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In the context of the global energy crisis and environmental shifts, solar energy, recognized
for its cleanliness and renewability, has increasingly captured attention in the application
within the architectural sector. As a significant portion of energy consumption, the
electrification of buildings and their transformation towards green systems are crucial for
energy saving and emission reduction. With technological advancements, solar-powered
building electrical systems have emerged as a focal point of research. The core issues
affecting their widespread application are the system's thermodynamic efficiency and
integration strategies. Despite advancements in solar cell efficiency and device-level
optimization, there remains a deficiency in system-level thermodynamic analysis and
integrated optimization, limiting the efficiency and practicality of solar energy in
construction. This study initiates with an energy and exergy analysis to delve into the
thermodynamic efficiency of solar-powered building electrical systems, clarifying the
efficiency of energy conversion and the irreversibility losses. Building on these findings,
strategies for system integration and operational optimization are proposed, aiming for a
comprehensive optimization of solar systems through the establishment of targeted design
and operational standards. This research not only provides a theoretical foundation for
enhancing the energy efficiency of solar systems but also offers practical guidance for

designing and managing efficient, sustainable building electrical systems.

1. INTRODUCTION

With the continuous increase in global energy consumption
and the exacerbation of environmental issues, the development
and utilization of renewable energy have become urgent issues
to be addressed worldwide [1-3]. Among renewable energy
technologies, solar energy has become a focal point of
research due to its cleanliness, inexhaustibility, and wide
distribution [4, 5]. Particularly in the field of architecture, the
utilization of solar energy can not only reduce the operational
energy consumption of buildings but also help decrease
greenhouse gas emissions, which is of significant importance
for achieving green buildings and sustainable development [6,
7]. As one of the key technologies to achieve this goal, the
study of the thermodynamic efficiency and integration
strategies of solar-powered building electrical systems is
particularly important.

The application of solar energy technology in buildings is
not only related to energy saving but also a key factor in
improving the quality of the building environment and
promoting economic sustainable development [8-10].
Effective solar energy integration strategies can ensure that
buildings are self-sufficient in energy under different
environmental and climatic conditions, while optimizing
energy consumption patterns and improving energy efficiency
[11, 12]. Therefore, conducting in-depth analyses of the
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thermodynamic efficiency and integration strategies of solar-
powered building electrical systems is of great theoretical and
practical significance for promoting the application of solar
energy technology in buildings.

However, existing research mostly focuses on the singular
performance evaluation of solar energy systems or device-
level optimizations, with less attention given to systemic
thermodynamic efficiency analyses and comprehensive
integration optimization strategies [13-17]. This has led to
suboptimal performance of solar energy systems in practical
applications, where system integration often lacks targeted
design and operational optimization standards, failing to fully
realize the potential environmental and economic benefits of
solar energy [18-20].

This paper first conducts a detailed analysis of the
thermodynamic efficiency of solar-powered building
electrical systems, using energy and exergy analysis methods
to systematically assess the energy losses and irreversibilities
in the solar conversion process, revealing the key factors
affecting system efficiency. Secondly, the paper proposes a set
of integration and operational optimization schemes for solar-
powered building electrical systems, starting from integrated
design to clarify optimization objectives and establish a
comprehensive evaluation standard. This research not only
provides guidance for optimizing the thermodynamic
performance of solar systems but also lays a theoretical and
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practical foundation for the efficient integration and
operational management of building electrical systems, which
is of significant research value for promoting the widespread
application and energy efficiency improvement of solar
technology in the field of architecture.

2. THERMODYNAMIC ANALYSIS OF SOLAR
THERMAL SYSTEMS

As the building industry's requirements for energy
efficiency continue to increase, solar-powered building
electrical systems have shown their immense potential and
challenges. Therefore, it is crucial to conduct an in-depth
analysis of the thermodynamic performance of these systems.
This paper studies solar thermal systems through energy and
exergy analysis, which can not only reveal the efficiency
losses and irreversibilities in the energy conversion and
utilization process but also identify and quantify various
influencing factors, providing precise scientific basis for
system design and optimization. Figure 1 shows the
thermodynamic model of the solar thermal system.
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Figure 1. Thermodynamic model of the solar thermal system
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Figure 2. Temperature measurement points arrangement in
the solar thermal system

2.1 Energy analysis

Energy analysis provides us with an effective tool for
assessing energy conversion efficiency and system
performance. Specifically, by conducting an energy analysis
on the solar thermal system, this paper is able to quantitatively
calculate the energy flow in the process of collecting,
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converting, and distributing solar energy, identify the main
segments of energy loss, and assess the impact of different
design parameters on system performance. Figure 2 presents
the temperature measurement points arrangement of the solar
thermal system.

