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Abstract

To improve renewable energy utilization and reduce fossil fuel consumption in building
heating systems in Northwest China, this study proposes a solar-biogas hybrid heating
system for the Jiuquan region. A dynamic simulation model was developed in TRNSYS, and
multi-objective optimization was conducted using the NSGA-II algorithm. The optimization
objectives were to maximize the solar fraction and minimize the initial system investment.
The solar collector area, thermal storage tank volume, and biogas boiler start-up temperature
were selected as decision variables. The results showed that the optimized solar fraction
increased from 48.98% to 78.40% as the initial investment increased from 40,000 CNY to
80,000 CNY, although the marginal return gradually decreased. The NSGA-II algorithm
generated a well-distributed Pareto front, revealing a clear trade-off between economic
performance and solar energy utilization. Relative to the author-defined, proportionally
scaled reference configurations, the optimized solutions increased the solar fraction by
18-21% across the examined investment levels. These improvement percentages are con-
ditional on the adopted baseline definition. Considering both energy performance and
economic feasibility, the scheme with a solar fraction of approximately 70% was identified as
the compromise solution. Compared with the initial design, this scheme increased the initial
investment by 15.52% and improved the solar fraction by 20.69%. These results indicate that
appropriate configuration of key system parameters can substantially enhance renewable
energy utilization. The proposed optimization method provides a useful reference for the
design and operation of solar-biogas hybrid heating systems in Northwest China.
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Solar heating systems have attracted considerable research attention in recent years. To
address the intermittency and variability of solar resources, previous studies have focused
on improving collector performance, optimizing thermal storage technologies, and devel-
oping advanced control strategies [5,6]. The integration of solar collectors with thermal
storage devices can partially mitigate the adverse effects of solar radiation fluctuations and
improve solar energy utilization [7]. Consequently, stand-alone solar heating systems may
fail to meet continuous building heating demand during periods of insufficient irradiation,
making auxiliary heat sources necessary [8,9]. Multi-energy complementary heating sys-
tems have therefore become an important technical pathway for improving the reliability
of solar heating systems [10].

Hybrid heating systems combining solar energy with auxiliary heat sources, such as air-
source heat pumps, electric boilers, and biomass boilers, have been widely investigated [11].
Proper integration of auxiliary heat sources can compensate for the intermittency of solar
energy and enhance heating reliability. Among the available renewable options, biomass is
characterized by abundant resources, convenient storage, and strong dispatchability [12].
Biogas, produced through anaerobic digestion and composed mainly of methane, can
provide stable and controllable heat through combustion. Its dispatchability complements
the intermittent nature of solar energy, making a solar-biogas configuration suitable for
renewable heating applications.

Previous studies have investigated solar-biomass hybrid heating systems from several
perspectives, including system configuration, operational performance, and economic
feasibility. For example, dynamic simulation models have been used to evaluate the effects
of individual design parameters, such as collector area and thermal storage capacity, on
system performance. Life-cycle cost analysis has also been applied to assess economic feasi-
bility, while intelligent control strategies have been developed to coordinate multiple heat
sources. However, for rural heating applications in Jiuquan, the initial capital requirement
is also a decision-relevant indicator because it directly affects the upfront affordability and
near-term feasibility of system adoption. Therefore, this study focuses on the trade-off
between initial investment and solar-energy utilization. This choice is intended to represent
the capital-entry requirement rather than the complete lifecycle economic performance of
the system. Nevertheless, these studies have generally examined specific parameters or
operational aspects separately. The coordinated optimization of multiple key parameters
in solar-biogas hybrid heating systems, particularly with respect to the trade-off between
solar energy utilization and initial investment, remains insufficiently explored. Increasing
the solar fraction generally requires larger collector areas and greater thermal storage ca-
pacities, which increases capital cost. Identifying an appropriate balance between economic
performance and renewable energy utilization is therefore a key issue for the practical
application of solar-biogas hybrid heating systems.

Multi-objective optimization methods have been widely applied to the design and
operation of energy systems [13-15]. Among them, the Non-Dominated Sorting Genetic
Algorithm II (NSGA-II) is commonly used in building energy system optimization because
of its global search capability, convergence performance, and capacity to handle multiple
conflicting objectives simultaneously [16,17]. By generating a Pareto-optimal solution set,
NSGA-II can reveal trade-offs among competing objectives and provide a quantitative basis
for system design decisions.

Recent studies have investigated solar-biogas heating systems from different perspec-
tives. Liu et al. [18] evaluated the thermal characteristics and heat-storage role of a solar—
biogas heating system for buildings. Sun et al. [19] developed a TRNSYS model of a solar-
assisted biogas and air-source heat-pump system for rural heating and employed NSGA-II
for bi-objective optimization. However, the joint optimization of collector area, storage-tank
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volume, and biogas-boiler control temperature for a solar-biogas heating system under the
climatic and building-load conditions of Jiuquan remains insufficiently investigated.

2. Climatic Characteristics of Jiuquan Area

Jiuquan, located in the western Hexi Corridor of Gansu Province, has an arid and
semi-arid climate and possesses abundant solar energy resources, providing favorable
conditions for solar heating applications. Its rural areas also contain substantial agricultural
and livestock residues, which provide a potential resource basis for biogas production [20].
Given the marked regional differences in climate and solar resource distribution across
Gansu Province, Jiuquan was selected specifically to represent the solar-rich conditions
of the western Hexi Corridor. Therefore, the development of solar-biogas hybrid heating
systems in Jiuquan offers both resource advantages and practical engineering relevance.

On this basis, this study selected a typical building in Jiuquan as the research object
and developed a dynamic simulation model of a solar-biogas hybrid heating system [20].
Mathematical models of the main components, including solar collectors, the thermal
storage tank, and the biogas boiler, were established, and system operation was analyzed
using TRNSYS. The NSGA-II algorithm was then used for multi-objective optimization and
to obtain the Pareto-optimal solution set. The variation characteristics of key system param-
eters were further examined, and a compromise solution balancing economic performance
and renewable energy utilization was identified. The findings provide theoretical support
for the design and application of solar-biogas hybrid heating systems in Northwest China.

The monthly average air temperature and monthly average solar radiation data for
this region were analyzed to characterize annual temperature variation and the seasonal
distribution of solar energy resources in Jiuquan. The results are presented in Figures 1 and 2.
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Figure 1. Distribution characteristics of monthly air temperature.
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Figure 2. Monthly distributions of solar radiation.
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For each month shown in Figure 1, the filled red bar represents the interval between
the monthly mean daily minimum and maximum temperatures. The lower and upper
vertical ranges extend to the monthly extreme minimum and maximum temperatures,
respectively. The monthly temperature variations in Jiuquan show that this city has a
distinct unimodal annual pattern, with the lowest temperatures occurring in January, and
the highest temperatures occurring in July. This pattern is consistent with the characteristics
of a temperate continental climate. In Jiuquan, winter temperatures are relatively low; the
average minimum temperature in January approaches —15 °C, and extreme minimum
temperatures fall below —20 °C. In summer, the average maximum temperature in July
approaches 30 °C, while extreme maximum temperatures exceed 35 °C. The annual temper-
ature difference is substantial, reaching nearly 50 °C, which indicates the strong continental
and arid-cold climatic characteristics of the region.

