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Abstract: Combining various sources to create a complementary system plays a key role in utilizing
clean energy sources economically and mitigating air pollution during the heating season in Northern
China. However, there is a lack of unified and reasonable design methods for such systems, resulting
in the excessive capacity of equipment and the waste of energy. In this work, a unified design method
is proposed to solve this problem. A generalized structure and its mathematical model are firstly
established, enabling transient simulations on the TRNSYS platform. Then, a preliminary screening
criterion for the system composition a general operation strategy is proposed. Finally, the system
configuration is optimized by using the genetic algorithm. The method is successfully applied in a
demonstration project in China. The results show that the coupling system consisting of a biomass
boiler (384 kW), an air-source heat pump (430 kW) and a ground-source heat pump (369 kW) is
the most economical, and the annual cost is 26.7% lower than that of a single-equipment system.
Additionally, the sensitive factors that strongly affect the optimization results are explored. The
establishment of the generalized structure and its mathematical model enables the quick calculation
and convenient comparison of various schemes, and simplifies the complicated optimization problem
of the capacity optimization of each piece of equipment. The proposed design method can reduce the
annual cost to a minimum value, and thus it provides a theoretical basis for the large-scale application
of clean energy sources for heating.

Keywords: clean heating; coupling system; operation strategy; optimization; annual cost

1. Introduction

Global carbon emissions caused by coal, oil and other fossil fuels have reached nearly
37 Gt CO; in recent years [1]. Because of its large population and rapid economic growth,
China’s CO, emission ranks the highest in the world, reaching 11.4 Gt in 2022. Except for
carbon emissions, the considerable consumption of fossil fuels also leads to the increasingly
serious air pollution [2]. The main source of air pollution includes the industry sector,
the transportation sector and buildings” energy consumption. Among them, buildings’
energy consumption accounts for over one third of the total energy consumption in China,
which results in a serious haze of pollution in the heating season [3—6]. Despite how some
plans, the Air Pollution Prevention and Control Action Plan, for instance, proposed by
the Chinese government, have contributed to a fossil fuel reduction in central heating to
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some extent, the consumption of scattered coal in rural areas should not be ignored, as
it accounts for a large proportion of pollutant emissions in the heating season [7-9]. It is
reported that rural households consumed approximately 110 million tons of raw coal in
2018 in China [10]. As a major proportion of rural households in China require heating
during winter, the abundant use of scattered coal poses serious threats on air quality, public
health and climate change [11]. Moreover, centralized heating is usually not applicable
for rural areas in Northen China, as the households are commonly scattered. Therefore,
distributed heating plays a key role in heating in rural areas in Northen China. Nowadays,
the low thermal-efficiency heating methods such as cooking stoves and traditional heating
stoves are still widely used, which worsens the air pollution.

In recent years, great importance has been attached by Chinese governments to the
use of renewable energy to replace conventional energy [12-16]. Many policies have
been released to facilitate the transformation of clean heating, such as the Winter Clean
Heating Plan for Northern China, “Coal to electricity” and “coal to gas” initiatives, etc. The
execution of these policies has contributed to the rapid development of clean energy heating
in recent years [17-20]. Obviously, solar energy and biomass energy are good candidates
for clean heating in rural areas, because they are cleaner than traditional heating methods,
and they are suitable for distributed heating. Moreover, the wide application of various
heat pumps plays an important role in the implementation of “coal to electricity” initiatives.
On one hand, the heat pump is an energy-saving piece of equipment; on the other hand,
the heat pump can help to consume electricity generated by clean energy sources. The
most common heat pumps include air-source heat pumps (ASHPs), ground-source heat
pumps (GSHPs) and sewage-source heat pumps (SSHPs). Therefore, clean-energy heating
modes used in China at present mainly include solar heating, ASHPs, GSHPs and biomass
heating [21-23]. In some areas, SSHPs can also be used [24,25].

However, these clean heating methods are subject to high investment and operating
costs, which limit the large-scale application of clean energy sources. In other words, once
the investment and operating cost can be minimized and compared to that of traditional
heating methods, the clean energy sources can be applied at a large scale. Additionally,
these clean heating methods are also restricted by local conditions [26]. In most cases,
the clean heating methods cannot be used individually. For example, the solar energy is
unstable and auxiliary heating equipment is usually needed, except for in solar thermal
collectors [27-29]. Additionally, biomass energy is usually restricted by the quantity of the
resource, and the market price of the biomass briquette is very high in many areas [30]. In
addition, the application of the geothermal heat pump requires drilling, which increases the
injtial investment. Furthermore, the air-source heat pump is widely used at present, but in
some severe cold regions, the coefficient of performance would decrease drastically [31,32].
Especially in high-humidity regions where frosting could occur, much additional energy
is required for defrosting [33,34]. Therefore, it is hard to meet the increasing demand for
heating if the energy sources are used individually, and the sources should be combined
into a complementary system to achieve a large-scale application of clean heating [35].

