Load characteristics by functional zone

The load characteristic of a cargo terminal is generally higher than 
conventional buildings due to its operations and functions. In such a 
multi-functional building complex, heavy-duty equipment like cranes, 
conveyor belts, and forklifts are used to load and unload cargo, ac
counting for a significant amount of power consumption. Additionally, 
the terminal may also require specialized facilities like temperature- 
controlled storage areas and security systems.

The international airport cargo terminals are generally built in the 
plain areas. The building has a small height and a larger surface area. 
The large surface area provides an opportunity to take advantage of 
abundant sunlight. Solar energy can be efficiently and effectively used as 
a renewable energy source for the power supply.

The power consumption commonly consists of power consumption 
of the equipment, lighting, and HVAC load. The required equipment and 
lighting load on the demand side is determined by the terminal elec
tricity power (Pterm), load time schedules (f), and the timely utilization 
ratio (ηtime), which is defined by Eq. (12). 

Lre = Pterm × f × ηtime (12) 

The HVAC load is calculated according to the cooling load density 
and weather data. In the current planning stage of this project, specific 
chiller and corresponding water pumps have not yet been selected. 
Without detailed equipment performance data, introducing a dynamic 
COP model might introduce additional uncertainty rather than improve 
accuracy, as it would rely on generalized assumptions rather than actual 
unit characteristics [43]. To simplify calculation for this system-level 
feasibility study, the coefficient of performance (COP) of the cooling 
and heating equipment is assumed to be a constant value of 3.29 
(summer)/ 3.67 (winter) [9]. TRNSYS, a commonly used demand-side 
dynamic simulation software, is used to simulate the power consump
tion of the HVAC load [44]. A key aspect of its functionality involves the 
calculation of building energy loads. Input parameters such as lighting 
load density, equipment load density, and cooling load density are 
supplied to the “TYPE 56″ module, which is tailored for detailed 
multi-zone building energy simulation. This module accurately models 

Fig. 2. Aerial view of the airport cargo terminal for system schematic diagram (a) and master plan visualization (b).

Table 1 
Basic information of the multi-functional building complex (airport cargo 
terminal).

Partition Building 
area

Roof 
area

Façade 
area

Floors Height

(m2) (m2) (m2) (/) (m)

Cargo 
area

Domestic cargo 
terminal

25,871 8623 6028 3 15.3

International 
cargo terminal

31,861 10,620 9531 3 21.8

2nd level 
regulated cargo 
terminal

12,996 6498 4480 2 13.1

Fast transfer 
and sorting 
center

13,007 6503 5269 2 15.4

Inspection 
center

10,670 5335 4091 2 13.2

International 
main 
checkpoint

662 662 939 1 8.6

Office 
area

Complex 
buildings for 
logistics 
facilities

5746 1436 2830 4 17.6

Complex 
building for 
one-stop joint 
inspection

11,300 2825 3969 4 17.6

Living 
area

Staff dormitory 2754 1377 1811 2 11.5
Staff canteen 2754 1377 1811 2 11.5

Table 2 
Cost data of the energy systema.

Parameters Value Unit

The unit price of PV 1000 CNY/m2

The unit price of the battery 800 CNY/kWh
The unit price of electricity 0.5464 CNY/kWh
Lifetime of PV 20 Year
Lifetime of battery 15 Year

Remark: the selection of reference data refer to Refs [40-42]
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solar radiation and heat transfer through windows, even in buildings 
with complex geometries. It also incorporates various heating, cooling, 
and ventilation configurations, delivering comprehensive outputs 
including system variables and energy consumption data [45]. Based on 
these simulations and specific weather conditions, TYPE 56 generates 
corresponding electrical load profiles for the buildings, providing 
essential data for energy system analysis and optimization.

3.3. Power generation by PV panels

Power generation by PV panels is used as a sustainable power supply. 
According to the dynamic solar radiation (Rad), the power generation is 
calculated using Eq. (13) [46]. The cell temperature (TPV) has a signif
icant impact on the power generation, which is calculated based on the 
ambient temperature (Tamb) and solar radiation, as shown in Eq. (14). 
Note that the overall efficiency of PV panels (ηPV) is set as 20 % [46]. 