A combined analysis of temperature and solar radiation data shows that Jiuquan is
characterized by cold winters and abundant solar energy resources. The region experiences
substantial heating demand from December to February while maintaining considerable
solar radiation, providing favorable climatic conditions for solar heating applications. Its
low winter temperatures and high solar resource availability make it suitable for investigat-
ing high-solar-fraction heating systems. Accordingly, this study uses the meteorological
conditions of Jiuquan as the sole climatic boundary for the building-load simulation and
the subsequent TRNSYS-based optimization of the solar-biogas hybrid heating system.
The conclusions are therefore specific to the selected rural residential building in Jiuquan
and may apply only to regions with comparable climatic and building-load conditions.

3. Building Load Characteristics During the Heating Season in Jiuquan

3.1. Determination of Hourly Outdoor Temperature and Solar Radiation Intensity During the
Heating Season

Based on the Typical Meteorological Year (TMY) data for Jiuquan obtained from Me-
teonorm, hourly meteorological parameters, including dry-bulb temperature, solar radiation,
wind speed, and relative humidity, were collected. Figures 3 and 4 show the hourly dry-bulb
temperature and solar radiation intensity during the heating season in Jiuquan, respectively.
The weather data file was then imported into TRNSYS to establish the building thermal model.
Hourly building heating loads throughout the heating season were subsequently simulated
and analyzed, providing fundamental data for the design of building-integrated solar heating
systems and the configuration of hybrid renewable energy supply systems.
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Figure 3. Hourly dry-bulb temperature in Jiuquan during the heating season.
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Figure 4. Hourly solar radiation in Jiuquan during the heating season.

The hourly meteorological dataset adopted in this study is the Typical Meteorological
Year (TMY) generated by Meteonorm v8.0. The geographic information of the Jiuquan
study site is as follows: latitude 39.74° N, longitude 98.50° E, altitude 1170 m above sea
level, UTC+8 China Standard Time. The meteorological data covers multi-year average
climate records from 2010 to 2020. The evacuated tube solar collector is arranged with a
tilt angle of 40° and an azimuth angle of 0° (due south). The dynamic TRNSYS simulation
started at 0:00 on November 1 and ended at 24:00 on March 31 of the next year, with an
hourly calculation time step.

3.2. Determination of Building Envelope Parameters

After the meteorological data file was obtained, a building thermal model was es-
tablished to represent the climatic characteristics of Jiuquan and calculate the building
heating load. The building envelope is a key factor affecting heat loss and heating energy
consumption, and its thermal performance directly determines the insulation level and
heating demand of the building. Therefore, the exterior walls, interior walls, roof, floor,
and external windows were modeled in detail in TRNSYS.

As a result, the heating demand remains substantial throughout winter. To reduce
heat loss through the envelope and improve thermal insulation performance, expanded
polystyrene (EPS) insulation layers were added to the exterior walls and roof. The repre-
sentative building is selected strictly following local rural building energy-saving codes,
adopting mainstream layout and widely-used envelope structures, including double-glazed
windows that balance thermal performance and rural construction costs in Jiuquan’s severe
cold climate [21]. The target rural building is a single-story rectangular residence with a
total conditioned floor area of 120 m?, length of 15 m, eave height of 3.2 m and width of
8 m. The primary orientation of the building is south. The gross area of the four exterior
walls is 2(15 + 8) x 3.2 = 147.2 m?, and the total exterior-window area is 16.8 m?. There-
fore, the overall window-to-wall ratio, calculated using the gross area of all four exterior
walls, is 16.8/147.2 = 0.114, or approximately 0.11. The entire house is defined as a single
unified thermal zone, without separate temperature control partitions, and the standard
household occupancy is set to five people, consistent with local rural living habits. The
overall seasonal heating demand of the whole building is 15,444 kWh, and the peak heating
load reaches 16.4 kW (136.7 W/m?). The construction assemblies and thermal properties of
each envelope component were determined according to current building energy-efficiency
design standards. The construction details and thermal performance parameters are listed
in Table 1 [22].
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Table 1. Thermal performance parameters of the building envelope.

Thermal . i . . Heat Transfer
Envelope Material Conductivity H(er;;g}; S&;/c(llflc.%;;t Thl(cnl:r)less Total l(ﬂll;l)c kness Coefficient
(W/(m-°C)) 8 8 (W/(m?-°C))

Cement mortar 0.930 1800 1.050 0.020
Reinforced concrete 1.740 2500 0.920 0.120

Exterior wall Expanded polystyrene 0.039 20 1.380 0.030 0.440 0.410
Autoclaved aerated concrete 0.180 700 1.050 0.250
Cement mortar 0.930 1800 1.050 0.020
Cement mortar 0.930 1800 1.050 0.020

Interior wall Autoclaved sand-lime brick 1.100 1900 1.050 0.230 0.270 2.369
Cement mortar 0.930 1800 1.050 0.020
Cement mortar 0.930 1800 1.050 0.015
Fine stone concrete 1.510 2300 0.920 0.150
Expanded polystyrene 0.039 20 1.380 0.030

Roof Waterproof layer 2.300 130 2.300 0.010 0.345 0.814
Reinforced concrete 1.740 2500 0.920 0.120
Gypsum plaster 0.200 850 1.050 0.020
Thermal insulation layer 0.070 800 1.000 0.080
Fine stone concrete 1.510 2300 0.920 0.200

Floor Waterproof layer 2.300 130 2.300 0.002 0.287 0.659
Foundation 0.070 800 1.000 0.005

Double glazing
Exterior window (6 mm clear glass + 9 mm air 0.021 2.30

gap + 6 mm clear glass)

3.3. Determination of Internal Heat Gains

In TRNBuild, in addition to meteorological boundary conditions and envelope thermal
properties, internal heat gain parameters must be specified, including heat gains from
occupants, lighting, equipment, and fresh air ventilation. Internal heat gains affect both the
indoor thermal environment and the calculated building heating load. These parameters
were therefore determined based on the actual use conditions of the building.

According to the Design Code for Heating Ventilation and Air Conditioning of Civil
Buildings and the Energy Efficiency Design Standard for Rural Residential Buildings, the
indoor design temperature for residential buildings under winter heating conditions is
generally 18-20 °C. Considering the cold winter climate and substantial heating demand in
Jiuquan, as well as the balance between thermal comfort and energy efficiency, the indoor
design temperature was set to 18 °C. Based on current building energy-efficiency standards
and typical occupancy characteristics of rural residential buildings, the occupant density
was assumed to be 0.04 persons/m?, with a sensible heat gain of 75 W per person. The
lighting power density was set to 5 W/m?, and the power density of household appliances
and other equipment was set to 3 W/m?. To satisfy indoor air quality requirements, the
fresh air ventilation rate was specified as 30 m®/(h-person). These internal heat gain
parameters were used as input conditions for the TRNSYS building thermal model to
calculate the hourly heating load throughout the heating season and to support the capacity
design of the building-integrated solar heating system.