Establishing the energy balance equation for the solar
thermal system is a basic step in energy analysis. This equation
considers all energy flows entering and leaving the system,
including solar radiation energy, environmental heat losses,
and the energy gained or lost through the working fluid. The
following equation provides the energy balance equation for
the constructed thermal system:

W, =W, +W, + (W =Wy ) (1)

Furthermore, the effective heat obtained by the solar
thermal system is calculated. Effective heat refers to the
thermal energy that the system actually converts and is
available for use, reflecting the system's actual working
capacity. This step calculates the effective energy gain by
monitoring the solar irradiance at the system's input and the
thermal energy flow at the output, thereby assessing the
collection efficiency. This process takes into account the
effects of actual operating conditions, such as weather changes,
sunlight hours, etc. Assume the mass flow rate of water is
represented by /, the specific heat capacity of water at constant
pressure is represented by Z, and the inlet and outlet
temperatures of water in the thermal system are represented by
Sav and Sz our, respectively. The following equation provides
the formula for calculating the effective heat obtained by the
solar thermal system:

W, =Wy, —W,, =12, (Sd,OUT _Sd,IN) 2)

Assume the effective light-collecting area of the thermal
system is represented by X,. The total heat loss coefficient of
the thermal system is represented by /,, the heat dissipation
coefficient of the thermal system is represented by Dg, the
efficiency factor of the thermal system is represented by D, the
light conversion rate is represented by Ao, and the temperatures
of the thermal system and the environment are represented by
Se, Sx. Considering these factors such as heat losses and light
conversion efficiency, the calculation formulas are as follows:

\Ni=X0|_T_Im(Sc_Sx)J (3)
\Ni :XODE '_T_Im(sd,lN _SX)J 4)
T=4Us (5)

1Z, D'I_X,
D = X1 l:l—exp(——lzo ]:I (6)

Finally, the system efficiency of the thermal system is
calculated. This step involves comparing the effective heat
with the total energy input (such as total solar radiation energy)
to derive the efficiency value. System efficiency not only
reflects the performance of the collector but also includes the
efficiency of other system components, such as heat
exchangers, storage systems, etc. This efficiency indicator is



directly related to the economic and practical aspects of energy
conversion, being a key parameter for optimizing system
design and improving performance. The following equation
provides the formula for calculating the system efficiency of
the thermal system:

(7

Considering the temperature distribution in the thermal
system, the following can be applied:

T
Sd,OUT_Sx_r D'l X
bl
Sd,IN _Sx _T °
M

The efficiency of the solar thermal system under stable
operation can also be calculated using the following equation:
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2.2 Exergy analysis

As an important means of measuring the irreversibility of
systems, exergy analysis plays an irreplaceable role in
enhancing the thermodynamic efficiency of solar thermal
systems. Through exergy analysis, the irreversible processes
present in the system, such as heat dissipation, fluid friction,
and chemical reactions, can be qualitatively and quantitatively
analyzed, thereby revealing the fundamental limitations of
system efficiency.

Firstly, the exergy balance equation of the system is
established. The exergy balance equation takes into account
the exergy flows received and emitted by the system, including
solar radiation, environmental heat transfer, and working fluid
flow, among all factors that can cause changes in the system's
exergy. To establish exergy balance, it is necessary to measure
or calculate the energy and material enthalpy and exergy flows,
ensuring that the sum of all input and output exergy flows is
zero, or equals the generation of exergy within the system,
thereby revealing the system's irreversibility. The exergy input
to the solar thermal system includes the exergy of absorbed
solar heat and the exergy of heat in the water entering the
thermal system, represented by R4 and R, respectively. The
system's exergy output is the exergy of heat in the water
exiting the thermal system, represented by R4or. The system's
exergy loss comprises the exergy of heat dissipated by the
thermal system and the exergy loss caused by irreversible
processes in the thermal system, represented by R4 and Rz,
respectively. The following equation provides the expression
for the system's exergy balance equation:

2Ry 2 Ry =D Ruour =2 Ry + 2Ry, (10)
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The process of heat transfer is often accompanied by a
temperature gradient, and the temperature gradient is the main
cause of exergy generation. By calculating the heat exergy, it
can be determined how much available energy is lost in the
heat transfer process, thereby assessing the heat transfer
efficiency. Assuming the heat transfer amount during the heat
transfer process is represented by W, and the temperature of
the heat transfer substance is represented by S, the following
equation provides the calculation formula for the heat exergy
of the heat transfer process when the environmental

temperature is So:
S
R =q1-3)

The calculation of exergy involves the quality of solar
radiation, i.e., its temperature level. Higher fire exergy means
the thermodynamic quality of solar radiation is higher, and the
system may utilize this part of the energy more efficiently. The
calculation of fire exergy requires solar radiation power data,
as well as the difference with the environmental temperature.
These data can usually be obtained through weather stations or
solar radiation monitoring equipment. Assuming the solar
surface temperature is represented by S, the following
equation provides the calculation formula for the solar
radiation fire exergy R..:

S
R, =U X, |1-=>
A s OL SJ

t

(11)

(12)

The mass flow, i.e., the working fluid flow, is the medium
of energy transfer in the thermal system. The calculation of its
exergy value needs to consider the state of the working fluid
(such as temperature and pressure) and its flow characteristics
in the system. By calculating the exergy of the mass flow, the
energy utilization efficiency during the working fluid
transportation process can be assessed, and how to improve the
working fluid flow to reduce energy loss can be determined.
The calculation formulas for the exergy of the working fluid
water in the thermal system are as follows:

Ry =12, {(sd —SX)—sxln[Z—dJJ (13)
Siy
Ran = |Zo L(Sd,m _Sx)_sxm[S_JJ (14)
Sd,OUT
RAOUT = |ZO \‘(Sd,OUT _Sx)_sxm[S—JJ (15)

When the working fluid in the system absorbs or releases
heat, its state changes, and accordingly, its exergy increases.
This increase in exergy represents the irreversible losses in the
energy conversion process. To calculate the exergy increase
caused by the state change of the working fluid, it is necessary
to track the state changes of the working fluid in the collector,
heat exchanger, and storage system. In the calculation process,
the enthalpy and entropy changes of each state point need to
be converted into exergy changes, to assess the irreversible
losses in the energy conversion and transfer process. The



following equation provides the calculation formula for the
increase in exergy of the working fluid water in the thermal
system:

S
R/\wm - RA“N =1z, \‘(Sd,OUT - Sd,IN )_ S,In {%]J (16)

d,IN

Exergy efficiency considers the exergy balance of all
components of the system and is an important indicator for
evaluating the overall thermodynamic performance of the
system. By comparing the total exergy input of the system and
the exergy output of useful work, the system's exergy
efficiency can be derived. The calculation formula for the
exergy efficiency of the thermal system is:

S
Izo I:Sd,OUT - Sd,IN ]_ Sx]nLSdWTJ
1= d.IN

]

T I, X D'
(Sd,OUT _Sd,IN _Ij{l_eXp[MIZDH_
M 0
(17)
1z, T
T I, X.D - 1, X.D
1 T 1l
exp[ MIZZ ]Su,om +[SX+IMj{l—exp[MIZ: H
S
XU 1-| 2
3. INTEGRATION AND OPERATIONAL

OPTIMIZATION OF SOLAR-POWERED BUILDING
ELECTRICAL SYSTEMS

Solar-powered building electrical
system configuration
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Figure 3. Model architecture of a solar-powered building
electrical system
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As the global focus on sustainable development and green
buildings continues to grow, solar-powered building electrical
systems, as a solution utilizing renewable resources, have
become particularly important in research and development.
This paper focuses on enhancing the thermodynamic
efficiency of solar systems in buildings and optimizing system
integration strategies, which can provide scientific theoretical
basis and practical technical support for the energy
optimization management of building electrical systems. This,
in turn, promotes the development of intelligent buildings and
smart cities, with significant economic, environmental, and
social benefits. Figure 3 presents the model architecture of a
solar-powered building electrical system.

3.1 Optimization objective design

The optimization objective design of this paper is centered
around the internal energy flow of the solar-powered building
electrical system, conducting empirical research on a specific
community through a refined simulation platform.
Specifically, the research will first conduct a comprehensive
assessment of the total energy demand of the target community,
including peak and base load analysis. Based on this, further
assessment and optimization of the configuration and size of
system components are carried out to ensure maximization of
thermodynamic efficiency. Then, considering the economy, an
optimal balance between economic investment and energy
output is found through cost-benefit analysis to reduce the total
operational cost of the system. Meanwhile, the environmental
impact is considered, specifically by calculating and
optimizing CO, emissions to achieve an environmentally
friendly system design. The entire optimization process will
employ a multi-objective optimization method, striving not
only for maximum energy efficiency but also ensuring the
system is sustainable in terms of economic and environmental
benefits. Figure 4 provides the integration and operational
optimization strategies of the solar-powered building electrical
system.

