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• An optimization model based on life cycle cost minimization is established. 
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• The sensitivity of economic parameters and equipment price is analyzed. 
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Abstract 

Qinghai Tibet Plateau, known as ‘Roof of the World’, is the highest and largest plateau on Earth, with 

an average elevation of 4900 m and spanning nearly two-thirds the size of the European continent. 

The energy consumption characteristics of public sanitation service buildings in the Qinghai Tibet 

Plateau are significantly different from traditional public buildings. It has unique advantages that 

allow these facilities to use the local enriched solar energy resources to meet the energy demand. 

This study proposes eight potential solar energy system schemes to obtain a suitable solar energy 

supply system and design an optimization method for public sanitation service buildings. The 

optimization models aimed at the life cycle cost for each solar energy system are established, and 

the equipment capacity in the system is optimized and simulated. Firstly, the optimized life cycle 

cost and equipment capacity of different solar energy system are compared and analyzed. Then, the 

short-term dynamic operation performance and the system's energy conservation, economic and 

CO2 emission reduction performance are comprehensively analyzed. Finally, the sensitivities of 

economic parameters and equipment price to the system optimization results are analyzed. The 

results indicate that the life cycle cost of the integrated solar hot water and heat storage system is 

43% lower than that of the standalone solar hot air heat supply system and the standalone 

photovoltaic system. An optimized integrated system consisting of photovoltaic, photothermal, 

thermal storage, and power storage has the best comprehensive performance. The annual energy 

saving ratio of the integrated system is ∼85%, and the life cycle cost saving rate is about 50%. In 

addition, the sensitivity analysis shows that the electricity price is the most significant factor for life 

cycle cost compared to the annual interest and inflation rates. The price of a solar collector and air 

source heat pump have the most significant impact on the life cycle cost optimization results of a 

photovoltaic-photothermal-thermal and power storage integrated system. 

 

1. Introduction 

Tourists worldwide visit the Qinghai Tibet Plateau (with an average elevation of 4900 m) to partake 
in the unique natural scenery and regional folk culture. In recent years, with increasing 
transportation facilities on the Qinghai Tibet Plateau, local tourism has rapidly increased. Through 
2018, the total number of tourists exceeded 120 million [1]. While the development of tourism 
drives local economic development, it also requires enhanced public infrastructure service for cities 
and the surrounding scenic locations. Public sanitation service buildings (PSSBs) are essential public 
service facilities and vital benchmarks measuring the quality of the tourism service industry. 
Therefore, it is vital to increase the service level of PSSBs for improving the satisfaction of tourists 
and the quality of life of the surrounding residents. 
Limited by the economic conditions of the Qinghai Tibet Plateau, the development of local PSSBs has 
lagged. The singularity of the functions of the local traditional public toilets has several defects, such 
as unpleasant indoor odors, poor sanitary conditions, and low temperature in the winter, and has 
been unable to meet the needs of residents and tourists. In 2016, the “Toilet Revolution” policy was 
comprehensively promoted, and higher requirements were implemented for the service level of 
public toilets in the Qinghai-Tibet Plateau. In 2017, the local government prepared the “Technical 
guidelines for the revolution of public toilets in the Tibet Autonomous Region” to guide public toilet 
construction, operation, and maintenance in urban and rural areas and scenic spots [2]. With 
implementing a series of policies, the traditional public toilets gradually progress towards multi-
function, comfortable, and healthier PSSBs (Fig. 1). 



 

 

 
Fig. 1. Comparison between PSSBs and traditional public toilets. 

However, with the addition of multiple functions such to PSSBs as heating, hot water, hand 
drying, disinfection, and fresh air, these buildings consume more energy. The energy demand of 
multi-functional PSSBs is primarily centered on heating and electricity. The heat energy is mainly 
supplied for indoor space heating and hot water. In addition to meeting the consumption of 
electrical appliances (exhaust fan, mobile phone, lighting, disinfection, deodorization machine, etc.) 
and power equipment (circulating water pump, fan, etc.), electricity can also be converted into heat 
through energy conversion equipment (heat pump, electric water heater, etc.). It is critical to design 
an appropriate energy supply system for the development and application of PSSBs according to the 
energy demand. 
In the Qinghai-Tibet Plateau, conventional energy is scarce and mainly depends on the import from 
other regions of China. Consequently, the extensive use of traditional energy will inevitably cause 
high operation costs and a high risk of ecological environment damage [3]. The energy support 
system of PSSBs on the Qinghai-Tibet Plateau should focus on finding suitable local renewable 
energy sources to reduce emissions while ensuring the reliability and economy of the system. It is 
widely known that the region has low air pressure low and abnormally high local solar energy 
resources, with the annual solar irradiation exceeding 5400 MJm−2·a−1 or 1500 kWhm−2·a−1. These 
factors suggest that solar energy resources are viable for PSSBs [4]. In addition, almost all local public 
toilet buildings are low rise buildings with one or two floors, and the ratio of roof area to building 
area is high. Such buildings have sufficient solar energy collection surfaces, suggesting that solar 
energy is a good choice for energy generation for PSSBs in the Qinghai-Tibet Plateau. 

1.1. Solar heat collection and heating 

The utilization of solar energy in buildings is generally divided into two forms, solar photothermal 
utilization and photoelectric utilization. The solar energy heat utilization technologies in buildings 
include solar stoves, solar hot water, solar heating (active and passive), solar refrigeration, solar 
wind towers, etc. [5]. Solar hot water and solar heating technology are more suitable prospects for 
the energy supply system of PSSBs in the Qinghai-Tibet Plateau. Solar heating technology can 
generally be divided into passive and active solar heating according to the difference in heat 
collection methods [6]. Passive solar heating mainly uses the main components of the building for 
solar heat collection and heating. Active solar heating technology is developed based on solar hot 
water, integrated into the heating system using different functional equipment [7]. Compared with 



 

 

passive solar heating technology, active solar heating technology has the advantages of flexible 
regulation, high fraction, and reliability [8]. 
Research on active solar heating systems (SHS) mainly focuses on improving equipment 
components, system performance evaluation, system optimization design, operation control 
strategy, etc. Wang et al. [9], Xu et al. [10], Saxena et al. [11], and Palacio et al. [12] have performed 
experimental and numerical simulation studies on the thermal performance of new solar collectors, 
including large-size flat plate collectors, nanomagnetic collectors, air collectors, and phase change 
material (PCM) collectors. Pandey et al. evaluated the thermal performance of SHS based on 
thermodynamics and determined that the energy efficiency of SHSs varies under different flow 
conditions [13]. Huang et al. studied the economic path of a single household SHS with levelized heat 
cost as an economic evaluation index [14]. A comprehensive economic and environmental 
evaluation of active SHSs in energy-saving buildings in Greece was performed, and the results show 
that the SHS bears 45% of the building heat load; the payback period of the system is as low as 
4.5 years, and more than 50 t of CO2 emissions are reduced every year [15]. Hobbi and Siddiqui used 
TRNSYS simulation software to optimize and analyze the system design parameters of the SHS of a 
single-family residence in Montreal, Canada, such as the collector area and layout mode, heat 
medium flow, heat storage volume, and connecting pipeline [16]. Myeong proposed an optimization 
method of SHS based on life cycle cost (LCC) and used a genetic algorithm to optimize the system 
design parameters [17]. The results show that the system design parameters under the minimum 
LCC can be determined by trade-offing between equipment and energy costs. According to the 
actual operation of commercial buildings, Qiu et al. proposed a solar time-sharing heating control 
strategy, which can effectively reduce the investment payback period of a SHS [18]. Villasmil et al. 
studied the effects of different flow control strategies on seasonal heat storage coupled with solar 
SHS performance, and results show that the low flow control strategy can reduce the required 
storage volume by 35% [19]. Wang et al. proposed a novel feedback control strategy for a combined 
heating system consisting of a solar collector and air source heat pump (ASHP). Compared with the 
“constant temperature” strategy, the novel strategy can improve the system's working efficiency 
and solar guarantee rate [20]. 

1.2. Building integrated photovoltaic 

Photovoltaic (PV) systems convert solar radiation into higher-grade electric energy. The electricity 
generated can meet almost all the building energy consumption requirement grades. Hence, 
integrating a PV system with building facades and the energy consumption system has broad 
application prospects. Long-term and continuous research has been carried out on Building 
Integrated PV (BIPV) technology. The integration pattern of building and photovoltaic mainly 
includes PV walls, PV roof, PV curtain walls, PV external windows, PV sun shading, etc. [21]. Singh et 
al. analyzed the thermoelectric performance when using PV modules as building materials for walls 
and roofs. They found that PV walls and roofs have better thermoelectric benefits when combined 
with electric air conditioning devices with a high-performance coefficient [22]. Peng et al. proposed 
a new type of C-Si-based PV window. The experimental results show that the new PV window 
efficiently generates power, reduces the solar thermal gain coefficient, and effectively reduces 
uncomfortable glare [23]. Sun and Yang comprehensively analyzed the power generation and load 
reduction performance of building window photovoltaic shading devices, and the best inclination 
angle of an external window photovoltaic shading in Hong Kong was suggested [24]. 