3.4. Analysis of Building Load Simulation Results During the Heating Season

After the physical building model was defined in TRNBuild and the envelope and
internal heat gain parameters were specified, the dynamic building load model was estab-
lished. The resulting model is shown in Figure 5 (The solid line represents the physical
connection relationship between model components, while the dashed line represents the
relationship between simulation data transmission and result output.).
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Figure 5. Building load simulation model.

To verify the rationality of the established TRNSYS building model, the simulated
seasonal heating load per unit area is compared with national design standards and peer
measured data for rural buildings in Jiuquan, as shown below.

The simulated seasonal heating load of the target rural building is 128.7 kWh/m?.
According to GB/T 50824 [23], Design Standard for Energy Efficiency of Rural Residen-
tial Buildings in Severe Cold and Cold Zones, the standard seasonal heating load range
for unrenovated rural houses in Hexi Corridor severe cold regions is 120-135 kWh/ m?2.
Previous field investigations of rural dwellings in the Hexi Corridor, including Jiuquan,
have documented poor winter indoor thermal conditions and substantial space-heating
demand [24,25]. The simulated seasonal heating demand of 128.7 kWh/ m? is therefore
considered physically plausible for the regional climate and building characteristics. How-
ever, because building-specific measured heating-consumption data are unavailable, this
comparison is regarded as a plausibility assessment rather than as a direct experimental
validation. Our simulated value falls within both the standard interval and the literature
measured range, which demonstrates that the building envelope, internal heat gain and
meteorological boundary settings are reasonable, and the building load simulation results
are credible for subsequent optimization. After the parameter settings were completed, the
dynamic building load simulation was performed to obtain the hourly heating load of the

building throughout the heating season. The simulation results are presented in Figure 6.
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Figure 6. Hourly heating load of the building during the heating season in Jiuquan.
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Figure 6 presents the hourly heating load of the studied building throughout the
heating season in Jiuquan. The heating load varies synchronously with outdoor tempera-
ture: it starts relatively low in November, rises gradually to a peak value of approximately
140 W/m? during January-February, and declines continuously until the end of March.
The heating load is mainly distributed within 50-100 W/m? for most of the heating pe-
riod. The frequent periodic fluctuations on the curve are dominated by diurnal changes in
outdoor temperature and solar irradiance, reflecting their direct impacts on instantaneous
building heating demand. To further quantitatively validate the reliability of the TRNSYS
building and heating system model, the simulated seasonal heating load per unit area
(128.7 kWh/m?) is compared with published field measurement data of Jiuquan rural
buildings (124-132 kWh/m?) and the GB/T 50824 standard range (120135 kWh/m?).
Taking the average measured load of 128 kWh/m? as the reference value, the relative error
of simulation results is calculated as
[Esin = Eness| . 00 (1)

E meas

RE =

where:

Esim: simulated seasonal heating load, kWh;

Enmeas: average field-measured heating load from the literature, kWh.

The calculated relative error is only 0.55%, which falls within the commonly accepted
engineering tolerance (+£5%). It should be noted that the ZDT benchmark-function tests
reported in the Supplementary Material evaluate only the convergence and distribution
performance of the NSGA-II algorithm. In contrast, the comparison between the simulated
seasonal heating load and the field-measured data, together with the relative-error calcula-
tion presented above, provides an independent validation of the physical TRNSYS building
model. The validation performed in this study is limited to the building thermal-load
model. This comparison supports the reliability of the building heating-load boundary
used in the coupled simulation. However, it does not represent experimental validation
of the complete solar-biogas heating system. The collector, storage tank, circulation loop,
controller, and auxiliary boiler were modeled using established component equations and
manufacturer or literature parameters, and their interactions were checked through hourly
energy balances.

4. Establishment of the TRNSYS Simulation Model of the System
4.1. Solar-Biogas Heating System

Considering the local availability of solar and biomass resources, a solar-biogas
heating system is proposed for the selected rural building in Jiuquan. Solar energy is used
as the primary heat source, while a biogas-fired boiler serves as the auxiliary heat source.
The conceptual system configuration and the TRNSYS simulation boundary are presented
in Figure 7.

Figure 7 presents the conceptual configuration of the complete solar-biogas heating
system. The upstream biogas-production chain, including the anaerobic digester, purifica-
tion unit, and gas-storage unit, is shown only to illustrate the potential fuel-supply pathway
and is not included in the TRNSYS simulation. The actual simulation boundary begins at
the idealized biogas-fired auxiliary boiler and includes the solar collector array, thermal
storage tank, circulation pumps, controllers, heat exchangers, building-load model, and
heating terminal. The solar collectors serve as the primary heat source by converting solar
radiation into thermal energy. The thermal storage tank stores heat generated by the solar
collection system and balances the mismatch between heat supply and heating demand.
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The biogas boiler serves as an auxiliary heat source and supplies additional thermal energy
when solar heat is insufficient, thereby ensuring continuous and stable building heating.
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Figure 7. Conceptual configuration of the complete solar-biogas heating system and the boundary of
the TRNSYS-simulated heating subsystem.
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The system operates according to a solar-priority control strategy. Under sufficient solar
radiation, the collected heat is transferred through the collector loop to the thermal storage
tank and subsequently supplied to the building through the heating loop. When the tank tem-
perature falls below a preset threshold or the available solar heat cannot satisfy the building
load, the biogas boiler is activated. This coordinated operation mitigates solar intermittency
and ensures a stable heat supply while maintaining a high share of renewable energy.

4.2. Mathematical Models of the Main System Components

To characterize the operating behavior and energy performance of the system, mathe-
matical models of the main components were established. In this study, a simulation-based
approach was used to analyze dynamic system operation. The component models were
implemented mainly through TRNSYS modules, providing the theoretical basis for the
subsequent system simulations.

Solar collector model: In TRNSYS, Type 71 was selected to represent the solar collector.
This model uses the Hottel-Whillier equation to describe collector thermal performance.
The collector efficiency (1), which characterizes the heat collection performance of the solar
collector, is defined as follows:

1000mcy (T, — T;)

77 = AIT = FR(TIX)TZ_PRUL

(Ti — Ta) (Ti — Ta)®

It

— FrUp /7 )
where:
n: thermal efficiency of the evacuated-tube solar collector;
m: mass flow rate of the heat transfer fluid, kg/s;
cp: specific heat capacity of the heat transfer fluid at constant pressure, kJ/(kg-°C);
T, and Tj: outlet and inlet temperatures of the heat transfer fluid, °C;
A: collector area, mZ;
I: total solar radiation incident on the tilted collector surface, W/m?;
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FRr: heat removal factor;

(To)n: product of cover transmittance and absorber absorptance under normal solar
incidence;

Uy: overall heat loss coefficient per unit collector area, W/ (m?-°C);

T4: ambient air temperature, °C;

Utt: heat loss coefficient associated with changes in ambient temperature, W/(m?2-°C).