There is abundant research that focuses on the combination of different heating sources.
One of the most common coupling systems is the solar-assisted-heat-pump system, es-
pecially the solar thermal collector coupled with the GSHP. Many scholars propose that
solar energy can be well coupled with geothermal energy, as the geothermal energy ex-
tracted by the GSHP during the heating season can be supplemented by the solar thermal
collector in summer [36—41]. Additionally, many experiments and simulation works have
validated that solar energy can help to restore ground temperature and improve the overall
performance of the GSHP [42-45]. Razavi et al. analyzed the performances of various
solar-assisted ground-source heat pump (SAGSHP) systems based on TRNSYS simulations.
It was found that the maximum annual coefficient of performance (COP) can reach 3.75, and
the energy consumption diminishes by 8.7% compared to the GSHP standalone system [46].
Similarly, Yang et al. tested the performances of a SAGSHP system in different heating
modes, and the average unit COP is 3.61 [47]. Additionally, the biomass boiler can also be
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coupled with other heat-source equipment. It usually acts as an auxiliary piece of equip-
ment because of its stability and the limitation of the resource. For example, Konstantinos
et al. tested the performance of a coupling system that includes a biomass boiler and a
parabolic trough collector, and compared the economics of this coupling system with a heat
pump powered by photovoltaic panels. It was found that the coupling system has a much
higher cogeneration efficiency [48]. Moreover, Zhang et al. presents a CHP (combined
heating and power) system coupling a biomass boiler and a GSHP, and their results show
that the system exergy efficiency can be reached at about 13.65% [49].

For the design of a coupling system, the system composition, the heat-supply ratio
of each piece of heat-source equipment, and the operation strategy of the system should
be determined appropriately. Basically, the traditional design method cannot achieve
the optimal configuration of the multi-source complementary heating system, because
the heat supply and heat demand are easy to mismatch [50,51]. This results from the
continuous change of the heating load. Therefore, sometimes the system composition
can be inadequate, and the operation cost can be very high, which restricts the large-
scale application of clean heating [52]. Some scholars have investigated the economic
optimization of a specific coupling system to enhance the energy efficiency [53-58]. For
example, Arabkoohsar et al. used a genetic algorithm to optimize the multi-objective techno-
economic functions environmentally for the problem of low load demand in summer [59].
Similarly, Zhang et al. investigated the optimization of the heating system by using the AHP
(Analytic Hierarchy Process) and FCE (Fuzzy Comprehensive Evaluation) methods [60].
Additionally, Pirutiet et al. proposed an operating model based on the optimal combination
of volume flow and supply temperature with the objective of reducing the minimum total
annual energy consumption and operating costs [61]. However, the buildings’ heating
load and ambient temperature are kept fixed, leading to a mismatch between the heat
supply and the demand and energy waste. To solve this problem, Gong et al. propose
an optimization method for a combined cooling, heating and power system based on
schedulable loads, and the optimal system shows a better economic performance compared
with a system involving thermal-energy storage and demand response [62]. Additionally,
Yuan et al. investigated the performance of a complementary heating system of combined
drying based on transient simulation, and their results show that the annual cost of the
system reduces by 42.6% compared with other heating modes. Although this work is
conducted based on transient simulation, it focuses on a specific system and does not
consider other possible configurations of the complementary heating system [63].

Additionally, some researchers focus on the optimal operation strategies of a comple-
mentary heating system. For example, Ma et al. examined the economic performance of a
multi-energy complementary heating system under different control strategies. The results
show that the heat-storage tank with a sufficient solar-energy mode can generate lower
energy consumption costs and almost no CO, emissions [64]. Lu et al. focus on the research
of multi-time scale optimal operation scheduling for a complementary heating system,
and the system economy is improved under distributed model predictive control [65]. In
addition, Dai et al. proposed an optimization method based on a belief rule base and
evidential reasoning (BRB-ER) method. The results show that the proposed method can
make the complementary heating system more efficient [66].

Until now, there has been a lack of a unified design method for a multi-source com-
plementary distributed heating system, especially one based on transient heating loads.
How to choose suitable heating equipment for a specific project, and how to determine
the capacity of each piece of equipment are still open questions. To solve this problem, a
generalized structure of a multi-source complementary heating system is proposed in this
work, based on which a mathematical model is established. According to the mathematical
model, a coupling system can be built on TRNSYS software (version 17) for numerical
simulation. Then, a three-step method is proposed for system optimization, including the
preliminary selection of the system composites, the determination of the operation strategy
for a specific system, and the optimization of the capacity of each piece of equipment.
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The proposed design method is applied in an actual project in a typical rural community
in Dezhou City, China. The results show that the coupling system determined by the
proposed method has obvious economic advantages, and the proposed method can be
broadly applied for distributed heating.

The proposed design method provides a way to optimize a complementary system in
terms of system composition, operation strategy, and equipment capacity. The establish-
ment of the generalized structure and its mathematical model enables the quick calculation
and convenient comparison of various schemes for a complementary heating system, and
simplifies the complicated optimization problem to the capacity optimization of each piece
of equipment. Therefore, the complex multi-dimensional optimization problem is avoided.
The proposed design method can reduce the annual cost to a minimum value, and thus it
can be widely applied for heating in rural areas in Northen China.