1.3. Solar photothermal photovoltaic integration 

Solar photothermal (PT) and photovoltaic (PV) integrated technologies have attracted increased 
research recently to meet a building's comprehensive heat and electric energy needs. The 
integration forms mainly include PV and passive building modules, PV and PT devices, PV electric 
systems, and solar heat collection systems. Ji et al. proposed a novel PV-Tromber wall to directly 



 

 

heat the room and use the generated power for lighting and other electrical appliances [25]. The 
experimental results show that room temperature is maintained at about 13.4 ℃ near the PV-
Trombe wall throughout the day, and the electrical efficiency of PV can be improved by 5.0%. Arslan 
et al. designed a new type of finned air-fluid photovoltaic-thermal collector [26]. Experimental 
research determined that the photovoltaic air collector's comprehensive thermoelectric energy 
and exergy efficiency can reach 40.6% and 63.5%, respectively. Barbu et al. performed numerical 
simulation and analysis on the thermoelectric coupling performance of liquid-based photovoltaic 
thermal (PVT) module, and the results show a general thermoelectric performance compromise in 
PVT devices [27]. Wang et al. analyzed the operation performance of PV and solar hot water 
heating coupling systems, but the PV system only provides power to the circulating water pump [28]. 
The results show that the PV and solar hot water heating coupling system can work normally 
without a controller, and the solar irradiance started by the circulating water pump has an essential 
impact on the system's thermal efficiency. 
Moreover, many studies have focused on applying integrated PVT devices in building energy systems 
for the research on PV and PT integrated energy supply systems in buildings. Behzadi et al. designed 
a system composed of PVT and heat storage tank applied to intelligent buildings. The optimization 
results show that the cost of building electric and thermal energy using PVT systems is reduced by 
16.7 €/ MWh and 7.7 €/ MWh, respectively [29]. Herrando et al. compared a PVT-based CCHP 
system with the single PT and PV systems. The results show that the PVT-CCHP system can 
undertake more building load and reduce carbon emissions [30]. Kavian et al. analyzed the 
comprehensive performance of PVT and ground source heat pump hybrid systems in terms of 
energy, economy, and environment. They determined that the traditional ground source heat pump 
system has a lower investment payback period and significant energy conservation and 
environmental protection [31]. 

1.4. Solar thermal and electricity storage 

The energy storage devices play a role in adjusting the balance of supply and demand in the solar 
energy supply system (SESS), which positively affects the solar energy guarantee rate. To ensure a 
continuous energy supply of the solar energy collection system, Alptekin and Ezan studied the 
performance of the solar heat collection system equipped with a sensible heat energy storage tank. 
They showed that increasing the tank height can improve the stratification effect of the water tank 
and improve the efficiency of the heat collection system [32]. Zhao et al. analyzed the energy-saving 
performance of an SHS with a phase change energy storage box. They determined that, compared 
with SHSs, the energy-saving capacity of SHS with PCM heat storage box increases by 34% [33]. Ucar 
and Inalli conducted a comparative study on the thermal performance and economic benefits of 
three seasonal heat storage solar central heating systems. The results show that the underground 
heat storage system can increase solar energy utilization and the energy-saving effect [34]. 
A battery is the most used energy storage method for solar photovoltaic systems. Sharma et al. 
studied the building integrated photovoltaic system with batteries and showed that the building 
integrated photovoltaic system with batteries has a better economic value under the constraints of a 
power grid [35]. For zero energy consumption photovoltaic buildings, Vieira et al. studied the effect 
of lithium-ion batteries in a photovoltaic energy supply system. The results show that the batteries 
increase the matching degree between photovoltaic power generation and building energy 
consumption [36]. 
To summarize, the current research on solar heating and power generation in buildings mainly 
includes equipment performance improvement, energy conservation and economic analysis, system 
optimization design, and operation control strategy. These studies provide a foundation for 
designing and applying solar energy systems in public sanitation service buildings. However, the 
following aspects are insufficient and need further research: 

• The current research on integrating solar photothermal and photovoltaic mainly focuses on a 
solar system with photovoltaic collectors as the core component. Although the PVT module can 



 

 

output heat and electricity simultaneously, the fixed output proportion of heat and electricity 
leads to a gap in applications to buildings with different energy consumption characteristics. A 
hybrid system composed of independent photovoltaic cells and collectors has the advantage of 
flexible matching of the heat and power demand. However, there is a lack of research on the 
optimal design and performance comparative analysis of a hybrid system. 
• The existing research has studied capacity optimization and control of single solar heating, 
photovoltaic power generation, and photovoltaic integrated photothermal system. However, 
few studies have comprehensively discussed and compared the performance and applicability of 
independent solar systems and different integrated photothermal photovoltaic systems. 
• There are significant differences in energy load composition, energy consumption intensity, 
and duration between public sanitation service buildings and traditional public buildings. At 
present, there is a lack of analysis on the energy consumption characteristics of public sanitation 
service buildings and the optimal design and performance evaluation of solar energy supply 
systems applied to public sanitation service buildings. 

The following research work has been carried out to address the shortcomings of existing research in 
this study. Firstly, eight potential forms of SESSs are proposed, and the corresponding operation 
strategies are put forward based on the analysis of the energy consumption characteristics of PSSBs. 
Then, an optimization simulation model of the SESSs with LCC minimum as the objective function is 
developed, and the corresponding model solution method is given. Thirdly, taking the PSSB in Lhasa, 
Tibet, as a case study, the dynamic operation performance, annual energy conservation, economy, 
and CO2 emission reduction performance of different systems are analyzed. Finally, the sensitivity of 
economic parameters and equipment price to system optimization results are discussed and 
compared. The results provide a reference for the optimization and design of solar energy supply 
systems for PSSBs. 

2. Solar energy systems for public sanitation service buildings 

There are a variety of potential solar energy systems that could be implemented in PSSBs. In this 

part, firstly, the energy demand and supply mode of the PSSBs are introduced. Secondly, according 

to the energy consumption characteristics of the PSSBs, eight different solar energy systems are 

proposed, and the principles of each system are introduced. Finally, the operation control strategy of 

each system is introduced. 

2.1. Energy demand and solar energy supply mode 

The energy demand of the PSSBs and energy supply mode are shown in Fig. 2. According to the main 

functions of the PSSBs, their energy consumption mainly includes heat and power. Heat 

consumption is generated by space heating and domestic hot water. The electric power 

consumption consists of essential power consumption (exhaust fan, hand dryer, lighting lamps, and 

sterilization/deodorization machine) and heat power consumption (heat source equipment, 

circulating pump, and fan). For the PSSBs in solar energy-rich areas, solar heat collection systems can 

meet space heating and domestic hot water energy consumption. The PV system can meet the basic 

power consumption and the heating power demand of power and heat source equipment. Due to 

the instability of solar energy, the electric power needs to be supplemented by the municipal power 

grid to ensure the system's stable operation. The utilization proportion of renewable energy should 

be increased to reduce the impact of the energy system on the environment. Therefore, the solar 

fraction of the system should be improved to reduce the conventional power consumption when 

designing the SESS of PSSBs. 



 

 

 

Fig. 2. Energy demand and energy supply mode of PSSBs. 

2.2. Solar energy supply system scheme 

The SESS is divided into solar PV and PT systems according to the energy output type, as shown 

in Fig. 3. If there are energy storage devices, the solar PV system is divided into a single PV system 

and a PV with electrical energy storage (EES) system. The PT system is divided into a single PT system 

and PT with thermal energy storage (TES) system. The PT and PV systems are then combined to form 

a PV-PT system, a PV-PT with TES system, a PV-PT with EES system, or a PV-PT with EES and TES 

system. Overall, according to the solar PV and PT combination and if an energy storage device is 

present, eight potential forms of SESS for PSSBs can be implemented. 



 

 

 

Fig. 3. Solar energy supply system for PSSBs. 

The schematic diagrams and descriptions of the above eight SESSs and the corresponding system 

features are shown in Table 1. 

Table 1. Principles and characteristics of different types of SESSs. 