Before the integration and operational optimization of the
solar-powered building electrical system, thermodynamic
models of the main components in the system were established,
as follows:

To fully utilize solar energy and enhance the performance
of the collection system, this paper first conducts
thermodynamic modeling of the collection system. The model
uses energy balance equations to describe the energy exchange
between the inside and outside of the collector, including the
absorption of incident solar energy, the thermal gain of the
fluid inside the system, and heat loss due to the environment.
By simulating heat acquisition under different weather
conditions, the design parameters of the collector, such as its
inclination, area, fluid type, and flow rate, can be optimized to
maximize thermal energy collection. Assume the total heat
collected by the system in the s-th hour is represented by W.(s).
The total area of the solar thermal system is represented by X:.
The total solar radiation in the s-th hour is represented by H(s).
The collection efficiency of the system in the s-th hour is
represented by A-(s). The temperature of the collection system
in the s-th hour is represented by s;(s). The external
temperature of the storage tank in the s-th hour is represented
by sx(s). The heat transfer coefficient is represented by J.. Thus,
the model of the collection system is:
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Figure 4. Integration and operational optimization strategies of the solar-powered building electrical system

W, (5)=0.001X,-H(s)4,(s)
(1) 20z‘w< )

lz(s =% =X (s
5)>0

=5, (5)/H(s) =%, (50 (5)-5,(5)) /60 (18)

The thermal storage tank is a key component of the solar
system, used to store thermal energy to balance supply and
demand. The thermodynamic model of the thermal storage
tank is based on the thermodynamic principles of heat storage
and release. The model uses the law of conservation of energy
to describe the process of thermal energy storage, taking into
account the thermal conduction of the storage medium, natural
convection, and heat exchange with the external environment.
Assume the total heat stored in the thermal storage tank in the
s-th hour is represented by W»(s). The time difference is
represented by AS. The rate of heat storage and release of the
thermal storage tank in the s-th hour is represented by Rx(g).
The minimum amount of heat storage in the thermal storage
tank is represented by (W2)uun. The external temperature of
the thermal storage tank in the s-th hour is represented by s.(s),
and the heat stored during the start to end time interval is
represented by z. Thus, the model of the thermal storage tank
is:

W, (s+1)=W, (s)+AS-R,(9)
(W, ), SW, (5) <W,

ASR, (g)<0.28W,

W, (0) =W, (8800) = z

(19)

The ORC power generation system is a key link in
converting thermal energy into electrical energy. This model
analyzes and calculates the energy and entropy changes in the
system through the first and second laws of thermodynamics,
considering the irreversible losses in the actual cycle. The
model also needs to include descriptions of the performance of
key components (such as evaporators, condensers, turbines,
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and pumps) and the working fluid state equation to predict the
system's power generation efficiency and output power under
different working conditions. Assume the power generation of
the ORC system in the s-th hour is represented by R3(s). The
heat absorbed by the ORC system in the s-th hour is
represented by W3(s). The minimum amount of heat storage in
the thermal storage tank is represented by W,. The power
generation efficiency of the ORC system in the s-th hour is
represented by A3(g). The binary variable of the s-th hour is
represented by es3(s). Thus, the model of the ORC power
generation system is:

Ry(8) =W () Zee; (9)

4, (8)=-9.89x107 55, (5+1)’
+2.65x107 557 (5+1) =1.65x107 57 (s+1)
+5.17x107"5,, (5*)-1.65x107s,, (s)
+2.8x107*s,, (5)—0.089

2,(9)£(s)20
R,(s)<R,

e (s)e{0,1}

The intermittency of solar power generation requires that
the energy storage system can efficiently store and release
energy. When thermodynamically modeling the energy
storage system, it should include both electrochemical energy
storage (such as batteries) and thermal energy storage aspects.
The model should cover parameters like the charge and
discharge characteristics, efficiency, cycle life, and self-
discharge rate of batteries. For thermal energy storage, a model
including heat losses, thermal storage material characteristics,
and heat transfer mechanisms needs to be established. Assume
the energy stored by the energy storage system in the s-th hour
is represented by Ra(s). The heat consumed by the energy
storage system in the s-th hour is represented by Wi(s). The
energy storage efficiency of the energy storage system in the
s-th hour is represented by A.4(g), thus the model of the energy
storage system is:

(20)

Ra(s)=Wa(5)2¢(2) 21



Based on the energy flow balance relationship of the solar-
powered building electrical system, the following energy flow
balance relationship can be further constructed:

WVE];; = j(l_ﬂ’PEZ—V)

J(W, ()= ASR, () = 2 0 (5)Wi (s)

1

ia3(s)w3(s)(l—/lpav)zwv(s)

=

~N

(22)

3.2 Integration and operational optimization

This paper focuses on optimizing the integration and
operation of solar-powered building electrical systems to
improve thermodynamic efficiency and minimize the system's
energy consumption and CO, emissions. Genetic Algorithm
(GA) is a heuristic search algorithm that simulates the process
of natural selection and genetics, finding the optimal solution
through survival of the fittest. In this research, GA is used to
optimize the operational parameters of the system, such as the
operating points of the solar-powered building electrical
system, the operating hours of chillers and steam boilers, and
the charging and discharging strategies of the energy storage
system. Through iterative searching, GA seeks the optimal
solution within the parameter space to minimize CO»
emissions and energy consumption. To validate the
effectiveness of GA, its optimization results are compared
with those obtained from the orthogonal optimization
algorithm. Orthogonal optimization is a systematic
experimental design method that analyzes the effects of
multiple factors on experimental outcomes with a limited
number of experiments. Through simulation experiments, the
performance differences between the two methods in the same
building electrical system can be compared. Here, this paper
introduces the solar energy guarantee rate as an evaluation
metric to solve the quantitative assessment problem of the
system's environmental benefits. On one hand, this metric
measures the effects of energy saving and emission reduction,
ensuring the design and operation of the building electrical
system maximize the use of renewable energy and reduce
dependence on fossil fuels. On the other hand, this metric
helps guide the energy complementarity and storage strategies
in system design, making it more efficient and flexible to deal
with the intermittency and uncertainty of solar power
generation. Assume the solar energy guarantee rate is
represented by y.,, the total electricity used by users is
represented by W, and the total electricity provided by the
system is represented by W, then the calculation formula is:

W,
Ay =5 ¥100% (23)

This paper identifies CO, emission volume as a key
indicator to measure the system's energy-saving benefits,
reflecting the overall impact of the system on the environment.
The CO;, emissions of devices such as generators and steam
boilers are directly related to their fuel consumption. The
optimization goal is to adjust the system's operational
parameters to reduce the operating hours of these devices and
improve their energy efficiency, thereby reducing CO;
emissions.
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The system can adapt to changing energy demands and
resource supply through different operating modes, such as
Following Electrical Load (FEL) and Following Thermal
Load (FTL) strategies. In FEL mode, the solar-powered
building electrical system prioritizes meeting the building's
electrical demand, possibly at the expense of some thermal
efficiency. In FTL mode, the system prioritizes meeting
thermal demand and provides additional electrical output,
which may result in thermal losses but improves thermal
utilization. When there is excess electricity or heat, the energy
storage system can store this energy, and chillers and
refrigeration units can also use surplus electricity to meet
cooling demands. Energy storage not only provides flexibility
for the building but also helps reduce reliance on traditional
energy sources by storing excess solar energy.

4. EXPERIMENTAL RESULTS AND ANALYSIS

Table 1 shows that as solar irradiance increases, the overall
trend is for system efficiency to decrease. Specifically, when
irradiance increases from 300 W/m? to 400 W/m?, system
efficiency decreases from 0.57 to 0.56, a reduction of 0.01,
with sensitivity 1 at 0.01 and sensitivity 2 at 0.022. When
irradiance increases to 500 W/m?, the decrease in system
efficiency becomes more pronounced to 0.52, with sensitivity
1 at 0.0124 and sensitivity 2 at 0.025. As irradiance continues
to increase to 600 W/m?, system efficiency remains at 0.52,
indicating stability in this range. Further increases in
irradiance to 700 W/m2? and 800 W/m? result in system
efficiency decreasing to 0.48 and 0.46, respectively, with
sensitivity 1 remaining at 0.011 and 0.012, and sensitivity 2
remaining relatively stable at 0.022. Sensitivity analysis shows
that the efficiency of solar thermal systems is relatively
sensitive to changes in solar irradiance, especially in the range
below 600 W/m?. With increasing irradiance, there is a certain
degree of reduction in system efficiency.