PPV = Rad × APV ×
(
1+KPV

(
TPV − Tref

))
× ηpv (13) 

TPV = Tamb + 0.0256 × Rad (14) 

0 ≤ PPV,t ≤ PMax
PV , ∀t ∈ [1,8760] (15) 

where, APV is the area of PV panels. Tref is the reference temperature and 
it is set as 25 ◦C. KPV is the temperature coefficient of the PV panels and it 
is set as − 3.7 × 10–3 [14].

Since the installed PV panels are not only located on the rooftop but 
also on the façade, the percent loss of solar energy production (ηori) per 
PV unit surface area considering the impact of the façade orientation is 
quantified and involved in the renewable power generation as shown in 
Eq. (16). Based on empirical practice, this value is often approximated as 
20 %. To further refine the approach, data from relevant literature were 
synthesized to obtain more detailed information, which was used to 
enhance the subsequent PV power generation modelling and simulation. 
The percent loss of solar energy production for different façade orien
tations is defined according to the literature [12], where the maximum 
percent loss is 37 % for the north façade and the average percent loss is 
about 18.75 %. 

PPV,fa = PPV × ηori (16) 

3.4. Determination of the PV areas and battery storage capacity for the 
cargo terminal energy system

3.4.1. PV area determination
According to the basic information of the cargo terminal, three sce

narios concerning the different areas of the PV panels are shown in 
Table 3. In Scenario 1, the total area of the building rooftops is used to 
install the PV panels. In Scenario 2, the total area of the building façades 
is used to install the PV panels. In the last scenario, both facades and 
building rooftops are used to install the PV panels. These three typical 
scenarios concerning different capacities of the battery are used to 
quantify the system performance. Then the optimizations for the battery 
capacities are conducted based on these determined PV areas.

3.4.2. Battery storage capacity
The battery storage is used to store surplus electricity from PV and 

further increase renewable power use efficiency [47]. Under the esti
mated peak load (i.e., 3664 kW), the battery capacity, ranging from zero 

to 24-h storage of the hourly peak demand is considered and adopted in 
this work, as shown in Table 4. Note that, the use of MWh for battery 
capacity is appropriate given the large scale of the energy storage system 
required for the multi-functional building complex. The impacts on the 
system energy and economic performance are further quantified and 
assessed comprehensively for a wide range of battery storage capacity.

3.5. Battery working principle and system control mechanism

The overall charge and discharge efficiencies are both set to 0.85 to 
simplify the calculation [48]. According to Eqs. (17) and (18) [49], the 
maximum hourly charging rate (Rbatch,max) and hourly discharging rate 
(Rbatdch,max) are set at 20 % and 50 % of the battery capacity, respec
tively, to ensure that the battery storage operates within a safe range 
[48]. According to Eq. (19), the minimum limit (Capbat,min) and 
maximum limit (Capbat,max) of battery capacity are set as 20 % and 85 %, 
respectively. Provided that the specified operating conditions are ful
filled, the battery is expected to function reliably throughout its entire 
design life of 15 years. 

0 ≤ Rbatch ≤ Rbatch,max (17) 

0 ≤ Rbatdch ≤ Rbatdch,max (18) 

Capbat,min ≤ Capbat ≤ Capbat,max (19) 

To increase the system dependability and maintain the system 
functioning, an appropriate system control mechanism is required. Two 
typical modes of system operation mechanism are adopted, as indicated 
in Fig. 3, in accordance with solar energy generation, power charging 
from main grid, battery working principle, and power consumption. At 
the beginning, the mode determination is conducted. If the power con
sumption of the cargo terminal exceeds the amount of renewable power 
generation, Mode I is adopted. The power generation from PV panels as 
the first choice is used to meet the demand. Battery storage serves as a 
backup to supply the system with electricity until it exhausts its power 
reserves when solar energy production falls short of meeting immediate 
energy demand. The demand can be satisfied by utilizing the main grid if 
the battery cannot meet the demand (grid-connected mode adoption). If 
the generated electricity by PV panels is greater than the demand, Mode 
II is adopted. Only renewable energy is used for the power supply. The 
battery storage holds the extra electricity produced by renewable energy 
sources until it reaches its rated capacity. When the supply of renewable 
energy exceeds the demand and the battery storage is fully charged, the 
surplus electricity must be safely discarded (curtailed) to maintain sys
tem stability. This is a standard practice for ensuring reliable operation 
in renewable energy systems.