Equation (2) can be further simplified as follows:

(AT) (AT)?
It e It

N = a0—a 3)
where:

AT: temperature difference between the inlet fluid temperature and the ambient air
temperature, °C;

ap, a1, and ap: performance coefficients of the standard quadratic efficiency equation.
The quadratic efficiency coefficients are ag = 0.76, a1 = 1.82 W/ (m? - °C), a, = 0.0045 W/
(m2 . OC)Z.

The thermal efficiency of the evacuated-tube solar collector was calculated using the
standard quadratic efficiency model. The model form follows the conventional collector-
performance formulation described by Duffie and Beckman. The coefficients were obtained
from the certified performance data of the selected evacuated-tube collector. These coeffi-
cients were entered as fixed collector-performance parameters in the TRNSYS model.

Biogas boiler model: Within the TRNSYS simulation boundary, the biogas subsystem
is represented solely by an idealized auxiliary boiler with a sufficient and continuous fuel
supply. The production, purification, and storage of biogas are not dynamically modeled.
When the solar collector and thermal storage tank cannot satisfy the building heating
demand, the boiler converts the prescribed biogas fuel input into useful thermal energy
according to its thermal efficiency. Its useful heat output is expressed as follows:

_ 1 VpHy

Q = b @

where:

Qp: useful heat output of the biogas boiler, kW;

Mp: thermal efficiency of the biogas boiler;

V}: biogas consumption rate, m3/h;

Hy,: lower heating value of biogas, MJ/m?.

All fixed biogas and boiler thermal parameters adopted in Equation (4) are listed in
Table 2 for reference.

Table 2. Thermal characteristic parameters of biogas and the biogas boiler.

Symbol Value Unit
1y [18] 0.88 -
H, [26] 20.8 MJ/m3

All geometry, equipment, and control parameters used in the TRNSYS dynamic
simulation are fully listed in the model in Table 3.
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Table 3. Consolidated TRNSYS simulation parameters.
Category Parameter Description Symbol Value Unit
TRNSYS component module Type 4 — —
Stratified thermal storage tank
Overall tank heat loss coefficient 0.42 W/ (m?-°C)
Plate heat transfer coefficient — 1120 W/ (m?-°C)
Heat exchange components

Cast iron radiator heat transfer coefficient — 8.2 W/ (m?-°C)

Solar pump start-up temperature difference — 8 °C

Control temperature dead band ~ Solar pump shutdown temperature difference — 3 °C

PID boiler control tolerance — 0.5 °C

Biogas auxiliary boiler Thermal efficiency 0.88 —

4.3. Establishment of the Simulation Model of the Solar—Biogas Hybrid Heating System

The TRNSYS model was established strictly within the simulation boundary defined in
Figure 7. It includes the weather-data reader, solar collector array, differential-temperature
controller, circulation pumps, stratified thermal storage tank, idealized biogas-fired aux-
iliary boiler, PID controller, building-load model, and heating terminal. The anaerobic
digester, biogas-purification unit, gas-storage unit, and digester-heating loop were excluded
from the TRNSYS model, energy balance, equipment-sizing analysis, and investment calcu-
lation. A sufficient and continuous biogas supply was assumed without seasonal produc-
tion constraints. Accordingly, Figure 8 presents only the components actually implemented
in TRNSYS (The different colored pipelines in the figure represent different forms of energy
transfer processes, where red represents the solar collection cycle, orange represents the
hot water distribution circuit, blue represents the biogas supply circuit, green represents
the building side heat exchange process, and black represents the control and information
transmission path.), and Table 4 lists their corresponding component types and parameters.
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Figure 8. TRNSYS model of the simulated solar heating system assisted by an idealized biogas-
fired boiler.

The auxiliary boiler capacity was not treated as an optimization variable. To ensure
full backup heating under design conditions, the boiler was sized using a capacity factor of
1.5 applied to the simulated peak building load of 16.4 kW. The calculated capacity was
24.6 kW, and a commercially available 25 kW boiler was therefore selected. The same 25 kW
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boiler was retained for every Pareto solution; optimization changes its operating duration
and annual fuel consumption, but not its rated capacity.

Table 4. Full list of TRNSYS component modules and core parameters.

Component Name TRNSYS Type Core Function Key Parameter Setting
. . Meteonorm v8.0, Jiuquan 39.74°
Meteorological data reader Type 15 Read TMY hourly weather file N/98.50° E, altitude 1170 m
Convert solar radiation to Tilt 40°, azimuth 0° (due south),
Evacuated tube solar collector Type 71 thermal energy 18 collector tubes
. Store collected solar heat Volume 2 m3, heat loss coefficient
Stratified thermal storage tank Type 4 for heating 0.42 W/ (m2-K)
. . Control collector-side Turn-on AT = 8 °C, turn-off
Differential temperature controller Type 2 circulation pump AT =3 °C
PID temperature controller Type 23 Regulate biogas boiler output Setpoint 35-50 °C supply
water temperature
. ' s . Supplemental heat source for Rated power 25 kW, thermal
Biogas-fired auxiliary boiler Type 6 solar deficit efficiency 88%
g Calculate dynamic 120 m? floor area, single
Building thermal load model Type 56 heating demand thermal zone
Radiator heating terminal Type 12 Deliver heat to indoor space Design supply/return 45/35 °C
Circulation pump Type 114 Drive heat transfer fluid Flow rate 1.2 m3/h, efficiency 65%

circulation

In this study, the solar-biogas hybrid heating system was modeled in TRNSYS 18 with
a simulation time step of 1 h. During system operation, different control strategies were
adopted for the solar heating loop and the biogas auxiliary heating loop to ensure stable
and efficient performance.

For the solar thermal subsystem, a differential temperature controller was used to
regulate the collector circulation loop. The controller monitors the temperature difference
between the collector outlet and the bottom of the thermal storage tank and compares
it with predefined upper and lower dead-band limits. When the temperature difference
exceeds the upper dead-band value, the controller starts the circulation pump, allowing the
heat collected by the solar collectors to be transferred to the thermal storage tank. When
the temperature difference falls below the lower dead-band value, the controller stops the
circulation pump, preventing heat loss caused by circulating low-temperature working fluid.

For the biogas auxiliary-heating subsystem, the controller monitors the upper-layer
temperature of the thermal storage tank. The biogas boiler is activated when the monitored
temperature falls below the prescribed start-up temperature Tet. If the upper-tank temper-
ature profile remains unchanged, increasing Tee causes the boiler to activate earlier because
the monitored temperature reaches the higher threshold sooner during cooling. Conversely,
when the monitored tank temperature reaches or exceeds the prescribed control limit,
the controller reduces the boiler output or switches the boiler off. In the Pareto-optimal
solutions, changes in Tset occur together with changes in collector area and storage-tank
volume. Consequently, boiler operating time must be interpreted as the combined result of
these parameters and cannot be attributed to Tt alone.

5. Optimization Study of the Solar-Biogas Hybrid Heating System
5.1. Selection and Validation of the Optimization Algorithm

The performance of the solar-biogas hybrid heating system is jointly affected by sev-
eral parameters, including solar collector area, thermal storage tank volume, and boiler
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control settings. A multi-objective optimization approach was therefore adopted to deter-
mine the optimal configuration of these key parameters.