System schematic diagram System characteristics 

System Ⅰ: Single PV system 

 

a. The electric power is provided by the PV 

system and power grid. 

b. Due to without power storage device, all the 

electrical load is undertaken by the power grid 

when the photovoltaic power supply is 

insufficient. 

c. The air source heat pump and electric water 

heater are used as the heat source of the 

heating subsystem, and the hot water 

subsystem, respectively. 

System Ⅱ: Single PT system 



 

 

System schematic diagram System characteristics 

 

a. The heating energy is supplied by the solar 

hot air collection system. 

b. The electric and hot water load is 

undertaken by the power grid. 

c. Due to without thermal storage device, the 

municipal power will drive the auxiliary heat 

source for heating when the heat supply of the 

solar air heat collection system is insufficient. 

System III: PV + battery system 

 

a. The PV system and power grid jointly supply 

power to energy consuming devices. 

b. The power will be stored in the battery when 

the power generation of PV is excessive, and 

the battery will priority supply power to system 

when the power supply of PV is insufficient. 

c. The air source heat pump is used for space 

heating, and the electric water heater is used 

supply domestic hot water. 

System Ⅳ: PT + thermal storage system 

 

a. The energy for heating and hot water is 

supplied by the solar hot water collector 

system. 

b. The heat will be stored in the water tank 

when the solar heat collection is excessive, and 

the water tank will priority supply heat to the 

system when the heat supply of the system is 

insufficient. 

c. The power load is undertaken by the power 

grid, and the municipal power will drive the 

auxiliary heat source for heating when the heat 

supply of the solar heat collection system is 

insufficient. 

System Ⅴ: PV-PT system without energy storage 



 

 

System schematic diagram System characteristics 

 

a. The heating energy is supplied by the solar 

hot air collection system. 

b. The energy for electrical equipment and hot 

water is supplied by the PV system and power 

grid. 

c. Due to without energy storage device, the 

whole heat and electrical loads are undertaken 

by power grid when the energy supply of the 

solar system is insufficient. 

System Ⅵ: PV-PT system with thermal storage 

 

a. The energy for heating and hot water is 

supplied by the solar hot water collector 

system. 

b. The power load and partial heat load are 

undertaken by the PV system and power grid. 

c. The heat will be stored in the water tank 

when the solar heat collection is excessive, and 

the water tank will priority supply heat to the 

system when the heat supply is insufficient. 

d. The municipal power will drive the auxiliary 

heat source to ensure the reliable operation of 

the system. 

System Ⅶ: PV-PT system with battery 

 

a. The heating energy is supplied by the solar 

hot air collection system. 

b. The energy for electrical equipment and hot 

water is supplied by the PV system and power 

grid. 

c. The power will be stored in the battery when 

the power generation of PV is excessive, and 

the battery will priority supply power to system 

when the power supply of PV is insufficient. 

System VIII: PV-PT system with battery and thermal storage 



 

 

System schematic diagram System characteristics 

 

a. The energy for heating and hot water is 

supplied by the solar hot water collector 

system. 

b. The power load and partial heat load are 

undertaken by the PV system and power grid. 

c. The heat and power will be stored in the 

water tank and battery when the energy 

collection of solar system is excessive, and the 

energy storage devices will priority supply 

energy to the system when the energy is 

insufficient. 

d. The municipal power will drive the auxiliary 

heat source to ensure the reliable operation of 

the system. 

Legend of air, water, and electric power lines 
 

2.3. Operation strategy 

Current studies indicate that unstable PV power generation has a different impact on the power 

quality of the grid and equipment when a small-scale distributed PV power generation system is 

connected to the public power grid [37]. Considering the small scale and high dispersion of PV power 

generation in PSSBs in Tibet, this study assumed that the system takes electricity from the municipal 

power grid, and the remaining PV power generation is not transmitted to the grid. The following 

principles are also followed: (1) PV power generation prioritizes use and consumption compared to 

municipal power to improve the penetration of renewable energy. (2) Compared with PV/municipal 

power heating, the heat collection and storage of the PT system has a higher priority to improve 

the energy conversion efficiency of the system. When the PT system's solar heat collection and 

storage cannot meet the heat demand, PV power generation and electric heating conversion 

supplements are given priority, and municipal power is finally considered. (3) If the instantaneous PV 

power generation is greater than the power demand and the system is equipped with a battery, it is 

preferred to store electricity through the battery. Excess power is released if the battery is full or 

there is no battery. According to the above principles, the operation strategies of different forms of 

SESSs for PSSBs in the Tibet Plateau are put forward, as shown in Supplementary A. 

3. Methods 

To compare and analyze the operating performance of the eight potential SESSs for PSSBs in the 

Tibet Plateau, the method framework of this study is proposed, as shown in Fig. 4. Firstly, the 

building energy simulation software Energy Plus simulated the buildings' heating load, hot water 

load, and power load to provide essential input parameters for system optimization. Secondly, 

according to the energy balance process of each system and the mathematical model of each 

equipment component, the thermal process mathematical model of the SESS was established and 

solved by the TRNSYS simulation platform. Then, the system equipment capacity optimization 

models aimed at LCC were established, including corresponding decision variables and constraints, 

and the optimization simulation calculation is carried out in combination with TRNSYS and GenOpt 



 

 

platform. Finally, the simulation and optimization results of different systems were analyzed and 

discussed, including comparing and analyzing the energy conservation and economy of different 

system schemes, analyzing the sensitivity of optimization results to setting parameters and 

discussing the operation characteristics and life cycle benefit evaluation of different systems. The 

details are described below. 

 

Fig. 4. Research Method and Routine. 

3.1. Mathematical model 

An accurate system mathematical model is the basis of system operation characteristic analysis and 

optimization design. The thermal process mathematical model of the solar energy supply system in 



 

 

PSSB is composed of the energy balance equation of each system and the equipment models of solar 

collector, heat storage tank, PV module, battery, and ASHP. 

3.1.1. Energy balance equation 

For the above-mentioned eight solar energy systems, the law of energy balance between the input 

and output of each part of the system is the basic rule for reasonable operation of each system. 

Based on the energy transfer process analysis during the system operation, each system's dynamic 

energy balance equation was developed, as shown in Table 2. Each system's transient energy 

balance equation consists of the electricity and heat balance equations. 

Table 2. Transient energy balance equation of SESS. 

Type Energy balance equation 

System Ⅰ 
Electricity PV Grid BE PE ASHP EH Loss( )+ ( ) ( ) ( ) ( ) ( ) ( )E E E E E E E      = + + + +

 

Heat ASHP EH Heat Water Loss( ) ( ) ( ) ( ) ( )Q Q Q Q Q    + = + +
 

System Ⅱ 
Electricity Grid BE PE ASHP EH Loss( ) ( ) ( ) ( ) ( ) ( )E E E E E E     = + + + +  

Heat ASHP EH Heat Water Loss( ) ( ) ( ) ( ) ( )Q Q Q Q Q    + = + +  

System Ⅲ 
Electricity PV Cha Dis Grid BE PE ASHP EH Loss( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )+ ( )E E E E E E E E E        − + + = + + +  

Heat SC ASHP EH Heat Water Loss( ) ( ) ( ) ( ) ( ) ( )Q Q Q Q Q Q     + + = + +  

System Ⅳ 
Electricity Grid BE PE ASHP EH Loss( ) ( ) ( ) ( ) ( ) ( )E E E E E E     = + + + +  

Heat SC ASHP EH Heat Water Loss TES( ) ( ) ( ) ( ) ( ) ( ) ( )Q Q Q Q Q Q Q      + + = + + +  

System Ⅴ 
Electricity PV Grid BE PE ASHP EH Loss( ) ( ) ( ) ( ) ( ) ( ) ( )E E E E E E E      + = + + + +  

Heat SC ASHP EH Heat Water Loss( ) ( ) ( ) ( ) ( ) ( )Q Q Q Q Q Q     + + = + +  

System Ⅵ 
Electricity PV Grid BE PE ASHP EH Loss( ) ( ) ( ) ( ) ( ) ( ) ( )E E E E E E E      + = + + + +  

Heat SC ASHP EH Heat Water Loss TES( ) ( ) ( ) ( ) ( ) ( ) ( )Q Q Q Q Q Q Q      + + = + + +  

System Ⅶ 
Electricity PV Cha Dis Grid BE PE ASHP EH Loss( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )E E E E E E E E t E       − + + = + + + +  

Heat SC ASHP EH Heat Water Loss( ) ( ) ( ) ( ) ( ) ( )Q Q Q Q Q Q     + + = + +  

System Ⅷ 
Electricity PV Cha Dis Grid BE PE ASHP EH Loss( ) ( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )E E E E E E E E E        − + + = + + + +  

Heat SC ASHP EH Heat Water Loss TES( ) ( ) ( ) ( ) ( ) ( ) ( )Q Q Q Q Q Q Q      + + = + + +  

 

Note: ePV is the electricity generation of the photovoltaic system; eGrid is the electricity provided by 

the municipal power grid; eBE is the electricity consumption of basic equipment; ePE is the electricity 

consumption of power equipment; eASHP is the electricity consumption of the air source heat 

pump; eEH is the electricity consumption of the electrical heater; eCha is the electric charge of the 

battery; eDis is the electricity discharge of the battery; eLoss is the electricity loss; qHeat is the thermal 

consumption of space heating; qWater is the thermal consumption of hot water; qSC is the heat supply 

of the solar collector; qEH is the heat supply of the electric heater; qASHP is the heat supply of the air 

source heat pump; qTES is the heat stored/released in the water tank; qLoss is the heat loss of the 

system. 