Table 3 
Summary of the scenarios for different PV areas.

Scenario Rooftop Façade Total available area

PV_Scenario 1 Yes No 45,256 m2

PV_Scenario 2 No Yes 40,756 m2

PV_Scenario 3 Yes Yes 86,012 m2

Table 4 
Determination of the battery capacity range.

Number Fully discharging duration Battery capacity
Tdis Capbat

1 0 h 0 MWh
2 2 h 7.33 MWh
3 4 h 14.66 MWh
4 6 h 21.98 MWh
5 8 h 29.31 MWh
6 10 h 36.64 MWh
7 12 h 43.97 MWh
8 14 h 51.30 MWh
9 16 h 58.62 MWh
10 18 h 65.95 MWh
11 20 h 73.28 MWh
12 22 h 80.61 MWh
13 24 h 87.94MWh
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4. Results and analysis

4.1. Load profile quantification

Fig. 4 shows the power consumption for equipment and lighting in 
three parts: cargo area, office area, and living area, as shown in Table 1. 
Power consumption in office and living areas fluctuates with work 
schedules, similar to typical buildings. In the cargo area, natural light is 
often limited due to cargo stacking. A simple rule-based control is used 
for lighting to maintain stable power consumption during specific pe
riods, despite actual variations. The power data combines measurements 
and assumptions to reflect realistic operating conditions. The equipment 
load shows a constant value at around 4500 kW throughout the 24-hour 
cycle. The power consumption for the office area and living area varies 
according to the working schedule similar to other public buildings.

Fig. 5 shows the cooling and heating load of the HVAC for three areas 
(i.e., cargo area, office area, and living area). Meteorological Data is 
input to TRNSYS to calculate the cooling and heating loads during the 
typical year. Note that only the cooling season and heating season are 
counted when the power consumption is calculated according to Section 
3.2.

4.2. Impacts of the PV area and battery capacity and their optimizations

4.2.1. Levelized cost of energy (LCOE)
Fig. 6 shows the quantification results of the LCOE considering the 

determined three scenarios of the PV areas with different battery ca
pacities. When the PV panels are solely installed on the building rooftops 
(Scenario 1), the LCOE decreases lightly at the beginning and increases 
gradually with the increase of the battery capacity. When the PV panels 

Fig. 3. Logical flowchart of the system control mechanism.

Fig. 4. Power consumption for equipment and lighting in three areas: (a) cargo area, (b) office area, and (c) living area.

X. Yang et al.                                                                                                                                                                                                                                    Results in Engineering 28 (2025) 107665 

7 



are solely installed on the building façades (Scenario 2), the LCOE in
creases directly with the increase of the battery capacity. In this sce
nario, the LCOE is the lowest (i.e., 0.49 CNY/kWh) compared to the 
other scenarios where the battery is not adopted. As for Scenario 3, the 
PV panels are installed on both rooftops and façades, where the lowest 
LCOE is for the case of 21.98 MWh of the battery capacity. It indicates 

that increasing battery capacities may lead to a large LCOE, and the 
LCOE can even be higher than the current market electricity price (the 
black dash line as shown in Fig. 6). The selected proper battery capacity 
can effectively decrease the LCOE, and battery capacity should be 
optimized necessarily according to the specific PV area.

Fig. 5. Cooling and heating loads on the demand side for HVAC in the different areas.

Fig. 6. Quantification results of the levelized cost of energy (LCOE) considering the determined three scenarios of the PV areas with different battery capacities.

Fig. 7. Quantified results of the renewable energy penetration considering the determined three scenarios of the PV areas with different battery capacities.
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4.2.2. Renewable energy penetration (REP)
Fig. 7 shows the REP quantification results considering three PV 

areas (i.e., three scenarios) under different battery capacities. It can be 
seen that the REP increases gradually and then becomes constant with 
the increase of the battery capacity. It indicates that enlarging the bat
tery capacity is an effective method to increase the REP of the system but 
excessive battery capacity cannot increase the REP anymore. Specif
ically, a larger PV area leads to a larger REP, where the largest REP is up 
to 60 % in Scenario 3. The saturation occurs mainly because the PV area 
has reached its maximum practical limit. While increasing battery size 
could enhance energy shifting, further expansion does not increase REP. 
Hence, the limitation stems primarily from PV area availability, not 
battery capacity or curtailment. In addition, the best REP performance is 
achieved with different battery capacities in these three scenarios. To 
achieve the largest REP, the battery capacities are recommended as 
65.95 MWh, 29.31 MWh, and 87.94 MWh for Scenario 1, Scenario 2, 
and Scenario 3, respectively. As a result, when the PV areas are deter
mined, conducting the optimization of the battery capacities is a 
necessary solution to achieve the largest REP.