NSGA-II was selected because its fast non-dominated sorting and crowding-distance
mechanisms promote convergence while maintaining solution diversity in conflicting multi-
objective problems [27]. It was used to optimize the system parameters and generate a
well-distributed Pareto front, revealing the trade-off between solar energy utilization and
initial investment.

5.2. Determination of Objective Functions and Decision Variables

Based on the building heating load simulation for Jiuquan and the established solar—
biogas hybrid heating system model, the key system parameters were optimized to improve
renewable energy utilization and reduce initial investment. Because the solar collector
area, thermal storage tank volume, and boiler control temperature directly affect system
performance and equipment cost, the collector area (A_c), storage tank volume (Vy), and
biogas boiler start-up temperature (Tset) were selected as decision variables for multi-
objective optimization [28].

In this study, the solar fraction and total initial investment cost were selected as the
optimization objectives. The solar fraction represents the proportion of the building heating
load supplied by solar energy and was maximized to enhance renewable energy utilization.
Total initial investment includes the purchase and installation costs of solar collectors,
thermal storage tanks, and related auxiliary equipment and was minimized to improve
economic feasibility. In this context, initial investment is used to represent the upfront
affordability of system deployment; it is not intended as a substitute for lifecycle-cost
assessment. The objective functions are expressed as follows:

SFraw(x) = 025+ 0.006A, + 0.05V; — 0.004(Tee; — 35) 5)
Fi(x) = —=SF(x) = —max{0,min[1, SFyay(x)]} (6)
B(x) = C(x) = Cc+C+ G ()

A,: solar collector area, mZ;

Vi: thermal storage-tank volume, mS;

Tset: start-up temperature of the auxiliary biogas boiler, °C;

SFraw(x): unbounded solar-fraction response calculated using the algebraic response
function, dimensionless;

SF(x): bounded solar fraction, constrained to the physical interval, dimensionless;

F; (x): first objective function to be minimized; minimizing is equivalent to maximizing
the solar fraction;

F,(x): second objective function to be minimized, representing the total initial invest-
ment, CNY;

Cp(x): total initial investment of the system, CNY;

C,: installed cost of the solar collector system, CNY;

Cy: investment cost of the thermal storage tank, CNY;

Cp: fixed lump-sum investment cost of the auxiliary biogas boiler and associated
equipment, CNY.

C = Ac- Pc (8)

Ct = Vi pt ©)

where:
pc: solar collector unit cost (CNY/ m?);
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pr: heat storage tank unit cost (CNY/m?). The quoted prices correspond to the same
base year and include the cost items specified in Table 5.

Table 5. Economic parameters for initial investment calculation.

Symbol Parameter Value Unit
Pe Solar collector unit cost 900 CNY/m?
Pt Heat storage tank unit cost 2500 CNY/m3
Co Fixed cost of auxiliary boiler and associated equipment 15,000 CNY

The multi-objective optimization problem can therefore be formulated as follows:

minF(x) = min Ax) = mzn'(—SF) (10)
F(x) = min(Co)
where the decision variables are defined as follows:
X = {Ac/ Vi, Tset} (11)

The unit investment coefficients are derived from the average market price level of
Jiuquan’s local heating projects [18,26].

5.3. Constraints

To ensure that the optimization results satisfy the practical operating requirements
of the system, the following constraints were imposed: the building heating load satis-
faction rate should not be lower than 95%; the indoor temperature during the heating
season should be maintained within 18-20 °C; the solar collector area should be limited to
20-80 m?; the thermal storage tank volume should be constrained within 0.5-3.0 m?; and the
biogas boiler start-up temperature should be restricted to 35-50 °C. Under the premise of
thermal comfort and stable system operation, the multi-objective optimization method was
applied to obtain the optimal parameter configuration and to provide a theoretical basis for
the design of solar-biogas hybrid heating systems in Gansu Province. The decision-variable
constraints are defined as follows:

20m?2 < A, < 80 m?

05m3 < V; < 3.0m°

35°C < Tsr < 50°C (12)
M = S 100% > 95%

18°C < T; < 20°C

where:

7Ny, is the heating load satisfaction rate, defined as the ratio of the number of hours
during the heating season when the indoor temperature reaches the design temperature
(18 °C) to the total heating season hours;

Tin is the indoor temperature during the heating season, °C;

Y tsatisfiea: total hours with an indoor temperature > 18 °C;

Y tiotar: total heating-season hourly steps.

The 95% threshold is a mandatory thermal comfort limit. Static penalty function
is adopted. A large constant M = 100 is added to both objectives for any solution with
7 < 95%. Infeasible individuals are eliminated during sorting; variable repair is not used.
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To enforce the heating load satisfaction rate constraint during the NSGA-II optimiza-
tion, a penalty function method is adopted. Any solution that fails to meet the n, > 95%
criterion will have its objective function values penalized, thereby guiding the search
towards the feasible region. The upper limit of 80 m? for the solar collector area is set to
match the extreme heating load demand of the building, fit the maximum installable roof
space of local rural houses [10], and ensure that the Pareto front covers high solar-fraction
optimization schemes [19].

After defining variable constraints and penalty rules, the hyperparameters of NSGA-II
used for practical system optimization are specified as population size = 100, maximum
iterations = 500, crossover probability = 0.9, and mutation probability = 0.1.

The parameter difference from those in the Supplementary Material (population 150,
iterations 200) arises from distinct calculation loads. The analysis in the Supplementary
Material only tests standard mathematical test functions, without TRNSYS co-simulation,
so a larger population and fewer iterations are adopted for fast comparison. For this solar—
biogas coupled system, each individual requires a full heating-season dynamic simulation
with heavy computation; population size is reduced to cut total simulation cost, while
iterations are raised to guarantee full Pareto convergence under a smaller population.

For parameter rationality:

(1) Crossover probability = 0.9. A high crossover rate facilitates gene exchange of elite
continuous variables (collector area, tank volume, boiler temperature), rapidly excavating
balanced solutions between the initial cost and solar fraction.

(2) Mutation probability = 0.1. Moderate perturbation prevents premature local
convergence and maintains population diversity, without destroying high-performance
candidate solutions.

This parameter set balances computational burden, convergence precision and solution
diversity for the co-simulation optimization problem.

5.4. Pareto Front Analysis

During optimization, an initial population satisfying all constraints was randomly
generated. Through selection, crossover, and mutation, the population was iteratively up-
dated until convergence, yielding the Pareto-optimal solution set for the system (Figure 9).
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Figure 9. Evolution of the Pareto front at different numbers of iterations. (a) Pareto front after
100 iterations; (b) Pareto front after 300 iterations; (c) Pareto front after 500 iterations.

Figure 9 shows the Pareto fronts obtained after 100, 300, and 500 iterations. From 100
to 300 iterations, the front shifts toward the optimal region and becomes more uniform and
continuous. Only minor differences occur between 300 and 500 iterations, indicating that
the algorithm is essentially converged after 300 iterations. The smooth, well-distributed
fronts support the suitability of NSGA-II for generating non-dominated solutions in the
present optimization problem.
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The converged Pareto front demonstrates a clear trade-off between the initial in-
vestment and solar fraction. As the investment increases from approximately 38,000 to
90,000 CNY, the solar fraction rises from about 43% to over 82%. However, the front
gradually flattens, indicating diminishing returns, particularly above a solar fraction
of approximately 70%. The middle region, corresponding to an investment of about
55,000-75,000 CNY and a solar fraction of 65-75%, therefore offers a practical compromise
between initial cost and solar-energy utilization.