3.1.2. Solar collector 

A solar collector is the core device in an SHS, and its performance directly affects the heat supply and 

system efficiency. Heat collection by solar collectors is expressed as a function of the tilted surface 

radiation, effective heat collection area, and collector efficiency. The solar heat collection can be 

calculated as follows: 



 

 

SC T SC SC( )Q G A =                           (1) 

where GT is the total tilted surface radiation of the solar collector, W·m−2; ASC is the effective heat 

collection area of the solar collectors, m2; ηSC is the solar collector efficiency. 

The performance of the solar collector is usually measured by its heat collection efficiency. Collector 

efficiency is based upon material characteristics and is mainly affected by solar radiation intensity 

and ambient temperature. The calculation formula of the solar collector efficiency is as follows: [38]: 

2
SC= 0 1 2 T( )a T a G T   − −                        (2) 
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where, T* is the normalized temperature difference, m2·℃·W−1; Tin is the inlet temperature of the 

collector, ℃; Tamb is ambient temperature, ℃; η0 is the collector thermal efficiency at T*=0; a1 is the 

first-order efficiency coefficient of heat collection efficiency; a2 is the second-order efficiency 

coefficient of heat collection efficiency. 

3.1.3. Heat storage tank 

A heat storage tank is a standard energy storage device in an SHS. Due to water density variations at 

different temperatures, the water temperature in a hot water storage tank is stratified during the 

system operation. This study adopted the layered heat storage tank model, assuming that the water 

in the tank is divided into i layers, and the energy balance equation of node i is as follows [39]: 
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      (4) 

where, U is the surface heat transfer coefficient of the water tank, W·m−2·K−1; AT is the surface area 

of the water tank in contact with the environment, m2; cp is the constant pressure specific 

heat capacity of water, kJ·kg−1·K−1; mST is the flow rate of the solar heat collection system, 

kg·h−1; TST is the outlet temperature of the solar collector, ℃; mHL is the flow rate of the heating 

system, kg·h−1; THL is the return temperature of the heating system, ℃; mWL is the flow rate of the 

hot water system; TWL is the mains water temperature, ℃; Ti is the average water temperature of 

node i of the heat storage tank, ℃. 

3.1.4. Photovoltaic cell 

A PV cell converts absorbed solar energy into electric energy through the PV effect. The energy 

conversion efficiency is related to its characteristics, ambient temperature, and solar radiation 

intensity. In this study, the PV cell adopted a polycrystalline silicon PV cell. The formula for PV 

cell power generation is as follows [40]: 

T
PV PV PV p c c,STC

T,STC

[1 ( - )]( )
G

E Y f T T
G

= +                     (5) 

where, YPV is the rated power of PV cells, kW; fPV is the PV derating factor (it is assumed as 85%, 

including 5% panel surface loss and 10% energy loss); Tc is the PV module instantaneous 

temperature, ℃; Tc,STC is the PV cell temperature under STC, ℃; αP is the PV temperature 

coefficient for the power (αP of a polycrystalline silicon PV cell is −0.48%·℃−1 [41]). 



 

 

The PV module's instantaneous temperature can be attained by: 

T
c amb

( -20)
+

800

G NOCT
T T=                       (6) 

where, NOCT is the normal operating cell temperature, ℃. In this study, NOCT is taken as 42 ℃. 

3.1.5. Battery 

The battery is the energy storage device in the PV power generation system, which converts the 

direct current from PV into chemical energy and stores it. When the PV power generation is in 

surplus, the battery is charging, and when the PV power generation is insufficient, the battery is 

discharging. The instantaneous power EBat is related to the battery state of charge or discharge and 

can be calculated as [42]: 
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Discharging:  
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where, EBat is the remaining electric energy in the battery, kWh; Sd is the self-discharge 

factor [43]; Pc and Pd are the battery charging and discharging power, kW. ηc and ηd are the charging 

and discharging efficiencies. In this study, charging efficiency is equal to discharging efficiency [44]. 

The state of charge (SOC) of the battery during the charging and discharging processes can be 

calculated as: 
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where, CBat is the battery capacity, kWh. The battery stops charging when SOC reaches the upper 

limit of 1 and stops discharging when the SOC reaches the lower limit of 0.3. 

3.1.6. Air source heat pump 

An air source heat pump (ASHP) is efficient heating equipment that converts low-grade heat 

energy in the air into high-grade heat energy that can be used for heating through the electric drive. 

The heating efficiency of ASHP is mainly related to the outdoor air temperature, relative humidity, 

and operating temperature. The heating capacity of ASHP can be attained as follows: 

ASHP ASHP ASHP( ) (1 )Q S E COP k =    −                      (10) 

where, EASHP is the power of ASHP, kW; SASHP is the on and off control signal of the ASHP, and 1 

represents the point when the ASHP starts running, and 0 indicates that the ASHP stops running. 

The coefficient of performance (COP) of ASHP under heating mode can be calculated as [45]: 

4 2
amb amb1.189 10 0.0546 3.41COP T T−=  + +                (11) 

The evaporator coil of the ASHP frosts when the relative humidity corresponding to the outdoor 

temperature is greater than a specified value, which affects the operation performance of the ASHP. 

Therefore, the loss coefficient of frosting and defrosting is proposed, which is the ratio of the 



 

 

frosting performance coefficient and the stable coefficient of the ASHP when the outdoor heat 

exchanger is a dry coil. The defrosting cycle and loss coefficient of the ASHP under different 

operating modes are shown in Table 3. 

Table 3. Frosting-defrosting loss efficiency of ASHP under different frosting conditions [45]. 

Frosting area Defrosting cycle /min 
Frosting-defrosting loss 

efficiency κ 
20.1189 1.84 82.64a aRH T T − +  20 36% 
20.0698 1.09 69.28a aRH T T− +  30 35% 

20.065 0.85 58.29a aRH T T − +  40 31% 
20.0157 0.66 44.27a aRH T T− +  50 24% 
20.0157 0.66 44.27a aRH T T− +  / 0 

 

3.2. Optimization model and solution 

It is important to establish the optimization design model for each system to compare and analyze 

the differences in operation effects of different system schemes under the same environmental 

boundary conditions. The optimization model consists of decision variables, objective functions, and 

constraints. 

3.2.1. Decision variables 

The capacity parameters of the equipment in the system were used as decision variables. The 

decision variables mainly include PV area APV, solar collector area ASC, ASHP power PASHP, the rated 

power of the battery NBat, and heat storage tank volume VTank. Due to each system's different 

constituent equipment, the decision variables of each system are different, as shown in Table 4. 

Table 4. Decision variables corresponding to different system types. 

System type Variables 

System Ⅰ: Single PV system APV, EASHP 

System Ⅱ: Single PT system ASC, EASHP 

System Ⅲ: PV+battery system APV, EASHP, EBat 

System Ⅳ: PT+thermal storage system ASC, EASHP, VTank 

System Ⅴ: PV-PT system without energy storage APV, ASC, EASHP 

System Ⅵ: PV-PT system with thermal storage APV, ASC, EASHP, VTank 

System Ⅶ: PV-PT system with battery APV, ASC, EASHP, EBat 

System Ⅷ: PV-PT system with battery and thermal storage APV, ASC, EASHP, EBat, VTank 

 

3.2.2. Objective function 

The economic cost is an essential factor affecting the system design scheme, so LCC was used as the 

objective function to optimize the equipment capacity of several proposed systems. LCC includes the 

initial investment, replacement cost, operation, and maintenance cost within the system operation 

process, and system salvage value after the expiration of the system, which can be calculated as 

follows [46], [47]: 

(12)LCC=CIN+COM+CRE-CSV 



 

 

where, CIN is the initial investment of the system, CNY; CRE is the replacement cost, CNY; COM is the 

operation and maintenance cost within the system operation process, CNY; CSV is the system salvage 

value, CNY. 
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where, AEC is the annual energy consumption of the system, kWh; EP is the municipal electricity 

price, CNY·kWh−1; μ is the ratio of equipment maintenance cost to equipment purchase cost 

(2%); f is the annual inflation rate, %; d is annual interest rate, %; φ is system salvage value ratio. N is 

the system design life cycle, year. 