Table 1. Sensitivity of solar thermal system efficiency to
solar irradiance

Solar Irradiance System Sensitivity  Sensitivity

Wim» Efficiency 1 2
300 0.57 - -

400 0.56 0.01 0.022

500 0.52 0.0124 0.025

600 0.52 0.011 0.023

700 0.48 0.011 0.022

800 0.46 0.012 0.022

Average 0.0112 0.0223

Table 2 shows the changes in the efficiency of the solar
thermal system and its sensitivity as the ambient temperature
varies from 20°C to 30°C. Specifically, when the ambient
temperature increases from 20°C to 22°C, system efficiency
slightly increases from 0.504 to 0.511, with sensitivity 1 at
0.0024 and sensitivity 2 at 0.0061. This indicates that in this
temperature range, system efficiency slightly improves as the
ambient temperature rises. When the ambient temperature
increases from 22°C to 24°C, system efficiency remains
unchanged (0.511), however, sensitivity 1 decreases to 0.0016
and sensitivity 2 to 0.0042, indicating that in this range, the
effect of temperature change on system efficiency is no longer
significant. From 24°C to 26°C, system efficiency slightly
decreases to 0.508, with sensitivity 1 at 0.001 and sensitivity



2 at 0.0024, indicating that as ambient temperature continues
to rise, system efficiency begins to be negatively affected.
From 28°C to 30°C, system efficiency returns to 0.504, with
both sensitivity 1 and 2 at 0, indicating that system efficiency
is unaffected by ambient temperature in this range. Sensitivity
analysis shows that system efficiency only slightly improves
or remains stable with an increase in ambient temperature
when temperatures are lower. As ambient temperature further
increases, system efficiency begins to decrease, but between
28°C to 30°C, efficiency tends to stabilize.

Table 2. Sensitivity of solar thermal system efficiency to
ambient temperature

Ambient System Sensitivity  Sensitivity
Temperature (°C) Efficiency 1 2
20 0.504 - -
22 0.511 0.0024 0.0061
24 0.511 0.0016 0.0042
26 0.508 0.001 0.0024
28 0.506 0.0004 0.0009
30 0.504 0 0
Average 0.00111 0.00265

Table 3. Sensitivity of solar thermal system efficiency to
cooling water temperature (heat dissipation loss)

Cooling Water System Sensitivity  Sensitivity
Temperature (°C) Efficiency 1 2
6 0.498 - -
7 0.497 0.004 0.01
8 0.512 0.005 0.011
10 0.511 0.004 0.001
11 0.513 0.0032 0.008
12 0.514 0.003 0.008
Average 0.00375 0.0095

Table 3 provides the relationship between cooling water
temperature and the efficiency of the solar thermal system,
calculating two different sensitivity indicators. From the table,
it is observed that when the cooling water temperature
increases from 6°C to 7°C, system efficiency slightly
decreases from 0.498 to 0.497, with sensitivity 1 at 0.004 and
sensitivity 2 at 0.01. This means that efficiency is slightly
sensitive to changes in cooling water temperature. When the
cooling water temperature continues to rise to 8°C, system
efficiency significantly increases to 0.512, a more noticeable
change than from 6°C to 7°C, with sensitivity 1 rising to 0.005
and sensitivity 2 also increasing to 0.011. As cooling water
temperature increases from 8°C to 10°C, system efficiency
slightly decreases to 0.511, but the change is minimal, and the
variations in sensitivity 1 and sensitivity 2 are not significant.
With further increases in cooling water temperature to 11°C
and 12°C, system efficiency continues to slowly increase,
reaching 0.513 and 0.514 respectively, indicating a slight
improvement in system efficiency with increasing cooling
water temperature. The average values of sensitivity 1 and
sensitivity 2 are 0.00375 and 0.0095, respectively, reflecting
that the variation in system efficiency is relatively insensitive
to changes in cooling water temperature across the entire
temperature range. Sensitivity analysis shows that the
efficiency of the solar thermal system demonstrates certain
sensitivity to changes in cooling water temperature, especially
at lower temperatures. There is no strong negative or positive
correlation between efficiency and cooling water temperature,
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suggesting that system design has considered changes in
cooling water temperature and made certain optimizations.