4.2.3. Optimizations for battery capacity
A total of six cases are presented in Table 5 concerning the 

mentioned two objectives (REP and LCOE) with three determined PV 
areas. The first three cases aim to maximize REP, and the calculated 
battery capacities are larger than the last three cases since increasing the 
battery capacity is an effective approach to increase the REP under 
certain circumstances. The last three cases aim to minimize LCOE, so the 
extra battery capacity is not involved. Since the extra initial cost of the 
battery capacity is considered in the optimization, the last three cases 
prefer to use smaller battery capacities and even zero (such as in Case 5). 
These six cases are further considered in the following comparative 
assessment and analysis.

4.3. Quantitative assessment results of the multi-functional building 
complex

4.3.1. Renewable power use efficiency (RPUE)
The quantified results of the RPUE among these six cases are pre

sented in Fig. 8. The first three cases that aim to increase REP have better 
performance and even the first two cases are above 98 %. This is because 
these three cases have selected larger capacities of the batteries and the 
large battery can effectively increase the renewable power use efficiency 
by storing surplus renewable power generation instead of directly 
abandoning the electricity from PV panels. Without considering the 
energy performance in the optimization, the system performance of the 
RPUE in the last three cases is not satisfied, although their RPUE appears 
to be above 75 %. From this perspective, the first three cases especially 
the first two cases are better selections.

4.3.2. Import of energy from main grid
Additionally, two indicators (i.e., peak shedding and islanded mode 

duration) are taken into account to evaluate the effects on the import of 
energy from the main grid. The system performance of these two in
dicators is quantified and presented in Fig. 9. The peak shedding is 
presented as the bar charts of the primary y-axis and the islanded mode 
duration is shown in star points of the secondary y-axis. Among these six 
cases, Case 3 has the best performance for both two indicators, where 
the islanded mode duration is up to 55.3 % of the total hours and the 
average daily peak shedding is over 24 times than the worst case (Case 
5). This is because the largest PV area and battery capacity are used in 
Case 3.

4.4. Assessment and comparison results of the system economic 
performance

Fig. 10 shows the assessment and comparison results of the system 
economic performance among these six cases. The blue dashed line 
represents the baseline of 0 % cost saving in Fig. 10. The cost results are 
presented as the bar charts of the primary y-axis and the comparison 
ratios are shown in star points of the secondary y-axis. If the cost saving 
is positive, it indicates that the cost saving is achieved. If the cost saving 
is negative, the extra cost is needed in the corresponding case. Among 
these six cases, the cost savings in the first three cases are negative. Since 
they are obtained via optimization to maximize REP while the LCOE is 
ignored. Higher LCOE values occur when PV or storage systems are 
poorly sized, increasing costs instead of saving money. This shows why 
energy projects must be carefully evaluated and optimally designed 
early in the planning phase. The last three cases are obtained via opti
mization to minimize LCOE, so the maximum cost saving is up to 10.4 % 
in Case 5. As a result, if the decision-makers and/or system designers 
solely focus on system economics, Case 5 is the optimum choice.

4.5. Multi-dimensional performance comparison and recommendations

Multi-dimensional performance comparison and the average score of 
the system performance among these six cases are presented in Fig. 11. A 
total of six cases are included in the assessment so the maximum score 
for each dimension is set to 6. Based on the five selected indicators, 
which were quantified according to previously established energy and 
economic performance metrics, the highest possible total score for any 
case is 30 points, while the lowest is 5 points. To facilitate clear inter
pretation of the results, the average total score across all cases is used for 
subsequent assessment and analysis. As for the scoring mechanism if the 
best performance in one dimension of one case appears, the full score (i. 
e., 6) is obtained in this dimension of this case. For instance, the highest 
REP is achieved in Case 3, and the full score in this dimension is obtained 
in this case. As for the five-dimensional performance comparison, Case 3 
obtained the highest average score at 4.6. If the five-dimensional per
formance is equally important, Case 3 is recommended.