The value of the system salvage value ratio is usually between 3% and 5%; 4% was used in this 

study [48]. The life cycle was taken as 20 years, and the battery's life was 5 years, so the 

replacement cost needed to be calculated [49]. 

3.2.3. Constraint condition 

Constraints are critical to ensure reasonable and practical calculation results of the optimization 

model. The optimization model constraints consist of the energy balance equality constraints and 

parameter value inequality constraints. The energy balance equation constraints of all systems are 

shown in Table 2. In addition, the value range of decision variables of each system is as follows: 

PV SC max0 A A A +                         (16) 

Load, max
ASHP

ASHP

0
Q

E
COP

                         (17) 

Bat Bat, max0 E E                            (18) 

min max SOC SOC SOC                        (19) 

Tank Tank, max0 V V                            (20) 

where, Amax is the maximum installation area of the roof, m2; QLoad,max is the maximum hourly heating 

load of a building, kW; CBat,max is the maximum battery capacity, kW; VTank,max is the maximum heat 

storage volume of a heat storage tank, m3. 

3.2.4. Solution method 

Each system's simulation models were established in the TRNSYS platform according to the thermal 

process mathematical model of the solar energy supply system. The above optimization model was 

solved by combining TRNSYS and GenOpt software. The HVAC system diagrams developed by 

TRNSYS of the eight solar systems are shown in Supplementary B. The main technical parameters of 

the components in the TRNSYS model are shown in Table 5. 



 

 

Table 5. Main technical parameters of components in the TRNSYS model. 

Number Equipment Component Main setting parameters 

1 Solar hot water 

collector 

Type 71 ηSC = 0.514–2.154 × T*-0.0126×(T*)2; 

Fluid specific heat: 4.174 kJ·kg−1·K−1. 

2 Solar hot air 

collector 

Type 71 ηSC = 0.654–2.385 × T*; Fluid specific heat: 

1.005 kJ·kg−1·K−1. 

3 Photovoltaic 

panel 

Calculator Rated power of PV cells per unit area, 168.75 Wm−2; αP of 

polycrystalline silicon PV cell is −0.48%·℃−1. 

4 Heat storage 

tank 

Type 156 Tank height, 3.5 m; Number of tank nodes, 3; Loss 

coefficient, 0.7 Wm−2K−1. 

5 Inverter Type 48 Regulator efficiency, 0.94; Inverter efficiency, 0.92; High 

limit on FSOC, 1; Low limit on FSOC, 0.3; Charge to 

discharge limit on FSOC, 0.1. 

4 Battery Type 47a Charging efficiency, 0.9. 

5 Electric heater Type 138 Efficiency, 0.9; Rate power, 9.2 kW. 

6 Air source heat 

pump 

Type 700 

Calculator 

Set point temperature, 45 ℃; 

COP=1.189×10-4Tamb2+0.0546Tamb+3.41. 

9 Circulating 

pump 

Type 114 Rated flow rate; Rated power; Fluid specific heat: 

4.174 kJ·kg−1·K−1. 

10 Fan Type 146 Rated flow rate; Rated power; Fluid specific heat: 

1.005 kJ·kg−1·K−1. 

Particle swarm optimization (PSO) is a standard intelligent algorithm for system optimization. 

However, it is easy to fall into local optimization, and the algorithm has slow convergence in the 

later optimization stage. The Hooke Jeeves algorithm is a pattern search algorithm with the 

advantages of fast convergence and strong adaptability. The Hooke Jeeves algorithm is especially 

suitable for a case with few optimization variables. However, the initial values require high accuracy. 

If the initial value is inaccurate, it is easy to fall into local optimization [50]. In this study, PSO and 

Hooke Jeeves algorithms were combined to solve the system optimization model; the calculation 

flow of the hybrid algorithm is shown in Fig. 5. Firstly, the PSO algorithm was used to calculate the 

optimal range in space, and then the Hooke algorithm was used to search the pattern in the optimal 

range to obtain the optimal value. 



 

 

 

Fig. 5. Optimization model solving logic diagram. 

In the PSO optimization stage, the particle swarm was initialized randomly, including random 

position and velocity. For each particle, its fitness value was compared with the fitness value of the 

best position experienced, and the better value was the individual historical optimal value of the 

particle. Finally, the optimal historical value of each particle was compared with the best position 

experienced in the group or neighborhood, and the better value was selected as the optimal global 

value [51]. 

In the Hooke Jeeves optimization stage, detection search and mode movement were the main 

processes. After cycle processing (detection search), if the final objective function value decreased 

compared with that before the cycle, the decision variable was taken as the new base point, and the 

mode moved to obtain the minimum value of the objective function. 

The combination of the two optimization algorithms enhanced the convergence ability of the 

algorithm and avoided the premature convergence of the algorithm. The Genopt software called the 

PSO + Hooke Jeeves hybrid algorithm for optimization analysis. 

3.3. Assessment indicators 

To effectively evaluate and analyze the operating performance of different SESSs, the annual energy 

saving rate, cost-saving rate, and carbon dioxide emission reduction rate were set as the system 



 

 

performance evaluation indicators. The municipal power grid energy supply system was used as the 

contrast system. The system schemes were compared and analyzed from energy conservation, 

economic, and environmental perspectives. 

(1) Energy conservation evaluation. 

The annual energy saving ratio (AESR) is the ratio of the difference between the energy consumption 

of the basic system and the SESS to the energy consumption of the contrast system. It can be 

calculated as follows [52]: 
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E E
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−
=                          (21) 

where, ECon is the annual electricity consumption of the contrast system, kWh; ESS is the annual 

electricity consumption of the different SESSs, kWh. 

(2) Economy evaluation. 

The life cycle cost saving rate (LCCSR) is the ratio of the difference between the LCC of the contrast 

system and the SESS to the LCC of the contrast system. It can be calculated as follows [52]: 
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=                          (22) 

where, LCCCon is the life cycle cost of the contrast system, CNY; LCCSS is the life cycle cost of the SESS, 

CNY. 

(3) Environmental evaluation. 

The annual carbon reduction rate (ACRR) refers to the carbon dioxide emission reduction rate of the 

SESS compared with the contrast system during the annual operation and can be attained as [31]: 
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where, LCO2,Con is the operating CO2 emissions volume of the contrast system, m3; LCO2,SS is the 

operating CO2 emission volume of the SESS, m3. 

The CO2 emissions caused by the power generation of the municipal power grid can be calculated as 

follows. A natural gas system is used as the case study here: 

𝐿CO2,Grid = 𝑀methane × 𝐶𝑀/𝜌CO2                       (24) 

𝑀methane = 3.6
𝐴𝐸𝐶

𝜑×𝐿𝐻𝑉
                      (25) 

where, AEC is the annual energy consumption, kWh; Mmethane is methane mass consumed in power 

generation, kg; ρCO2 is the density of carbon dioxide, kg·m−3; φ is the energy conversion efficiency 

(natural gas generator: 40%); LHV is the low heating value of natural gas (47.174 MJ·kg−1), 

MJ·kg−1; βc is the proportion of CO2 emissions in natural gas (0.2); CM is the mass ratio of 

CO2 emitted by methane combustion (2.75 kg·kg−1). 

3.4. Case information 

To use the above system model and optimization solution method for optimal design, the evaluation 

and comparative analysis of a SESS of a typical PSSB in Lhasa, Tibet, was used as a research case to 



 

 

simulate and analyze the application scenarios of different system schemes. The case information 

includes typical building shape, dimensions and thermal parameters, local meteorological 

parameters, user statistics, building energy consumption simulation data, and economic cost 

parameters. 

3.4.1. Building information 

The building SketchUp model and floor plan of the PSSB in Lhasa are shown in Fig. 6. The functional 

area of the building is mainly composed of a female toilet, male toilet, accessible toilet, equipment 

room, sundry space, and hall. The total construction area is 146 m2. The envelope parameters and 

corresponding heat transfer coefficients of the PSSB are shown in Table 6. 

 

Fig. 6. Public sanitation service building model: (a) North facade, (b) South facade, (c) Building plane. 

Table 6. Parameters of building envelope. 