5.4.1. Co-Simulation Framework and Computational Cost

The NSGA-II optimization program was coded in MATLAB (v2024), and two-way
real-time data exchange with TRNSYS 18 was realized via the TRNSYS COM interface for
co-simulation, without surrogate model simplification or GenOpt middleware.

(1) Coupling logic: MATLAB outputs a set of decision variables (A, V4, Tset) to TRNSYS;
TRINSYS executes the full heating-season dynamic simulation and feeds back the solar fraction
SF and total initial investment to MATLAB for fitness calculation and evolutionary iteration.

(2) Single evaluation simulation period: One complete heating cycle from November 1
to March 31 (5 months, hourly time step, 3600 total simulation hours per individual).

(3) Computational cost: A single TRNSYS evaluation required approximately 18 s on
average on a workstation equipped with an Intel Core i9-13900HX processor and 64 GB RAM.
With a population size of 100 and 500 generations, one independent optimization run required
up to 50,000 TRNSYS evaluations, corresponding to approximately 250 computation hours.

5.4.2. Multi-Run Statistical Results of Stochastic Optimization

Given the random initialization, crossover and mutation operators of NSGA-II, the
optimization was repeated 10 independent times with identical parameter settings to elimi-
nate random bias. The 10 independent runs were executed concurrently using 10 separate
MATLAB-TRNSYS processes. Table 6 records the statistical indicators of IGD values and
optimal compromise solar fraction across 10 runs.

Table 6. Statistical results of 10 repeated independent optimization runs.

Index Mean Minimum Maximum  Standard Deviation
IGD of converged Pareto front 0.0082 0.0065 0.0107 0.0014
Solar fraction of knee-point compromise solution (%) 69.7 68.1 71.2 0.96

The small standard deviations in IGD and compromise solar fraction demonstrate that
the Pareto fronts obtained under the given parameter configuration are stable, and random
fluctuation of the stochastic algorithm has limited influence on the core optimization
conclusions in this study.

5.5. Analysis of Optimization Results
5.5.1. Objective Function Analysis

Representative solutions covering total investments of 40,000-80,000 CNY are ex-
tracted from the Pareto front. Table 7 quantifies the change in solar fraction with rising
investment to guide rational scheme selection.

As shown in Table 7, increasing the initial investment from 40,000 to 80,000 CNY
raises the solar fraction from approximately 49% to 78%, corresponding to an absolute
increase of 29 percentage points and a relative increase of 59.18%. This improvement is
mainly attributable to the increased solar collector area and thermal storage capacity, which
enhance solar energy utilization and reduce reliance on auxiliary biogas heating.
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Table 7. Relationship between initial investment and solar fraction.

Initial Investment (10* CNY) Solar Fraction (%)
4 49.0
5 58.5
6 65.0
7 71.5
8 78.5

However, the marginal benefit decreases with investment. From 40,000 to 50,000 CNY,
the solar fraction increases from 49% to 59%, an absolute gain of 10 percentage points and a
relative increase of 20.41%. In contrast, increasing the investment from 70,000 to 80,000 CNY
raises the solar fraction from 72% to 78%, an absolute gain of only 6 percentage points and
a relative increase of 8.33%. An investment range of 60,000-70,000 CNY, corresponding
to a solar fraction of approximately 65-72%, therefore offers a practical balance between
initial cost and solar-energy utilization, while avoiding excessive system sizing. However,
lower-solar-fraction configurations consume more biogas, and the associated long-term
fuel costs are not included in the present optimization objective.

5.5.2. Optimization Variables and Their Influence

To clarify the influence of each decision variable on solar utilization performance,
representative optimal solutions corresponding to different solar fractions were selected
from the Pareto-optimal set. The variations in solar collector area, thermal storage tank
volume, and biogas boiler start-up temperature were analyzed as the solar fraction in-
creased from 50% to 80%. Figure 10 presents the variation trends of each optimization
variable with respect to solar fraction. This analysis identifies the key factors affecting
system performance and supports the selection of the final compromise solution.
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Figure 10. Influence of optimization variables on solar fraction.

Figure 10 shows that all three decision variables increase with solar fraction, although
at different rates. The collector area exhibits the largest increase, from approximately 20 to
65 m?, confirming that greater solar collection capacity is the primary means of increasing
solar heat supply and reducing biogas-boiler operation. The storage-tank volume increases
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from about 0.8 to 2.8 m?, enhancing solar-energy storage and mitigating fluctuations in
solar radiation. Its more rapid increase above a solar fraction of 70% indicates the greater
storage requirement of high-solar-fraction systems.

The optimal boiler start-up temperature increases within a narrower range, from 36
to 45 °C, in coordination with the enlarged collector area and storage capacity. Although
raising this threshold alone would activate the boiler earlier, the greater solar input keeps
the tank temperature above the threshold for longer periods, thereby reducing boiler
operation in the optimized configurations. Thus, the start-up temperature mainly serves
as an operational control parameter rather than a dominant determinant of solar fraction.
Solutions with solar fractions of 50-80% are selected for further quantitative analysis.

5.6. Comparison Between Pre- and Post-Optimization Schemes
5.6.1. Solar Fraction Comparison at Different Initial Investment Levels

To evaluate the performance improvement achieved by the proposed optimization
method, the solar fraction before and after optimization was compared under different
initial investment levels. Based on the Pareto front, five representative investment levels—
40,000, 50,000, 60,000, 70,000, and 80,000 CNY—were selected (Figure 11). For each invest-
ment level, the corresponding solar fractions before and after optimization were obtained,
and the variation rates were calculated. This comparison further clarifies the contribution
of the optimized design to renewable energy utilization.
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Figure 11. Comparison of solar fraction before and after optimization under different initial invest-
ment levels. (Note: All pre-optimization baseline configurations at varied costs are linearly scaled
from a single conventional empirical design (A, = 40 m?, V; = 1.5m3, Tyr = 38°C); collector area
and storage volume are scaled proportionally to match each target investment, with boiler start-up
temperature fixed at 38 °C for all unoptimized cases.).

The pre-optimization solar fractions in Figure 11 were obtained from an author-
defined reference configuration with A, = 40 m2, V; =1.5m3, T,y = 38°C. To generate
budget-matched reference schemes, A, and V; were proportionally scaled and constrained
within their prescribed bounds, while boiler start-up temperature was fixed at 38 °C.
Each configuration was simulated using the same TRNSYS model. The reported 18-21%
improvement in solar fraction is therefore conditional on this reference configuration and
scaling method.
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Figure 12 shows that, under all investment levels, the optimized solar fraction is
consistently higher than that of the original design. This indicates that the proposed multi-
objective optimization method effectively improves the system’s ability to utilize solar
energy. As the initial investment increased from 40,000 CNY to 80,000 CNY, the solar
fraction increased from 40.5% to 66.3% before optimization and from 48.98% to 78.40% after
optimization. These results show that increasing system investment can improve both solar
collection and thermal storage capacity, thereby increasing the share of solar energy in the
total heating supply.
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Figure 12. Relative improvement rates of solar fraction under different initial investment levels. (Note:
The vertical axis “Change Rate (%)” denotes the relative growth rate of solar fraction, calculated as
(SFopt — SFyasetine) / SFvaseline; absolute gains are provided in percentage points (pp) for reference).