2. Materials and Methods

As mentioned in the Introduction section, a unified design method for a multi-source
complementary heating system is necessary. To solve this problem, three questions need
to be addressed: How can one obtain the most suitable configuration of a complementary
heating system? How can one optimize the system-operation strategies in a transient
simulation? How can one determine the capacity of each piece of equipment to minimize
the investment and the operation cost? In this section, a three-step method is proposed to
solve the above problems. In Section 2.1, the logic for the optimization of a multi-source
complementary system is illustrated. Then, a generalized structure of a multi-source com-
plementary heating system is proposed in Section 2.2, which acts as a basis for the selection
of system composites. Moreover, according to energy conservation, mass conservation
and the mathematical relationship between related parameters, the mathematical model of
the generalized structure is established, as will be introduced in Section 2.3. Furthermore,
the following three subsections give brief explanations of the optimization method for
system configuration, operation strategies and the equipment capacity of a complementary
system, respectively.

2.1. Method for System Optimization

In order to improve the economy of the multi-source complementary heating system
while ensuring the necessary heating level, the system composition, the heat-supply ratio
of each piece of equipment, and the operation strategy should be optimized. Factors
such as climatic conditions, architectural characteristics, resource conditions, engineering
conditions, tariff policies and the performance characteristics of the equipment should be
fully considered. The schematic diagram of the optimization logic is shown in Figure 1.

In most work in the literature, the optimization process only focuses on the operation
strategy and the equipment capacity for a specific system. In reality, the system configura-
tion can be diversified, and it is also important to determine the most suitable configuration.
However, if the system composition is also determined by using optimization algorithms,
the optimization process can be very complicated. It is proposed that the system config-
uration can be preliminarily screened first according to some criteria, then the number
of selectable schemes for the configuration could be reduced to a limited value. In this
way, the optimization process can be simplified. Therefore, there will be three steps in the
optimization process. The first one is to preliminarily screen out the system composition.
The external conditions, as well as the characteristics of each piece of equipment should
be considered. For example, in some cold areas where the humidity is also high in winter,
the frost can be severe. In this case, ASHPs should not be used, as they will take much
additional heat to defrost. After the system composition is preliminarily screened, the
operation strategy of the coupling system should be preset. This is because the heating
load changes continuously, and the operation strategy of the system under various degrees
of heating load should be different. Finally, the best scheme for the complementary heating
system is determined by optimization. Under the premise of ensuring the heat supply,
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the capacity of each piece of equipment is optimized to achieve the optimal economy. In
many cases, some of the equipment can be eliminated after optimization, and only one
or two pieces of equipment are left. The optimization can be realized based on transient
simulations coupled with optimization algorithms. The three steps will be introduced in
detail in the following subsections.
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Figure 1. Schematic diagram of the optimization logic.

2.2. A Generalized Structure of a Multi-Source Complementary Heating System

Based on the performance of energy-source equipment and energy-consuming equip-
ment under variable conditions, a generalized structure of a multi-source complementary
heating system is established at first, which is shown in Figure 2. The so-called gen-
eralized structure refers to a combination of applicable energy-source equipment and
energy-consuming equipment, as well as their connection types and operation strategies
in the broad sense. In this generalized system, a solar thermal collector is connected to a
heat-storage tank. Auxiliary heat sources, such as biomass boilers and gas-fired boilers,
directly provide heat to a heating tank. The two tanks are connected by water pumps and
valves so that the flow rate and pressure can be controlled. Additionally, a heat-pump
system is included in this structure, which may be an independent ASHP, GSHP or SSHP,
or a combination of these. The heat-pump unit can be driven by wind power, solar power
and other renewable energy sources. The condensation end is connected to the heating
tank for the supply of hot water, while the evaporation end of the heat pump unit is con-
nected to low-temperature heat sources, including air, sewage, shallow-formation water
and water from the storage tank. In addition, the heating tank supplies hot water to an
indoor heat exchanger for heating, and the heat-storage tank can supplement heat to the
soil in non-heating seasons for the temperature recovery of the underground temperature
field, as it is directly connected to soil heat-exchange tubes. The red lines in this figure
represent hot water provided by the heat sources, while the blue lines represent cold water
returned from the users.
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Figure 2. A generalized structure of multi-source complementary heating system.

It is acknowledged that the optimization of a complementary heating system includes
three aspects: the system composition, the operation strategy, and the capacity of each
piece of equipment. As mentioned in the previous subsection, it is very difficult to optimize
the three aspects only using optimization algorithms, because there will be too many opti-
mization variables in this case. The generalized structure of a multi-source complementary
heating system, which considers all types of energy sources that may be applicable, can be
used to simplify the optimization process. Then, the mathematical model of the generalized
structure is built on the TRNSYS platform. When designing the complementary heating
system for a real project, the optional equipment within the generalized structure can be
selected to form a specific system on the TRNSYS platform, based on the meteorologi-
cal conditions and resource distributions. Then, the operation strategy of this specific
system can be established. Therefore, the complex optimization problem is simplified
to the capacity optimization of each piece of equipment. In addition, the establishment
of its mathematical model enables the quick calculation and convenient comparison of
various schemes of complementary heating systems. However, it should be noted that the
generalized structure is only a conceptual model that shows how various heat sources are
combined together; it does not mean that all equipment will be used for a specific project.