Envelope Materials Thickness 

(mm) 

Heat transfer coefficient 

(W·m−2·K−1) 

External wall Cement mortar 20 2.39 

Thermal Insulation mortar 25 



 

 

Envelope Materials Thickness 

(mm) 

Heat transfer coefficient 

(W·m−2·K−1) 

Heavyweight concrete 200 

Interior wall Cement mortar 20 3.42 

Heavyweight concrete 200 

Floor Insulation board 50 2.65 

Heavyweight concrete 200 

Roof Cement mortar 20 2.71 

Fine aggregate concrete 40 

Reinforced concrete 200 

Window Double glass 5 + 9 + 5 3.5 

3.4.2. Meteorological parameters 

The hourly variations of the horizontal solar radiation intensity, outdoor air temperature, wind 

velocity, and water mains water temperature during typical meteorological years in Lhasa, Tibet, are 

shown in Fig. 7. The solar radiation and the number of clear-sky days in winter in Lhasa are higher 

than those during other seasons. In general, solar energy resources are abundant, and the annual 

total radiation in the horizontal plane is ∼7240 MJ·m−2. The local annual average ambient 

temperature is 7.54 ℃, and the ambient temperature in winter is less than 0 ℃ for extensive 

periods, so heating is required during the winter. The ambient temperature is less than 20 ℃ for 

most of the summer, so there is no demand for cooling during the summer. The mains water 

temperature is the crucial parameter for calculating the hot water load. The annual average 

temperature of tap water is 12.36 ℃, with a minimum value of 8.89 ℃ and a maximum value of 

15.82 ℃. 



 

 

 

Fig. 7. Ambient temperature, solar radiation intensity and tap water temperature in Lhasa. 

3.4.3. Visitor statistics 

The visitor flow of the PSSB is an essential factor affecting the energy consumption of such buildings. 

This work conducted a short-term test on the passenger flow of a typical public toilet building in 

Lhasa. The test steps and hourly passenger flow data within a week are shown in Fig. 8. Wireless 

pedestrian flow sensors were installed at the door of the public toilet, and the sensors relay the 

signal through Bluetooth. The transmitter records the pedestrian flow data and transmits the data to 

a terminal program through the GPRS communication network. The operation time of the public 

toilet is from 6:00 to 20:00, and the daily passenger flow is similar throughout the week on any given 

day (Fig. 8 (e)). The passenger flow reaches the daily peak at ∼9:00 and gradually decreases, 

relatively stable flow until 14:00. The average daily passenger flow is ∼1500 people. 



 

 

 

Fig. 8. Visitor flow test and statistics of public toilet in Lhasa: (a) Testing public toilet, (b) Visitor flow 

counter (c) Signal transmitter, (d) App and computer, (e) Passenger flow data. 

3.4.4. Building energy load 

The building energy load of a PSSB mainly includes space heating load, hot water load, and electrical 

load. The building energy consumption simulation software Energy Plus simulated the building 

energy load. To accurately calculate the electrical load, the rated power of each power equipment of 

the system is given in Table 7, which includes the basic electrical equipment and power and heat 

source equipment of the heating system. 

Table 7. Power of electrical equipment. 

Type Equipment Rated power/W number 

Basic Electricity Consumption Exhaust fan 40 2 

Hand drier 186 2 

Deodorizer 20 7 

Electric lamp 9 11 

Heating Electricity Consumption Air source heat pump 0–15,400 1 



 

 

Type Equipment Rated power/W number 

Electric water heater 9000 1 

Circulating fan 800 1 

Heat collecting system water pump 800 1 

Heating system water pump 300 1 

ASHP system water pump 300 1 

The hourly heating load, hot water load and electrical load obtained by the simulation are shown 

in Fig. 9. The annual cumulative heating load is 33545.93 kWh, accounting for 61% of the total load. 

The annual cumulative hot water load is 17838.99 kWh, accounting for 32% of the total load. The 

electrical load of basic electrical equipment is 3835.73 kWh, accounting for 7% of the total load. 

 

Fig. 9. Heating, hot water and electricity load of the case building. 

3.4.5. Equipment price and economic parameters 

Table 8 shows the equipment price and economic parameters of SESS. The equipment price is mainly 

from the existing literature, and the inflation rate and interest rate are from the TRADING 

ECONOMICS website [53]. 

Table 8. Equipment price and economic parameters of the SESSs. 



 

 

Parameter Value [14], [31], [53] Unit 

Solar collector 500 CNY·m−2 

PV panel 700 CNY·m−2 

Battery(200Ah, 12 V) 800 CNY·kW−1 

Inverter 928 CNY·kW−1 

Air source heat pump 1500 CNY·kW−1 

Electric heater 190 CNY·kW−1 

Heat storage tank 800 CNY·m−3 

Electricity price 0.74 CNY·kWh−1 

Annual inflation rate 1 % 

Annual interest rate 3.85 % 

4. Results and discussion 

The LCC and its composition optimization results for different systems are shown in Fig. 10. The LCC 

of System Ⅵ is the lowest among all system schemes, ∼19.85 × 104 CNY (equivalent to 31,162 USD 

or 27,535 EURO based on the exchange rate of 12 December 2021). System Ⅱ has the largest LCC at 

∼40.89 × 104 CNY (equivalent to 64,192 USD or 56,722 EURO), about twice that of System Ⅵ. The 

LCC of System Ⅰ is ∼15% lower than that of System Ⅱ. After adding batteries to the PV system, the 

LCC of System III is equivalent to that of System I. Although the storage battery reduces the 

operation cost of the system by storing and regulating the photovoltaic power generation, it also 

increases the initial investment of the system and adds the replacement cost of the battery. 

 



 

 

Fig. 10. LCC optimization results of the different solar systems. 

The LCC of System Ⅳ is significantly reduced when adding a heat storage tank in the PT system, 

which is about 43% lower than that of System Ⅱ, indicating that the heat storage device plays a 

crucial role in the PT system with an unstable heat supply. The main reason for this result can be 

traced back to the energy load characteristics of PSSBs. As shown in Fig. 9, the heating and hot water 

loads account for more than 90% of the energy consumption, while the basic power load accounts 

for only 7%. Overall, the heat load accounts for the vast majority of the system load. System IV can 

provide electricity for both heating and hot water loads, effectively reducing the energy 

consumption and cost of the system. The optimized LCC of System Ⅴ and system Ⅶ are similar to 

those of System Ⅰ and SystemIII, respectively, indicating that the integration effect of PV and solar 

hot air collection systems is not significant for PSSBs. The LCCs of System Ⅵ and System VIII are 

∼15% lower than System IV, indicating that the integration gain effect of PV and solar hot water 

collection systems is more evident than others. 

The equipment capacity parameters corresponding to the LCC optimization results of each system 

are shown in Table 9. The results show that regardless of the type of SESS, the optimal value of solar 

equipment capacity is greater than the minimum constraint value, which indirectly shows that the 

application of SESS in PSSBs in Lhasa can reduce the economic cost of the energy supply system to a 

certain extent. However, there are apparent differences in the equipment capacity configuration of 

different system schemes. The optimized PV area of the single PV system is much greater than that 

of a single solar hot air heat collection system. In addition, when the PV system is integrated with a 

solar hot air heat collection system, the optimized area of the solar collector is close to the lower 

limit of the constraint, indicating that the integration effect of the two is poor. When the PV system 

is integrated with the hot water heat storage system, the PV area still accounts for 17% – 25% 

although the collector area accounts for a large proportion of the system. Moreover, the integration 

of PV and hot water heat storage system dramatically reduces the operation cost of the system. 

Although it leads to an increase in the initial investment cost, the LCC of the system is still reduced 

overall. Therefore, the PV and solar hot water heat integrated collection system with a heat storage 

tank have more application potential. 

Table 9. Optimization results of equipment capacity in different system schemes. 

Variables APV (m2) ASC (m2) PASHP (kW) CBat (kWh) VTank (m3) 

System Ⅰ 89.4 —— 33.96 —— —— 

System Ⅱ —— 30.5 33.93 —— —— 

System III 88.0 —— 33.96 18.96 —— 

System Ⅳ —— 83.9 31.53 —— 10.8 

System Ⅴ 89.3 0.1 33.93 —— —— 



 

 

Variables APV (m2) ASC (m2) PASHP (kW) CBat (kWh) VTank (m3) 

System Ⅵ 29.4 87.0 31.26 —— 6.9 

System Ⅶ 93.8 0.1 33.93 18.96 —— 

System VIII 20.1 96.1 31.26 4.1 7.0 

Note: for System Ⅱ, Ⅴ and Ⅶ, ASC refers to the area of the solar hot air collector, while for System 

Ⅳ, Ⅵ and VIII, ASC refers to the area of the solar hot water collector. 

4.1. System performance analysis 

Based on the equipment capacity optimization parameters of the above systems, the operation data 

of each system under the condition of optimal capacity configuration were obtained through 

dynamic simulation calculation. The operation performance of each system was analyzed through 

the data. 