Figure 12 illustrates the improvement rate in solar fraction under different initial
investment levels before and after optimization. The improvement rate remains within
18-21% across all investment levels, indicating that the proposed optimization method can
enhance solar energy utilization under different system scales and that its performance is
relatively stable.

Specifically, when the initial investment was 40,000 CNY, the improvement rate of solar
fraction was 21.01%. As the investment increased to 50,000 CNY, the improvement rate
decreased slightly to 20.94%. When the investment further increased to 60,000, 70,000, and
80,000 CNY, the improvement rates decreased to 19.94%, 19.25%, and 18.25%, respectively.
This downward trend indicates a greater relative improvement in solar fraction at lower
investment levels under the idealized assumption of unlimited biogas supply. However, the
low-investment solutions also have lower solar fractions and substantially higher annual
biogas demand. Their apparent optimization potential should therefore not be interpreted
as superior practical feasibility when digester-heating consumption and finite winter
biogas availability are considered. Through appropriate adjustment of key parameters,
such as collector area, thermal storage tank volume, and boiler start-up temperature, solar
utilization efficiency can be substantially improved. As the system investment increases,
however, the configuration becomes more refined and the marginal benefit of further
optimization decreases.

Although the improvement rate declines with investment, it remains above 18% at
all investment levels, demonstrating that the optimization strategy consistently provides
meaningful performance enhancement. For example, when the initial investment increased
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from 40,000 CNY to 80,000 CNY, the optimized solar fraction increased from 48.98% to
78.40%, representing substantial improvement relative to the pre-optimization results. This
confirms that the proposed optimization model improves solar energy utilization and has
good applicability and stability.

5.6.2. Comparison of Pre- and Post-Optimization Schemes Under the Compromise Solution

To further evaluate the performance improvement achieved by multi-objective op-
timization, the baseline design is compared with the quantitatively screened knee-point
compromise solution on the Pareto front. Instead of subjective qualitative selection, the
maximum curvature criterion is adopted to identify the reproducible optimal trade-off
point on the Pareto curve.

The Pareto front describes the two conflicting objectives: maximizing SF and minimiz-
ing initial investment cost Cy. For discrete Pareto solution points (CO,Z-, SF;), the curvature
x; of each point is calculated as [29]

/ !
K — |5i'Y“i—5”i'3Yl| (13)
(S/i2 + Y’iz) 2

where:

x;: curvature of the i-th discrete solution point on the Pareto front;

S;: normalized initial investment cost corresponding to the i-th Pareto solution;

Y;: normalized solar fraction corresponding to the i-th Pareto solution;

S';, Y';: first-order difference approximate derivatives of S; and T; with respect to the
serial number of adjacent Pareto discrete points;

S7;,Y";: second-order difference approximate derivatives of S; and T; with respect to
the serial number of adjacent Pareto discrete points.

Curvature calculation over all Pareto solutions yields the maximum curvature at
SF = 69.7%, which falls within the 65-72% balanced performance interval and matches
the previously proposed approximate 70% compromise scheme. This mathematically
derived point is selected as the recommended optimized scheme for subsequent parameter
and environmental benefit comparison. The key performance indicators of the initial
scheme and the optimal compromise solution are compared in Table 8 to quantify the
optimization effect.

Table 8. Comparison of system performance before and after optimization.

Indicator Pre-Optimization Scheme Optimized Compromise Scheme Variation Rate
Ac (m?) 40.0 49.3 +23.25%
Vi (m3) 1.5 2.0 +33.33%
Tset (°C) 38.0 41.0 +7.89%
SF (%) 55.3 62.2 +12.4%
Co (10* CNY) 5.5 6.4 +17.6%

Table 8 shows that all decision variables were adjusted after multi-objective optimiza-
tion. The solar collector area increased from 40.0 m? to 49.3 m?, corresponding to a 23.25%
increase. This adjustment improves the system’s ability to capture solar radiation and
allows more solar energy to be used for space heating, which is one of the main reasons
for the increase in solar fraction. The thermal storage tank volume increased from 1.5 m?
to 2.0 m3, corresponding to a 33.33% increase. This indicates that the optimized system
places greater emphasis on thermal energy storage and regulation, helping to mitigate solar
radiation fluctuations and improve solar energy utilization efficiency.

https:/ /doi.org/10.3390/en19174162


https://doi.org/10.3390/en19174162

Energies 2026, 19, 4162

21 of 25

The boiler start-up temperature increased from 38.0 °C to 41.0 °C, corresponding to
a relatively small increase of 7.89%. If the tank-temperature profile remains unchanged,
increasing the boiler start-up temperature causes the boiler to activate earlier rather than
later. In the optimized compromise scheme, however, the increased start-up temperature
is accompanied by a larger solar collector area and storage-tank volume. These capacity
increases maintain the tank at a higher temperature and reduce the frequency and duration
of boiler operation. Therefore, the reduced boiler operation results from the coordinated
parameter configuration rather than from the higher start-up temperature alone. Com-
pared with collector area and storage volume, the change in boiler start-up temperature is
relatively limited, indicating that it mainly functions as an operational control parameter
rather than a capacity-expansion parameter.

Regarding the optimization objectives, the solar fraction increased from 55.3% to 62.2%,
corresponding to a relative improvement of 12.48% and an absolute gain of 6.9 percentage
points. Meanwhile, the total initial investment increased from 54,750 CNY to 64,370 CNY,
representing an increase of 9620 CNY, or 17.57%. These results indicate that the optimized
configuration improves solar-energy utilization through the coordinated adjustment of
the solar collector area, thermal storage-tank volume, and boiler start-up temperature,
although this improvement requires additional initial investment.

In summary, an additional initial investment of 9620 CNY increased the solar fraction
by 6.9 percentage points. The optimized scheme therefore provides improved solar-energy
coverage while maintaining the initial investment within the examined design range. This
result demonstrates the trade-off between upfront system cost and solar-energy utilization
rather than indicating that the percentage improvement in solar fraction exceeds the
percentage increase in investment.

To further reflect the long-term economic distinction of each scheme, the annual
biogas consumption under each typical investment configuration is shown in Table 9, as
higher initial investment with larger solar collector sizes reduces annual biogas combustion
volume significantly.

Table 9. Annual biogas consumption of representative optimized schemes.