Table 4. Summary of factors affecting solar thermal system
efficiency

Influencing Factor Sensitivity 1 Sensitivity 2

Heat Source Temperature 0.0112 0.0221
Ambient Temperature 0.00111 0.00265
Cooling Water Temperature 0.00378 0.0098

Table 4 provides a summary view, showing the three key
factors affecting the efficiency of the solar thermal system
(heat source temperature, ambient temperature, cooling water
temperature) and their respective values for sensitivity 1 and
sensitivity 2. The table indicates that heat source temperature
has the largest impact on system efficiency. The higher values
of sensitivity 1 and sensitivity 2 indicate that system efficiency
is very sensitive to changes in heat source temperature. This is
logical, as the core function of the thermal system is to capture
and convert thermal energy, making heat source temperature a
key parameter directly affecting efficiency. Compared to heat
source temperature and cooling water temperature, ambient
temperature has the least impact on system efficiency. This
suggests that the system design performs relatively well in
resisting fluctuations in ambient temperature, or that these
temperature changes have a lesser direct impact on system
efficiency. Cooling water temperature has a moderate impact
on system efficiency. Although not as sensitive as heat source
temperature, the values of sensitivity indicate that the
temperature of the cooling water remains a noteworthy factor
to consider in system design and operation.

For the data provided in Figure 5, the effectiveness of the
proposed integration and operational optimization scheme for
the solar-powered building electrical system can be assessed
by analyzing temperature changes at measurement points with
variations in solar irradiance before and after improvement.
Firstly, for each measurement point's temperature, it is
observed that temperatures generally trend upward with
increasing solar irradiance. This aligns with expectations for
the solar thermal system; as solar irradiance intensifies, the
collection efficiency and output should increase accordingly.
It can be concluded that the proposed optimization scheme
effectively enhances the performance of the collection system,
especially at the upper and middle measurement points, where
temperature increases significantly, indicating enhanced
collection efficiency. The temperature change at the lower
measurement point is not significant, which may be due to
specific factors in the collection system design or heat loss
issues. However, due to performance improvements at the
upper and middle measurement points, it can be considered
that overall system efficiency has improved.

From Figure 6(a), it is observed that before optimization,
W-FEL increases from 50 to 155 as solar irradiance increases.
After optimization, W-FEL heating output significantly
increases in the low irradiance range (100-200), reaching a
range of 220 to 150, then decreases with increased irradiance,
and later maintains relative stability in the 160-180 range.
Before optimization, at a flow rate of 1.1kg/s, W-FTL heating
output increases from 75 to 240 with increasing irradiance.
After optimization, at a flow rate of 1.1kg/s, W-FTL heating
output significantly increases across all irradiance ranges,
especially in lower irradiance ranges, increasing from 255 to
270, and slightly decreases at higher irradiance. Before
optimization, at a flow rate of 1.88kg/s, W-FTL increases from



135 to 290 with irradiance. After optimization, at a flow rate
of 1.88kg/s, W-FTL overall heating output improves across all
irradiance ranges, especially in mid to high irradiance ranges
(300-500), maintaining between 280 to 300, showing the
stability of system performance after optimization. It can be
concluded that the optimized system exhibits higher heating
output than before optimization at different flow rates,
especially at lower solar irradiance. This indicates that the
optimization scheme significantly improves system
performance under various operating conditions. The FEL
strategy, in particular, performs exceptionally well in low
irradiance ranges after optimization. This is due to the

optimization scheme enhancing collection efficiency or
improving the system's adaptability to low irradiance
conditions. For the FTL strategy at two different flow rates,
system performance significantly improves across all
irradiance ranges after optimization. This indicates that the
proposed optimization measures enhance the overall heating
capability of the system, regardless of the load conditions.
Analyzing the heating output validates the effectiveness of the
optimization scheme proposed in the paper in real-world
applications. The system not only increases heating output
after optimization but also maintains good performance
stability across a wider range of irradiance.
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Figure 6. Changes in heating output and efficiency of the solar thermal system before and after integration and operational
optimization with variations in solar irradiance