4.1.1. Typical daily system performance 

The system operation energy data of a typical heating day and non-typical heating day were selected 

for analysis from each system's annual operation simulation data to analyze the dynamic operation 

performance of each system. The energy supplied by the system is a positive value, and the energy 

consumed or lost by PSSBs is a negative value. The specific operation of each system is shown in Fig. 

11. 



 

 

 

Fig. 11. The variation of typical daily energy under different solar systems. 



 

 

The dynamic operation of System Ⅰ is shown in Fig. 11 (a). All the system's energy comes from the 

PV or the municipal power grid. Electric-driven ASHP and EH supply the heating and hot water loads. 

During sunny weather, the power required by the system can be fully supplied by the PV system for 

about 6–7 h during the daytime under heating conditions. In non-heating conditions, the PV system 

supplies the building load most of the time. Concurrently, the massive difference in the load 

between heating and non-heating conditions leads to an imbalance between PV power generation 

and energy demand under non-heating conditions. This leads to numerous episodes of PV power 

generation loss, with the typical daily power loss reaching 45.58 kwh. 

The dynamic operation of System Ⅱ is shown in Fig. 11 (b). Under typical heating conditions, the 

heating period of the solar hot air collection system is 10:00 to 18:00, accounting for about 50% of 

the heating energy consumption. Under non-heating conditions, the municipal power grid bears the 

entire building load, and the solar heat collection system is idle. Overall, the energy contribution rate 

of the solar hot air heating system is low. 

The dynamic operation of System III is shown in Fig. 11 (c). System III is the addition of a batter to 

System I. The initially lost power of the system is stored in the battery on a typical heating day, and 

the electricity supply of the power grid is reduced by battery discharge when the PV power supply is 

insufficient. However, the battery only stores part of the power, and more than half of the PV power 

generation is lost from operating during typical non-heating days. The PV power generation is 

greater than the power demand most of the time under non-heating conditions, and the storage and 

regulation function of the battery is not significant. At the same time, due to the battery's high cost 

and short service life, the optimized battery capacity is small, which forms the above situation. 

The dynamic operation of System Ⅳ is shown in Fig. 11 (d). The operation mode of System Ⅳ is 

different from the previous systems. The effective working time of the SESS is effectively prolonged 

due to the storage and regulation of the heat storage tank. Under typical heating and non-heating 

conditions, the solar hot water heat storage system continuously provides energy through the end of 

the day and effectively shortens the working hours of the ASHP and EH. The power supply intensity 

and total power consumption of the municipal power grid are also reduced. 

The dynamic operation of System Ⅴ is shown in Fig. 11 (e). According to the analysis in Section 5.1, 

it cannot achieve a good gain effect when the PV system is integrated with the solar hot air heating 

system. The dynamic operation conditions of System V and System I on typical days are very similar, 

which also confirms the above results. 

The dynamic operation of System Ⅵ is shown in Fig. 11 (f). System Ⅵ integrates the PV and solar 

hot water heat storage systems. On typical days, the energy supply proportion of solar hot water 

heat storage system is further improved in System VI. The working hours of the ASHP on typical 

heating days are shortened to 5 h. Part of the power consumption of ASHP is supplied by municipal 

power and the rest is supplied by the PV system. During non-heating typical days, System Ⅵ can 

operate almost independently of municipal power, but the loss of PV power abandonment is still 

apparent. 

The dynamic operation of System Ⅶ is shown in Fig. 11 (g). System Ⅶ integrates the solar hot air 

collector system with System III. However, due to the poor integration effect of the PV system and 



 

 

solar hot air heat collection system, the optimized solar air collector area can be ignored. Therefore, 

the operation results of System Ⅶ and System III are almost the same on a typical day. 

The dynamic operation of System VIII is shown in Fig. 11 (h). The solar PV and its power storage 

system with a solar hot water collector and its heat storage system are integrated into System VIII. 

From the dynamic operation process of the typical day that the solar hot water heat storage system 

undertakes most of a PSSBs' thermal load. The heating hours of ASHP on a typical day are further 

shortened to 2 h, and the municipal power supply is minimized. At the same time, because of the 

battery, the excess PV power generation is transferred and utilized during the non-heating typical 

days, which effectively reduces power loss. 

4.1.2. Annual system performance 

The overall operating performance of each system throughout the year was analyzed based on the 

analysis of the typical daily dynamic operation performance of the system. Table 10 shows each 

system's power and heat supply and consumption under annual operating conditions. For a 

standalone PV system, the total annual power generation of a PV system is 27384.87 kWh, of which 

∼55.8% of the power. The effective power supply of PV accounts for 43.6% of the total power 

supply. Because the energy for the heating and hot water loads is supplied by the PV and grid, the 

power consumption of ASHP and electric water heater accounts for 87.5% of the total power 

consumption. 

Table 10. The annual operation performance of different solar systems. 



 

 

 

Note: EPVt is total power generation of PV system, EPVe is effective power supply of PV power 

generation, QSCt is total heat collection of solar collector system, QSCe is effective heat supply of solar 

heat collection. 

For System Ⅱ, the solar hot air system only undertakes part of the heating load, and thermal 

energy supplied by the SHS accounts for about 27.5% of the total heating load. The overall 

conventional power consumption of System Ⅱ is high throughout the year. Due to the addition of a 

battery in System III, the effective utilization rate of the PV power generation in the system is 

increased to 70%, and the effective power supply of the PV system accounts for about 53.6% of the 

total power supply, which increases by 10% compared to System Ⅰ. 

In System Ⅳ, the effective heating capacity of the solar collector system accounts for 73.4% of the 

total heating capacity, which significantly reduces the consumption of municipal power by ASHP and 

the electric water heater. Due to the low integration of solar PV and solar hot air system in System 

Ⅴ and System Ⅶ, the contribution rate of the heat supply of the solar hot air collection system 



 

 

accounts for only 0.1%. Overall, the energy supply structures of System Ⅴ and System Ⅶ are the 

same as System Ⅰ. 

The solar PV and hot water systems are integrated into System Ⅵ and System VIII; more than 80% of 

the thermal load is provided by the solar hot water system. At the same time, the part of the power 

load also is provided by the PV system, minimizing the dependence of the system on the municipal 

grid. In addition to the regulation of solar heat collection by the heat storage tank, the battery also 

regulates the usage of the system, especially in System VIII. The heat storage tank and storage 

battery ensure the efficient utilization of PV power generation and heat collection and reduce the 

overall municipal power need. 

The annual loss of power and heat collection of different solar systems are shown in Fig. 12. The PV 

power generation loss of independent photovoltaic systems and photovoltaic and solar hot 

air integrated systems is significant. The main reason is that most of the building energy 

consumption is provided by the PV system, and the scale of the PV cells is large, so it produces more 

excess power than other systems. In addition, adding batteries to the system can effectively reduce 

the power loss rate. Compared with the independent PV system, the power loss rate of the PV 

system with integrated batteries is significantly reduced, from 44% to 30%. 

 

Fig. 12. Annual loss of power generation and heat collection of different solar systems. 

The PV-PT-TES-EES integrated system has the greatest heat loss. Most of the heat load in this system 

is provided by the solar heat collection system, and the solar collector area is large, producing more 

excess heat. At the same time, compared with the solar hot air system, the heat loss rate of the solar 

hot water system integrated heat storage tank is reduced from 15% to 12%. 

4.2. Performance comprehensive assessment 

Here, the proposed three evaluation indexes of AESR, LCCSR, and ACRR are used to comprehensively 

evaluate and compare the proposed eight solar energy systems' performance in energy 

conservation, economy, and environmental protection. 

4.2.1. Energy conservation analysis 



 

 

Fig. 13 shows the annual cumulative conventional power consumption and the annual energy saving 

ratio of different SESSs in PSSBs. System Ⅱ consumes the most municipal power, ∼31626 kWh per 

year, with an AESR of only 9.7%. The annually cumulative municipal power consumption of System 

VIII is the least, ∼5265 kWh. The electricity consumption is reduced by about 83.3%, and the AESR 

increases to 85.0% compared to System Ⅱ. In addition, the AESR of the single PV system or the PV 

and solar air heat collection integration system is ∼43.6%. When a battery is added to the system, 

the AESR of System III increases to ∼55%, showing that the battery plays a vital role in the energy 

saving of the single PV system. The AESR of the solar hot water heat collection and storage system is 

high, 63.4%. When the solar hot water heat storage system is further integrated with the PV system, 

the AESR of the system significantly improves, reaching 85%. 

 

Fig. 13. The EST and ESR for different SESSs of PSSB. 