2.3. Mathematical Models of Each Piece of Heating Equipment

On the basis of the structure, a generalized transient mathematical model of the system
can be built according to the mathematical model of the independent equipment, which
takes account of the external parameters that affect the performance of the equipment, the
inherent parameters of the equipment and the building, as well as the output parameters
of the equipment. The external parameters include solar radiation intensity, ambient
temperature, underground temperature field, etc., while the inherent parameters include
the nominal working conditions COP of the heat pump, the heat capacity of the heat
pump at nominal working conditions, the combustion efficiency of the biomass boiler, etc.
Furthermore, the output parameters mainly refer to outlet-water temperature, water flow
rate and heat provided by various pieces of equipment.

The established mathematical model is shown in Figure 3, which is based on energy
conservation, mass conservation and the mathematical relationship between related pa-
rameters. Apart from the influence of various parameters on the system performance,
this generalized model also considers the coupling relationship among all parameters.
According to the established mathematical model, a dynamic simulation program of a
multi-source complementary heating system can be compiled on the TRNSYS software
platform. This transient model can be used to realize numerical analysis, and the transient
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performance of the system can be obtained based on the simulation results. Then, the power
consumption and heating level of the system can be obtained through integral analysis and
the system economy can be analyzed.
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Figure 3. The established mathematical model.

The mathematical model of each piece of equipment used in modeling is introduced
below. For a solar collector, the main factors that affect the heat collection efficiency include
the structure of the solar collector, the solar radiation intensity, the ambient temperature,
the inlet and outlet-water temperature and the installation angle of the collector.

The input of the calculation includes the process parameters, meteorological param-
eters and structural parameters of the collector, and the output refers to the operating
parameters. The process parameters include the inlet temperature of the collector and
the mass flow rate of the water; the meteorological parameters refer to the radiation on
the collector and the ambient temperature, while the structural parameters include the
total area of the collector array, the total thermal efficiency factor of the collector, the heat
loss coefficient of the collector, the shortwave absorptivity of heat-absorbing plate and the
shortwave transmittance of the collector. Moreover, the operating parameters include the
outlet temperature of water, the heat generated by the collector and the heat loss.

The control equation is used to calculate the solar-collector efficiency, which usually
applies the Hottel-Whillier equation:

(T — Tn)

= b ~ Fellyp 0
T

1= 41 ~ FR(Ta), — FRUL

(Ti - Ta)

where A is the total area of the collector array, m?; Fp is total thermal efficiency factor of the
collector; It is total radiation on the solar collector, k] /(h-m?); m is the flow rate under the
operating conditions, kg/h; T, is ambient temperature, °C; T; is the inlet temperature of the
collector, °C; Uy, is the total heat loss coefficient per unit area of the collector, kJ/ (h-m2-K); o
is the shortwave absorptivity of the heat-absorbing plate; T is the shortwave transmittance
of the collector; and T, is the shortwave transmittance of the collector in the vertical
incidence of the sun.

For heat pumps, the input in the calculation includes the characteristic parameters
and the process parameters. The characteristic parameters include the COP at the nominal
working conditions, the heating capacity at nominal working conditions, and the partial
load rate. Additionally, the process parameters include the inlet temperature and the outlet
temperature. Furthermore, the output includes the power consumption, the actual heating
load, and the heat generated by the heat pump.
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For the ASHP and SSHP, the actual heating load can be calculated as
Qx = mep(To = T)) (2)

where m is the water flow of the heat pump, kg/h and cp is the specific heat capacity of
water 4.190 K]/ (kg-K). Additionally, the actual COP can be calculated based on the heating
load and the power consumption:

Qx  mep(To —T;)  mcp(T, — T;)COPcCOP;

CoP==* = = 3
P PuFy1p Fr1,CAPcCAP, ©

where COPc is the COP at nominal working conditions; COP; is the ratio of COP on the
performance curve provided by the manufacturer to nominal working conditions COP;
CAPc is the heating capacity at nominal working conditions; CAP; is the ratio of the heating
capacity on the performance curve provided by the manufacturer to the heating capacity at
nominal working conditions; and Fy,, and is the ratio of the partial load rate to the rated
power of the equipment.

For the GSHP, the ground-heat exchanger should also be modelled accurately. The heat-
conduction model is applied for the heat-transfer analysis of the ground heat exchanger,
which is regarded as cylindrical in numerical calculations. The two-dimensional non-
steady-state heat-conduction differential equation is shown below:

ﬁ = & + lg + aizt (4)
ot \orZ2  ror 062
where o = ﬁ is the thermal diffusivity m?/s; k represents the soil thermal conductivity

w/(k-m); and pscs is the geothermal-specific heat J/(m3-k). Usually, the finite-control
volume method can be applied to solve the above equation.

For the biomass boiler, the input in the calculation includes the inlet-water temperature,
the heat capacity of the boiler, the thermal efficiency of the boiler, the partial load rate, and
the fuel combustion efficiency. In addition, the output mainly refers to the outlet-water
temperature, the heat generated by the boiler, and the heat loss. For the biomass boiler, the
temperature at a set outlet-water temperature is determined as follows:

Qfluid QfuellB
tout = by + é(mm =t + fcu; (5)

where t,,; is the outlet-water temperature, °C; t;, represents the inlet-water temperature,
°C; Qpuuia 1s the actual heat capacity of the boiler, kW; Qpuer denotes the heat released by fuel
combustion, kW; and #p is the thermal efficiency of the biomass boiler, %.