From Figure 6(b), it is seen that before optimization, A-FEL
increases from 0.02 to 0.16, gradually improving efficiency as
solar irradiance increases. After optimization, A-FEL
significantly improves at low irradiance, increasing from 0.04
to 0.155, with less noticeable efficiency improvement at
higher irradiance. Before optimization, at a flow rate of
1.1kg/s, A-FTL increases from 0.06 to 0.35, improving
efficiency with increasing solar irradiance. After optimization,
at a flow rate of 1.1kg/s, A-FTL significantly improves across
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all irradiance ranges, especially at lower irradiance, jumping
from 0.15 to over 0.3, and reaching a peak of 0.35 in the
medium irradiance range, with a slight decrease in efficiency
afterwards. Before optimization, at a flow rate of 1.88kg/s, A-
FTL increases from 0.11 to 0.34 as irradiance increases. After
optimization, at a flow rate of 1.88kg/s, A-FTL improvements
are significant across all irradiance ranges, especially at lower
irradiance, with efficiency improving to 0.18-0.2, then
gradually increasing with irradiance, and slightly decreasing at



high irradiance ranges but overall maintaining a high level. It
can be concluded that the optimized system, under both FEL
and FTL strategies, shows significantly improved collection
efficiency across different irradiance levels. This demonstrates
that the optimization measures effectively enhance the ability
of solar energy to be converted into useful energy. The
optimization improvements for the FEL strategy are
particularly noticeable at lower irradiance. This means the
system's performance under low light conditions is
significantly enhanced, which is particularly important in
conditions of insufficient sunlight such as cloudy days or
during early morning and late evening. The FTL strategy
shows efficiency improvements for both flow rates. At a low
flow rate of 1.1kg/s, the efficiency improvement is particularly
significant, due to the optimized system being more adaptable
to different operating conditions. For a high flow rate of
1.88kg/s, efficiency improvements are also significant,
especially at lower irradiance, indicating that optimization
measures also enhance system performance under high
demand conditions.
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Figure 7. Changes in heating output of the system under
different operating modes
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By comparing the data from Figure 7, the performance of
the solar-powered building electrical system under two
operating modes, continuous and intermittent cycles, can be
analyzed. It is noted that under the continuous cycle mode, W-
FEL (after optimization) sees significant increases in heating
output at certain times, such as from 80 to 150 at 9:00, and
from 50 to 0 at 19:00. This indicates that the optimization
scheme improves system efficiency during most time periods.
W-FTL (after optimization) also shows an increase in heating
output at most points, especially during high-demand periods,
such as at 11:00 and 13:00, where heating output rises from
200 and 180 to 270 and 255, respectively. Under the
intermittent cycle mode, changes in W-FEL (after
optimization) are not very significant at most points but show
a great increase in peak times, such as from 150 to 380 at 15:00,
demonstrating the optimization scheme significantly enhances
peak supply capacity. W-FTL (after optimization) also
increases in heating output at peak times like 11:00 and 13:00,
with little to no change or slight decreases at other times. It can
be concluded that the optimization scheme significantly
enhances the performance of the solar electrical system in
continuous cycle mode, especially during periods of high
electrical and thermal loads. In the intermittent cycle, the
optimized system also shows stronger heating capabilities
during peak times, but the improvement in non-peak periods
is not very noticeable. The optimization scheme focuses on
enhancing the system's heating capability during high demand
peaks, helping to utilize solar energy resources more
effectively and provide stronger support when energy demand
is high.

5. CONCLUSION

The paper first conducts a detailed study on the
thermodynamic efficiency of the solar electrical system
through energy and exergy analysis methods. It assesses the
energy losses and irreversibility in the solar conversion
process, identifying key factors affecting system efficiency,
such as solar irradiance, ambient temperature, and cooling
water temperature. An integrated design and operational
optimization scheme is proposed, setting optimization
objectives and establishing a set of comprehensive evaluation
standards. Sensitivity analysis is conducted to determine the
main influencing parameters on the efficiency of the solar
thermal system.

The paper analyzes the temperature changes at different
measurement points in the collection system before and after
improvement with variations in solar irradiance. It compares
the changes in heating output and efficiency before and after
optimization with variations in solar irradiance. The changes
in heating output under two operating modes, continuous and
intermittent cycles, are studied. Experimental results show that
the optimization scheme significantly improves heating
efficiency during high-demand periods, especially in
continuous cycle mode. In intermittent cycle mode, the system
also displays stronger heating capabilities during peak times,
but improvements in non-peak periods are not very noticeable.
Sensitivity analysis reveals the system's dependency on key
parameters, providing data support for further system design.

In summary, this paper successfully proposes and validates
an integration and operational optimization scheme for a solar-
powered building electrical system, significantly enhancing
the system's thermal efficiency. By employing thermodynamic



analysis methods comprehensively, key factors affecting
system efficiency are identified and optimized. Future
research could further explore more efficient designs for solar
collectors and how to better integrate the collection system
with the building electrical system. More advanced control
strategies can be developed to respond in real time to
environmental changes and usage demands, achieving more
refined energy management.
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