4.6. Power generation and load profiles during a typical week based on 
two recommended cases

This section directly depicts the difference between the recom
mended Case 3 and Case 5, where the former is recommended due to its 
highest score and the latter is recommended due to its largest cost 
saving. Fig. 12(a) and Fig. 12(b) show the weekly power and load pro
files as well as battery storage profiles of the recommended Case 3 and 
Case 5, respectively. The largest PV areas and battery capacity adopted 
in Case 3 will contribute to an optimal selection based on multi- 
dimensional assessment considering both the energy and economic 
performance, while the smallest PV areas without battery participation 
adopted in Case 5 contribute to an optimal selection based on economic 
evaluation. The comparison results indicate that the renewable power 
generation in Case 3 is 2.5–3 times higher than renewable power 

Table 5 
Summary cases of the optimized battery capacity under three determined PV 
areas.

Objective 
direction

Locations of the PV 
installation

PV area Battery 
capacity

Case 
1

Maximize REP Rooftop 45,256 
m2

65.95 MWh

Case 
2

Maximize REP Façade 40,756 
m2

29.31 MWh

Case 
3

Maximize REP Rooftop and Façade 86,012 
m2

87.94 MWh

Case 
4

Minimize LCOE Rooftop 45,256 
m2

7.33 MWh

Case 
5

Minimize LCOE Façade 40,756 
m2

0.00 MWh

Case 
6

Minimize LCOE Rooftop and Façade 86,012 
m2

21.99 MWh
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generation in Case 5. The battery plays a negligible role in Case 5 as the 
peak radiation happens. That means, there are still divergences in the 
optimization paths of energy and economic aspects.

4.7. In-depth examination of the multi-functional building complex with 
PV power generation

For the programs with small-fluctuated electricity power consump
tion throughout the 24 h, the potential of the solar multi-functional 

Fig. 8. Quantification results of RPUE among these six cases.

Fig. 9. Quantification results of the peak shedding and islanded mode duration among these six cases.

Fig. 10. Assessment and comparison results of the system economic performance among these six optimization cases.
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building complex is explored and the techno-economic comparative 
assessment is discussed varying the matching strategy of PV area and 
battery capacity. It is apparent that one still has to sacrifice economic 
efficiency if one wants to further utilize photovoltaic and battery energy 
storage technologies to achieve energy-saving and emission reduction 
goals. Based on the current development status of PV and battery energy 
storage, it is highly recommended to increase investment in PV and 
battery energy storage in regions with renewable energy subsidies. 
Obviously, from the perspective of project investors, large-scale PV and 
battery energy storage still need to overcome funding problems. 
Therefore, further efforts still need to be made on the technical break
throughs in renewable energy systems and market optimization.

For this study, the pursuit of enhanced energy performance in the 
solar-powered multifunctional building complex often presents trade- 
offs with economic gains, as evidenced in Cases 3 and Case 5. The 
average scores of the system performance in Cases 3 and Case 5 are 4.6 

and 2.2, respectively. The comparison results show that battery storage 
is a valuable technology for improving the utilization of renewable en
ergy, the associated upfront costs and the impact of battery capacity on 
overall system expenses must be carefully evaluated in the context of 
system optimization. Achieving a balanced scenario where both energy 
efficiency and economic viability coexist is essential, particularly in light 
of the diverse functionalities within the building complex.

5. Discussion

5.1. Discussion of the methodology

Some typical assessment methods like multi-criteria decision making 
(MCDM), multi-attribute utility theory (MAUT) and so on, have been 
tested and validated in the previous studies for the energy system 
assessment concerning different objectives. MCDM is a branch of 

Fig. 11. Multi-dimensional performance comparison concerning these six optimization cases.
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operations research and management science that provides decision- 
makers with a structured methodology to evaluate, rank, and select 
among a finite set of alternatives under multiple (often conflicting) 
criteria. For instance, Moradi et al. [50] applied the MCDM analysis to 
assess renewable energy options in Algeria, taking into account both 
economic and environmental factors. Hosouli and Hassani [51] devel
oped a multi-criteria decision making (MCDM) model to select the solar 
plant location considering several factors including temperature, annual 
hours of sunshine, absolute humidity, proximity to major roads, distance 
from the power network, and potential demand. As for the developed 
innovative multi-dimensional performance comparison and the average 
score of the system performance, it ventures a novel method to 
contribute to the multi-objective domain for the multi-dimensional 
performance of the energy system. Evaluated through a case study, we 
hope this modest contribution may offer insights for subsequent evalu
ation frameworks. The highest average score (Case 3) and the largest 
cost saving (Case 5) are further analyzed and discussed in the assessment 
as shown in Section 4.6.