2.4. Basis for the Selection of the System Composites

As is mentioned in the previous subsection, the selection of the system composites
should take the local conditions into consideration, so as to achieve a good performance
of the equipment. In reality, it is difficult to propose universally applicable standards
for each kind of heating equipment. For example, there are various solar-thermal panel
technologies, and many factors need to be considered to determine which one should be
used. Therefore, in this work, only some fundamental standards are proposed, which can
be used as references in an actual project. The recommended selection basis for various
pieces of equipment is summarized in Table 1. For the solar collector, the solar radiation
intensity is the most important factor, as it is not cost-effective to use solar energy in areas
with a low solar radiation intensity. For the ASHP, one important meteorological parameter
except for temperature is the relative humidity. It is reported that when the outdoor
ambient temperature is below 0 °C and the relative humidity is above 65%, the amount of
frost will be severe, which makes the ASHP not suitable for application. Additionally, the
recommended selection basis for GSHP is proposed by Fan et al. A suitability parameter



Electronics 2024, 13, 1206

9 of 22

that considers the geological conditions, the characteristics of the geothermal field, and the
thermal properties of rocks is used to judge whether a GSHP is appropriate for use [67].
Moreover, the distance to the sewage works is the key factor in determining the suitability
of the SSHP. Furthermore, the most important factor limiting the use of biomass boilers
is the amount of biomass resources around the user. Certainly, in an actual project, the
selection of the equipment should also consider other practical factors such as construction
conditions and the type of buildings.

Table 1. The recommended selection basis for various equipment.

Heat Source Equipment Recommended Selection Basis

Annual solar radiation of horizontal plane is above 5400 MJ/ mZ;
annual sunshine duration is more than 3000 h
The ratio of days with average outdoor ambient temperature

Solar thermal collector

ASHP below 0 °C and relative humidity above 65% to the number of
heating days is less than 50%

GSHP The suitability parameter is above 5

SSHP Heating radius is less than 4 km

After a preliminary screening, some heat-source equipment will be excluded. In most
cases, the number of selectable pieces of equipment for the coupling system will be less than
three. Therefore, the number of selectable schemes for the coupling-system composition in
an actual engineering project will be limited. The best scheme for a specific project should
be determined according to the optimization method, which will be introduced in the
following subsections.

2.5. Determination of the Operation Strategy for a Specific System

For a specific multi-source complementary heating system, the operation strategy
should be preset in the TRNSYS software to achieve a numerical simulation. Take a coupling
system that includes three different pieces of heat-source equipment as an example; the
turn-on scheme of each piece of equipment is determined by the temperature of the water
coming out of the heating tank. Three comparison temperatures Ty, T, and T3 are set to
form four temperature ranges, and the equipment turn-on schemes are listed in Table 2.

Table 2. The equipment turn-on schemes.

Range of Heating Temperature Turn-on Schemes of Each Equipment
T>Tq No equipment is turned on
T, <T<T One piece of equipment is turned on
T3<T<T, Two pieces of equipment are turned on
T<Ts All the three piece of equipment are turned on

When the heating temperature rises and exceeds a certain target value, one of the
pieces of working equipment needs to be turned off to save energy. However, the closing
temperature of the equipment should not coincide with the opening temperature, otherwise
it will lead to the frequent starting and stopping of the equipment, and the service life of
the equipment will be affected. Therefore, a temperature-control accuracy is set separately
for each piece of heating-source equipment. When the heating temperature exceeds the
sum of the opening temperature and the temperature control accuracy, one of the pieces of
working equipment can be shut down. Three comparison temperatures T4, T5 and Tg are
set to determine whether the equipment is turned off or not. Table 3 lists the equipment
turn-off schemes.

The sequence of operation of each piece of equipment is determined by the operating
cost. For a coupling system that includes various pieces of heat-source equipment, the
sequence of operation should be solar thermal collector > SSHP > GSHP > ASHP > biomass
boiler. This is because the operation cost of the solar thermal collector is the lowest.
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Moreover, the COP of the SSHP is the highest among all types of heat pump, while the
ASHP is the lowest. Furthermore, the biomass boiler is suitable as an auxiliary heat source
because of its stability.

Table 3. The equipment turn-off schemes.

Range of Heating Temperature Turn-off Schemes of Each Equipment
T>Ty All the three pieces of equipment can be turned off
Ts<T<Ty Two pieces of equipment can be turned off
Te<T<Ts One piece of equipment can be turned off
T<Tg No equipment can be turned off

2.6. Optimization of the Capacity of Each Piece of Equipment

Under the premise of ensuring the heating temperature, the capacity of each piece of
equipment in the system should be optimized. The GenOpt optimization program can be
coupled with TRNSYS software to optimize the capacity of each piece of heating equipment.
The genetic algorithm is applied in this work to search for the best solution automatically. A
schematic of the optimization process is shown in Figure 4. The initial configuration of the
system, i.e., the capacity of each piece of equipment, is randomly generated. Then, acting
as the objective function, the annual cost of the system is calculated. A new population can
be obtained based on the genetic algorithm, and the process is iterated 200 times to obtain
the final solution.