Initial }lnvestment Solar Fraction (%) Baseline. Bioga;; Annual.Biogag Anr}ual CO,
(10* CNY) Consumption (m>/a) Consumption (m°/a) Reduction (t CO,/a)
4 49.0 1582 1325 0.504
5 58.5 1291 1068 0.437
6 65.0 1047 842 0.402
7 71.5 836 637 0.390
8 78.5 661 416 0.480

Although the optimized annual biogas consumption decreases monotonically as the
initial investment and solar fraction increase, the calculated CO, reduction is not monotonic
because it is evaluated relative to a different budget-matched baseline at each investment
level. In particular, the biogas-consumption difference between the baseline and optimized
schemes increases from 199 m3/a at 70,000 CNY to 245 m3/a at 80,000 CNY. Consequently,
the avoided CO, emission increases from 0.390 to 0.480 t CO,/a. This reversal reflects the
changing difference between the paired baseline and optimized schemes rather than an
increase in the absolute emissions of the optimized system.

The annual CO; emission reduction generated by biogas savings is quantified via the
following formula [30]:

ECOZ = (Vbuseline - VOpt) X f biogas (14)
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where:

Eco,: annual CO, reduction (t CO,/a);

Vbaseline: annual biogas consumption of the unoptimized baseline scheme under the
same initial investment (m3);

Vopt: annual biogas consumption of the optimized scheme (m?);

foiogas = 0.00196 t CO,/ m3: the regional average carbon emission factor for biogas
combustion in Jiuquan.

The baseline biogas consumption values corresponding to the five investment levels
are 1582, 1291, 1047, 836 and 661 m?, respectively, which are obtained from the linear-scaled
traditional heating system, without multi-objective optimization.

As shown in Table 9, all optimized configurations deliver apparent carbon abatement
benefits, with annual CO, reduction ranging from 0.390 t to 0.504 t. The recommended
compromise solution with a solar fraction of approximately 70% (initial investment of
70,000 CNY) achieves an annual carbon reduction of 0.390 t. These quantitative carbon-
saving indicators echo the carbon-neutrality and low-carbon heating motivations illustrated
in the Introduction, and further demonstrate the practical environmental value of the
proposed solar-biogas optimization framework for rural buildings in Jiuquan.

5.6.3. First-Order Sensitivity to Digester-Heating Consumption

The TRNSYS model treats biogas as an unlimited ideal auxiliary source and does not
include the parasitic energy required to maintain the anaerobic digester temperature. To es-
timate the order of magnitude of this effect, a first-order sensitivity analysis was conducted
by assuming that digester heating consumes 30-60% of gross biogas production. If {4;g is
the fraction of gross production consumed by the digester, and Vpyjiging is the building-side
consumption reported in Table 9, the required gross production is calculated as

Vgross = mel;”'lg (15)
dig

A 30% parasitic fraction therefore increases the required gross production by 42.9%,
while a 60% fraction increases it by 150%. For the SF = 49.0% solution, gross production
increases from 1325 m3/a of building-side consumption to approximately 1893-3313 m3/a.
For the SF = 78.5% solution, the corresponding gross requirement is approximately
594-1040 m3/a. Thus, the practical effect is substantially greater at the low-solar-fraction
end of the Pareto set.

Because the current optimization places no constraint on biogas availability and
does not include biogas-production capacity or fuel cost in either objective, this first-
order correction does not mathematically shift the calculated initial-investment-solar-
fraction Pareto front. It instead increases the gross biogas-production requirement and may
render some solutions infeasible when local winter production is limited. A quantitative
displacement of the Pareto front would require a specified biogas-production constraint
and a new TRNSYS-NSGA-II optimization.

6. Conclusions

In this study, a biogas-boiler-assisted solar heating system was established for a
typical single-story rural residential building in Jiuquan, Hexi Corridor of Gansu Province.
Mathematical models of the key components, including the solar collector, thermal storage
tank, and biogas boiler, were established. Multi-objective optimization was performed
using the NSGA-II algorithm, with the objectives of maximizing the solar fraction and
minimizing the initial system investment. The main conclusions are as follows:
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(1) Solar fraction generally increases with initial investment, while incremental per-
formance improvement gradually weakens under the restriction of solar resources and
heating load, showing typical diminishing marginal benefit. Detailed quantitative variation
is shown in Section 5.5.

(2) The NSGA-II algorithm exhibits satisfactory convergence and uniform distribu-
tion of Pareto solutions, which can reliably resolve the dual-objective optimization of
maximizing solar fraction and minimizing initial investment.

(3) Under the idealized assumption of unlimited biogas supply, relative to the author-
defined reference configurations generated using the adopted proportional-scaling rule, the
optimized solutions show an 18-21% increase in solar fraction over the examined invest-
ment range. The magnitude of this improvement is baseline-dependent and should not be
generalized to other non-optimized system configurations. Low-investment solutions show
greater relative improvement but also require substantially more biogas and are therefore
more sensitive to digester-heating consumption and winter biogas availability.

(4) Within the present idealized model, the maximum-curvature criterion identifies
a knee-point solution with a solar fraction of 69.7% (approximately 70%). This solution
represents a compromise between initial investment and solar-energy utilization, but its
practical deployment requires further verification under site-specific biogas-production
and digester-heating constraints.

(5) Reasonable matching of collector area, heat storage capacity and boiler operation
parameters is critical for improving the overall performance of the solar-biogas heating
system, and this work provides theoretical guidance and parametric design references only
for similar rural residential heating projects in Jiuquan, Hexi Corridor.

The results presented in this study represent a solar heating system assisted by an
idealized biogas-fired boiler rather than a complete biogas-production and utilization chain.
This study assumes an unlimited biogas supply and excludes digester-heating demand,
seasonal production constraints, fuel costs, and operation and maintenance expenses.
Consequently, the reported Pareto front represents the trade-off between initial investment
and solar fraction rather than a complete lifecycle optimum. Future work should couple the
heating model with a dynamic anaerobic-digestion model and include annualized lifecycle
cost as an optimization objective.

Future work will establish a coupled anaerobic digestion thermal balance model to
quantify seasonal biogas production and parasitic heat loss so as to eliminate the deviation
caused by the ideal biogas boiler assumption.
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a Performance coefficients

A Area (m?)

C Investment (CNY)

p Specific heat capacity, k] / (kg-°C)

E Load (kWh)

Emco, Annual CO, emission reduction (tCO,)

Fr Heat removal factor of solar collector

friogas CO; emission factor of biogas combustion (tCO,/ m?)
Hy, Lower heating value of biogas (MJ/m?)

m Mass flow rate of the heat transfer fluid (kg/s)

P Pareto solution set

It Total solar radiation on tilted collector surface (W/ m?)
S; Normalized initial investment of the i-th Pareto solution
T Temperature (°C)

uy, Overall heat loss coefficient of collector (W/ (m? - °C)
\Y Volume (m?)

Y; Normalized solar fraction of the i-th Pareto solution
Greek

n Efficiency

Kj Curvature at the i-th discrete Pareto point

0 Density of heat transfer fluid (kg/m?)

AT Temperature difference between fluid inlet and ambient (°C)
o Transmittance-absorptance product of collector
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GA Genetic Algorithm
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RE Relative Error

SA Simulated Annealing

SF Solar Fraction

™Y Typical Meteorological Year

TRNSYS Transient System Simulation Tool

ZDT Zitzler-Deb-Thiele test function
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