4.2.2. Economical analysis 

The LCC and LCCSR of different SESSs in PSSBs are shown in Fig. 14. LCC and LCCSR trends are similar 

to the changes in conventional power consumption and AESR of each system. For example, the 

lowest LCCSR of the system is still System Ⅱ, which is only 5.05%. The LCCSR of the single PV system 

and PV and solar hot air integration system is less than 20%. The LCCSR of the solar hot water system 

and PV and solar hot water integration system is high, reaching ∼50%. 

 

Fig. 14. The LCC and LCCSR for different SESSs. 



 

 

Different from the AESR, the LCCSR of System VI is the greatest. Although the operation cost of 

System VIII is low, the equipment cost and replacement cost are much greater than that of System 

VI. Therefore, the economy of System VI is slightly better than that of System VIII when accounting 

for the whole life cycle of the system. 

4.2.3. CO2 reduction analysis 

The annual CO2 emissions and ACRR of the different SESSs in PSSBs are shown in Fig. 15. Due to the 

lack of carbon emission data during the SESS equipment production, manufacturing, and 

abandonment, only the carbon emissions during the system operation stage are considered in the 

environmental evaluation. The carbon emission in the operation stage is directly related to a 

system's power consumption. 

 

Fig. 15. The annual CO2 emissions and ACRR for different SESSs. 

The annual CO2 emission of the contrast system reaches 19262.5 m3. The annual CO2 emission of 

System Ⅱ is the greatest, and System VIII is the least. There are different degrees of differences in 

equipment types and specifications in each system, leading to specific differences in the carbon 

emissions of equipment in each system. Therefore, the carbon emission of the equipment itself in 

the life cycle will be considered in future work on the environmental benefit evaluation of the SESS 

once the basic carbon emission data of the equipment are available. Such evaluation results will be 

more objective and practical. 

The performance parameters of each system's energy conservation, economic and CO2 emission 

reduction are summarized in Table 11. The coloring of the cells in the table indicates good or bad 

performance, with warmer colors indicating better system performance and colder colors indicating 

worse system performance. System VIII has the best energy conservation and carbon emission 

reduction capacity, and its economy is second only to System VI across all systems. The LCCSR 

difference between these two systems is minimal, less than 1%. The above research results show 

that different SESSs have different advantages in economy, energy conservation, and environmental 

protection compared with the traditional electric energy system for PSSBs in Lhasa. Overall, the 

integrated system of PV-PT-TES-EES has the best comprehensive performance. 

Table 11. The results of system assessment of different solar systems. 



 

 

 

4.3. Sensitivity analysis 

To understand the influence of non-variable parameters on the optimization results of a SESS, the 

sensitivity analysis of system optimization results to non-variable parameters was performed. The 

sensitivity analysis is divided into two parts according to the type of parameters: first, sensitivity 

analysis of electricity price, annual inflation rate, and annual interest rate; second, sensitivity 

analysis of the unit cost of equipment, such as collector, water tank, PV module, battery, and ASHP. 

Because System VIII has numerous advantages in many areas, it is used as an example for sensitivity 

analysis. 

4.3.1. Economic parameters 

The economic parameters of electricity price, inflation rate, and interest rate decreased by 25% and 

50%, and increased by 25% and 50%, respectively, based on the existing values. The new economic 

parameter value was used for the optimization simulation. The sensitivity analysis results of 

electricity price, inflation rate, and interest rate on the LCC of System VIII are shown in Fig. 16. The 

LCC increases with the increase in electricity price and inflation rate and decreases with an increase 

in the interest rate. The variation rate of LCC with a change in electricity price is the greatest, 

followed by the annual interest rate, and the lowest, the inflation rate. The electricity price 

increased from 0.37 CNY·kWh−1 to 1.11 CNY·kWh−1, and the LCC of System VIII increased by 11.8%. 

According to the energy performance analysis of the above systems throughout the year, the annual 

conventional power consumption of System VIII is the lowest. Therefore, the impact of electricity 

price on the LCC is more significant for other systems. 

 



 

 

Fig. 16. Effects of electricity price, interest rate and inflation rate on system life cycle cost. 

The effects of electricity price, interest rate, and inflation rate on the optimized equipment capacity 

are shown in Fig. 17. The variation in electricity price significantly impacts the optimized capacity of 

each piece of equipment, while the variation in the interest rate and inflation rate does not cause 

the change in optimized capacity. The optimized photovoltaic area and battery power show an 

increasing trend with the increase in electricity price, which indicates that with the increasing price 

of municipal power, photovoltaic power becomes more competitive. The optimized solar collector 

area and water tank value show a decreasing trend with increasing electricity prices. Because the 

total area of PV and PT equipment that can be laid on a roof is limited, an increase in system LCC 

caused by an increase in the number of photovoltaic modules is lower than that caused by an 

increase in the collector area. Therefore, an increase in the photovoltaic area leads to a decrease in 

the collector area. The air source heat pump’s optimized power decreases first and then increases 

with an electricity price increase because it is economical to use the higher power ASHP to consume 

electricity for heating when the electricity price is low. When the electricity price is high, the PV 

power supply increases and the heat supply of the collector decreases. It is also necessary to 

increase the power of the ASHP to supply more heat. 

 

Fig. 17. Effects of electricity price, interest rate and inflation rate on optimized capacity of 

equipment. 



 

 

4.3.2. Equipment price 

The sensitivity analysis results of System VIII equipment price to its LCC are shown in Fig. 18. The 

equipment price of System VIII decreases by 25% and 50%, and increases by 25% and 50%, 

respectively, based on the existing values. The LCC increases with an increase in the price of the solar 

collector, PV module, heat storage tank, battery, and ASHP. The degree of influence of equipment 

price on LCC from large to small is: solar collector/ASHP > PV module > heat storage tank > battery. 

Although the price per unit area of a collector is low, the optimized collector area is large, so the 

change in collector price significantly impacts the LCC of the system. The price change of an ASHP 

will also significantly impact the LCC due to the high cost per unit of thermal power. In comparison, 

the optimized PV cost is greater than that of a battery and heat storage tank, so the system LCC is 

more sensitive to a change in the price of PV. 

 

Fig. 18. Effects of equipment price on system life cycle cost. 

The effects of equipment price on the optimized equipment capacity are shown in Fig. 19. From Fig. 

19 (a), the optimized collector area and water tank volume decrease, and the photovoltaic area and 

battery power increase with an increase in the collector price. From Fig. 19 (b) and 19 (d), the 

optimized PV area and battery power increase, and collector area and water tank volume decrease 

with a PV module and battery price increase. From Fig. 19 (c), the optimized PV area and battery 

power increase slightly, the collector area decreases, and the water tank volume and the power of 

ASHP remain unchanged with an increase in water tank price. From Fig. 19 (e), the optimal capacity 

of each piece of equipment remains unchanged with an increase in the price of the air source heat 

pump. 



 

 

 

Fig. 19. Effects of equipment price on optimized capacity of equipment. 

5. Conclusions 

The optimization model of eight potential SESS for PSSBs was established, and the equipment 

capacity in each system was optimized, respectively. Furthermore, the short-term dynamic 



 

 

operation performance and the energy conservation, economic and CO2 emission reduction 

performance of the systems were comprehensively analyzed. The specific conclusions are as follows: 

(1) For PSSBs, the optimized LCC of a single solar hot air system is the maximum. Compared with a 

single solar hot air system, the optimized LCC of a single photovoltaic system is reduced by 15%, and 

that of a solar hot water and heat storage integrated system is reduced by about 43%. 

(2) Compared with the traditional municipal power supply system, a SESS has significant energy 

savings, economics, and environmental protection benefits. Overall, the optimized integrated 

System VIII has the best comprehensive performance. The AESR of the system is 85%, the LCCSR is 

50%. 

(3) The electricity price is the most significant factor for LCC compared to the annual interest and 

inflation rates. The price of a solar collector and ASHP have the most significant impact on the LCC 

optimization results of a PV-PT system with battery and thermal storage. 

There are several limitations of this study. Firstly, the minimum life cycle cost was taken as the 

optimization goal to analyze the suitability of different solar systems in PSSBs. For scenarios with 

high-reliability requirements for energy conservation and carbon emission reduction rates, multi-

objective optimization methods should be adopted to coordinate the contradiction between 

different objectives to obtain more balanced system optimization design results. Secondly, 

considering the current grid connection of PV power in Lhasa, Tibet, the excess power of the PV 

system was not added to the national grid in this study. If the grid conditions permit, the two-way of 

PV will positively reduce excess power loss. Therefore, the effect of grid connection of excess PV 

power on the optimization results should be analyzed in future research. Despite the limitations, the 

conclusions of this paper are still valuable for the scheme determination and optimization design of 

solar energy supply systems for PSSBs in solar energy resource-rich areas. 
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