5.2. Discussion of the target energy system

In this work, the target energy system is a typical multi-functional 
building complex including 10 different buildings in three different 
areas (cargo area, living area and office area). To better ground the 
proposed evaluation method in practical applications, it is necessary to 
consider and apply it to other types of multi-functional building com
plexes. Progress should be made in the following aspects: 

• Clarifying the load composition of different types of multi-functional 
building complexes and establishing reasonable simulations;

• Evaluating photovoltaic power generation based on local climatic 
conditions;

• Conducting a comprehensive quantification of the economic per
formance of the entire system according to local hardware cost 
levels;

• Conducting the performing assessment calculations using our pro
posed methodology. Also, this approach should also be integrated 
with other research to enable a more comprehensive evaluation and 
analysis.

6. Conclusions and future studies

This paper proposed a novel techno-economic assessment framework 
for the multi-functional building complex energy system integrated with 
photovoltaic systems. According to the comparative assessment and 
analysis results, the main findings can be concluded as follows: 

• The developed techno-economic comparative assessment can effec
tively quantify the system performance. The results confirm the 
workability of the proposed framework that effectively provides 
valuable support and guidance in the system design for the decision- 
makers and/or system designers and the recommended design cases 
(Case 3 and Case 5) are obtained considering the highest average 
score at 4.6 and maximum cost saving at 10.4 %, respectively.

• The dynamic load consumption, taking into account the specific and 
different characteristics of building functions and schedules, is 
thoroughly quantified and analyzed. A method of load calculation 
based on the coupling of fixed loads and dynamic loads over a 24- 
hour cycle enables comprehensive load quantification for multi- 
functional complexes like cargo terminals.

• Employing design optimization to maximize the REP and minimize 
the LCOE, the optimal battery capacities are obtained under deter
mined PV areas. The maximum REP is up to 60 % when the largest 
PV area is equipped with a battery capacity of 87.94 MWh and the 
minimum LCOE is obtained at 0.49 CNY/kWh (0.0680 US$/kWh) 
when the smaller PV area at 40,756 m2 without the battery storage 
participation is adopted.

• Multi-dimensional performance assessment and comparison have 
been performed to identify the recommended case. An innovative 
scoring mechanism is first developed and introduced in the system 
multi-dimensional performance assessment, which is used to conduct 
the comparison for those cases. The recommended case is obtained, 
which has overall benefits over the baseline case scenario although 
the score in one dimension cannot be satisfactory.

Future research should expand this framework by integrating addi
tional renewable technologies like wind or geothermal alongside solar 
PV, exploring advanced battery chemistries and thermal storage solu
tions, and implementing machine learning algorithms for energy de
mand forecasting and system control optimization. The influence of 
different tariff structures such as time-of-use (TOU), critical peak pricing 
(CPP), and demand charges is indispensable for an accurate economic 
assessment. Consequently, a detailed quantification of their impact on 
the system’s economic performance will be incorporated into our future 
work, based on the actual conditions of the project. Furthermore, 
incorporating life cycle assessment to evaluate environmental impacts, 
examining how regulatory frameworks influence system adoption, and 
modeling resilience during grid outages would enhance our under
standing of these complex energy systems. These advancements will 
collectively accelerate the transition toward more sustainable, resilient, 
and cost-effective urban energy infrastructure while providing valuable 
insights for diverse building types across different climate zones and 
socioeconomic contexts. In the end, as the project moves forward, 
rigorous validation will indeed be valuable and necessary for refining 

Fig. 12. Weekly power and load profiles as well as battery storage profiles for recommended Case 3 (a) and Case 5 (b).
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the evaluation methodology. This important step will be addressed in 
our future work.
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