Generation of the initial population

Yes
The results are obtained and the [ Whether the termination
program is terminated condition is satisfied
l No
Calculate the fitness value A new population is obtained
for each individual

Y

1

Select genetic operators by Select an individual to mutate and insert
probability into the new population
Y
Select an individual to join | Select two individuals to cross and insert
the new group | into the new group

Figure 4. The schematic of the optimization process.

The capacity of each piece equipment is taken as the optimization variable, and the
energy balance is considered the constraint. Moreover, the annual cost is set as the objective
function, which includes the annual operating costs and the converted investment costs.
It should be noted that the total investment cost should include the equipment cost, the
control system cost, the installation cost or the construction cost. The annual converted
investment cost is determined by using the following equation:

Pxi
AP,ijn) = ———«+— 6
( ) 1—-(1+4i)™" ©)
where A is the annual converted investment cost, P is the total investment, 7 is the loan
interest rate and n is the equipment life.
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Moreover, the constraints need to be determined as follows in the optimization process:

n
Quser,h = Z Qequ,i
i=1

Qequ,z‘ < Qequ,c

@)

where Qe ; is the actual heating power for the i-th piece of equipment, Qs is the heating
load, and Qequc is the rated heating power of the i-th piece of equipment.

3. Results and Discussions

In this section, a case study for an actual project in a rural area in Northern China is
introduced to show the application of the proposed method. The annual heating load is
calculated first, followed by a preliminary screening of the system composition. The ASHP,
GSHP and the biomass boiler are used to form a complementary heating system. Then,
a hierarchical control logic is adopted as the operation strategy, and the capacity of each
piece of equipment is optimized by a combination of transient simulations and genetic
algorithms. The results show the optimal capacity of each equipment is the following:
the GSHP, 369 kW, the ASHP, 430 kW and the biomass boiler, 384 kW. Moreover, the heat
produced by the GSHP accounts for over a half of the total heating load, and that generated
by the other two pieces of equipment is at a same level. Furthermore, it was found that the
optimization results are highly sensitive to the price of the biomass pellets, the COP of the
ASHP, the cost of the ASHP and the cost of the GSHP.

3.1. Details of the Case Study

The proposed design method for a multi-source complementary heating system is
applied in an actual project in a typical rural community in Dezhou City, China. The
community is called Miaofuan, which is located in the plain area in China. This community
is relatively rich in biomass resources, which are mainly corn and wheat straw, with an
annual output of about 2000 tons. There are rural cooperatives next to the community,
which can be used as a biomass-storage and -processing site.

There are eight six-story residential buildings in this community, and the exterior walls
of the buildings are not insulated. The building area is 22,000 m?, and the actual heating
area is 20,000 m?. The heat supply starts from 15 November to 15 March of the following
year. The heating load for a whole year, as shown in Figure 5 is calculated by using DeST
software (version 2.0). It is illustrated that the heat load reaches the peak from December to
February of the following year. Besides, during the beginning and ending period of the
heating season, the heat load is relatively low, as indicated in the blue box in the figure.

1400

Maximum Heat Load

1200 |

W

0 1 1 1 1
11/30 12/30 1/30 2/28 3/30

Time

Heat load(kW)

Figure 5. Annual heating load for the selected community in Dezhou City.

The annual maximum heat load reaches 1224.7 kW, and the cumulative annual heat
output is 1,965,617.45 kWh.
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3.2. Preliminary Screening of the System Composition

According to meteorological data in Dezhou City, the annual solar radiation of the
horizontal plane is approximately 6357 MJ/m?. However, the annual sunshine duration is
around 2483.6 h, less than 3000 h. In addition, the buildings have six stories, with a limited
space on the roof. Thus, the solar thermal collector is not used in this project. Moreover,
Dezhou City is dry in winter, with an average relative humidity of 45% during the heating
season. In rare cases, the relative humidity can reach up to 60%. Thus, an ASHP is not
eliminated in the screening process. Furthermore, the community has abundant biomass
resources, with an annual output of nearly 2000 tons of corn and wheat straw. Therefore, the
biomass boiler can be selected. In addition, there are no sewage works near the community.

To sum up, the selectable heat-source equipment after a preliminary screening includes
an ASHP, a GSHP and a biomass boiler. A complementary system after a preliminary
screening can be established, as shown in Figure 6. The red lines in this figure represent
hot water provided by the heat sources, while the blue lines represent cold water returned
from the users. Additionally, the dashed lines represent electric signal control.

1f ;
! Heatexd J 1
B L i etk Ground source heat pump
’ ......... : - Lo )i

Pump control cabinet

Air source heat pump
Ground heat exchanger

Figure 6. A schematic of the complementary system after a preliminary screening.

3.3. Operation Strategies of the Complementary System

A hierarchical control method is adopted in this project, which controls the start
and stop of the heat-source equipment by detecting the heating temperature Tg and the
outdoor ambient temperature T,. It is known that soil can maintain a relatively stable
temperature in winter, and the COP of a GSHP is less affected by the ambient temperature.
Therefore, a GSHP is used at first during the heating season. As for the ASHP, the COP
varies with ambient temperature, so the operating costs of ASHPs should be compared
with the biomass boiler to judge which piece of equipment is preferentially used. A simple
judgment method is to compare the ambient temperature with the outdoor-temperature
equilibrium point T.. At this equilibrium temperature, the COP of an ASHP corresponds to
a critical-value COP, indicating that the cost of electricity consumed by an ASHP is equal
to the cost of fuel consumed by a biomass boiler to produce the same amount of heat. If
the temperature is higher than the equilibrium point, an ASHP is preferred; otherwise, a
biomass boiler is preferentially used. As the COP of an ASHP and the ambient temperature
is a one-to-one correspondence, the outdoor-temperature equilibrium point T. can be
easily established.

The critical COP, value is calculated as follows:

CeXHb

Pp=—2""0 _
COPc 3600 x Cp, x 1,

®)
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where C, is the price of electricity, CNY/kWh; C, is the unit price of biomass pellets,
CNY/kg; 1, is the combustion efficiency of the biomass boiler, %; and Hj is the calorific
value of biomass pellets, taken as 17,908 k] / kg.

The control strategy is illustrated in Figure 7. In this figure, G represents a GSHP,
A refers to an ASHP, and B is biomass boiler; 0 means that the equipment is off, and
1 indicates that the equipment is on. Ty, Tgp and Tgj3 are set as the turn-on temperature for
each piece of heat-source equipment, which are 40 °C, 37 °C and 34 °C, respectively. Tgy,
Tgs5, and Tgg are the turn-off temperatures, which are 45 °C, 41 °C and 37 °C, respectively.

Detecting

| t(water tank temperature) | Set control parameters: / Start
t(outdoor temperature) L. Lo, b3, Ly, L5, Lg. T
No
- tty » Tum off GAB =

Turn off A

Heat source turned on in stages
Heat source turned off in stages

A—ASHP;- !
L B-Biomass boiler }I

Figure 7. The control strategy of the coupling system.

The equipment’s turn-on strategy is as follows:

(® When Tg <40 °C, turn on the GSHP;

(@ When 34 °C < Tg < 37 °C, the ambient temperature T, will be compared with the
outdoor critical temperature Tyc. If Ty > Tac, open the ASHP and the GSHP, otherwise the
biomass boiler and the GSHP are turned on;

(3 When Tg < 34 °C, all the three heat sources are turned on.

The equipment’s turn-off strategy is:

@® When Tg > 45 °C, all the three heat sources are turned off;

@ When 41 °C < Tg < 45 °C, the biomass boiler and the ASHP are turned off, and the
GSHP is kept on;

® When 37 °C < Ty < 41 °C, the ambient temperature T, is be compared with the
outdoor critical temperature T,. If T, > Ty, the biomass boiler is turned off and the GSHP
and the ASHP are kept on. If T, < Ty, the air-source heat pump is turned off, and the
biomass boiler and the GSHP are kept on.

3.4. Modelling and Optimization of the Complementary System

According to the physical model and the operation strategies, a simulation model of
the complementary system is established by using TRNSYS software, which is shown in
Figure 8. In this figure, the red solid lines represent hot water provided by the heat sources,
while the blue solid lines represent cold water returned from the users. Additionally, the
purple dotted line represents the calculation of heating and power consumption of type700,
as well as the calculation and integration of power consumption of the pump. The green
dotted lines indicate calculation, integration and output for type700, 5b, 4d and 628. The
black dashed lines represent the operation of the controller. The cyan dashed line is a
result output for type700, 5b, 4d, 628 and each pump. The red dashed lines represent the
output element.
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The corresponding modules used in TRNSYS are summarized in Table 4. This model
can achieve the real-time calculation of parameters such as heating temperature, power

consumption, heat supply, etc.
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Figure 8. The transient model of the complementary system established on TRNSYS.

Table 4. The corresponding modules used in TRNSYS.

Module Name

Type236 Air-source heat pump

Type927 Geothermal heat pump

Type700 Biomass boiler
Type5b Plate heat exchanger

Type557a Buried pipe

Typel5-2 Meteorological parameters
Type3b Circulating pump
Typedd Storage tank
Type2b Control
Type65c Online graphical plotter
Type24 Quantity Integrator
Type682 Heating loads

Under the premise of ensuring the heat supply, simulations are carried out with various

heat-supply ratios. The annual cost of each case can be obtained through simulations, which
are set as the optimized objective functions. The parameters that affect the annual cost are

listed in Table 5.
Table 5. Parameters that affect the annual cost.
Parameters Value Unit
Cost of biomass boiler 200 RMB/kW
Price of biomass pellets 1000 RMB/ton
Cost of ASHP 1000 RMB/kW
COP of ASHP 3.3 /
Cost of GSHP 600 RMB/KkW
Cost of buried pipes 800 RMB/100 m
COP of GSHP 4.2 /
Price of electricity 0.55 RMB/kWh
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3.5. Simulation and Optimization Results

The optimization results are listed in Table 6; the optimal heat-source equipment
ratios are the following: for the GSHP, 369 kW, for the ASHP, 430 kW and for the biomass
boiler, 384 kW. Therefore, for this specific project, none of the three pieces of equipment are
eliminated after optimization, and the best scheme is the combination of the three piece of

equipment. Other parameters, such as annual cost and total power consumption, are also
listed in this table.

Table 6. The optimization results.

Parameters Value Unit

Power of a GSHP 369 kW

Power of an ASHP 430 kW

Power of biomass boiler 384 kW

Annual cost 366,436 RMB

Annual operation cost 253,462 RMB

Annual converted investment cost 112,974 RMB

Total power consumption 362,071 kWh
Total biomass consumption 136,608 kg

In addition, the heat supply of each piece of equipment is shown in Figure 9. It is
illustrated that the total heat production can well satisfy the heat load under this system
scheme. Additionally, it is shown that the total heat produced by the GSHP accounts for
approximately 55% of the total heating load, because it is preferentially used during the
heating season, while the heat produced by the other two pieces of equipment are almost at
the same level. The heat produced by the ASHP accounts for 21%, and that of the biomass
boiler takes up around 24%.

7000 + Heat production of the biomass boiler
Heat production of the ASHP
6000 - Heat production of the GSHP

| —Total heat production

5000 - ——Heat load of the buildings

4000

3000

2000

1000

Cumulative heat production (X 106 J)

0 L 1 n 1 1 1 L 1
0 2000 4000 6000 8000

Time (hours)

Figure 9. Accumulation of heat supply of each heat source.

The economic advantages of this coupled system can be analyzed by comparing its
annual cost with those of individual pieces of equipment. TRNSYS software allows us to
perform simulations for systems consisting of various individual pieces of equipment, and
the results show that the power consumptions of the GSHP, ASHP and biomass boiler are
462,428.11 kWh, 756,746 kWh and 42,048 kWh, respectively, while the biomass consumption
of the biomass boiler is 397,235 kg. The annual cost, operation cost and the converted
investment cost for the four different systems are shown in Figure 10. It is demonstrated
that the annual cost of the coupling system is the lowest among the four systems, much
lower than that of the GSHP, ASHP, and biomass boiler alone. For example, the coupling
system is 26.7% lower than that of the GSHP system. The investment cost of the coupling
system is much lower than that of the GSHP system, mainly because wells need to be drilled
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for use of the GSHP, which increases the investment cost. Additionally, the investment cost
of the coupling system is comparable to that of the ASHP system, although the coupling
system includes the GSHP. This is because the COP of the ASHP will reduce sharply when
the ambient temperature becomes very low. However, the heat load will reach the peak
during severely cold days. To satisfy the peak heat load only by an ASHP, the capacity
should be very large, leading to a very high investment cost. Also, because of the low COP
during the severely cold days, the operating cost of the ASHP system will also be very
high, leading to the highest annual cost of the system. Moreover, the investment cost of
the biomass boiler system is the lowest, because this heating mode is stable, and the prices
of the biomass boiler are not as high as the heat pumps. However, the operating cost of
this system is the highest, because of the low calorific value and the high prices of biomass
pellets. The coupling system can reduce the operating cost, since it takes the biomass boiler
as a supplementary heating mode when the heat load reaches its peak.

:] Operating Costs
/] Investment Costs

x10* |—v— Annual value of costs|
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0 V.4
Coupling system GSHP ASHP Biomass boiler

Figure 10. The economic comparison of the four different systems.

Additionally, the complementary system is also beneficial to environment protection
and sustainable development. Obviously, solar energy is suitable for clean heating in rural
areas. Additionally, the biomass boiler involved in the generalized structure is also an
ideal candidate for heating in rural areas, although it also leads to some emissions of NOx.
The main reason for this is that the use of biomass resources for heating is an important
method of resource reuse, and there is no better way to dispose of biomass resources. In
addition, the application of various heat pumps is important. The heat pump is a piece
of energy-saving equipment, and it is suitable for distributed heating. Moreover, the heat
pump can help people to consume electricity generated by clean energy sources. In other
words, if the electricity used by heat pumps is generated from renewable energy sources,
the heat pumps can also be regarded as environmentally friendly. Additionally, the full use
of the valley’s electricity can further reduce the operating cost.

Therefore, the coupling system consisting of various pieces of heat-source equipment
are important for heating in rural areas in Northen China, in terms of economics, the
environment and sustainability.

3.6. Discussions

The optimization results are affected by many parameters. In other projects or areas,
the parameters listed in Table 5 can be different, resulting in different heat-supply ratios
for each piece of equipment, or even a different composition of the system. Six typical
parameters in Table 5, including the cost of a biomass boiler, the price of biomass pellets,
the cost of an ASHP, the COP of an ASHP, the cost of a GSHP and the COP of a GSHP, are
selected for sensitivity analysis. The initial values of these parameters are increased and
decreased by 10% and 20%, respectively. Under the premise of ensuring a heat supply at
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the same level, the heat supply ratios of the three pieces of equipment are optimized for
these cases. The optimization results are shown in Table 7.

Table 7. The optimization results for sensitivity analysis.

Parameters —20% —10% +10% +20%
Cost of biomass boiler No change No change No change No change
Price of biomass pellets G 369 kW; B 767 kW No change A 1289 kW A 1289 kW
Cost of an ASHP A 1289 kW A 1289 kW No change G 737 kW; B 384 kW
COP of an ASHP G 737 kW; B 384 kW G 737 kW; B 384 kW A 1289 kW A 1289 kW
Cost of a GSHP No change No change A 1289 kW A 1289 kW
COP of a GSHP No change No change No change G 737 kW; B 384 kW

It can be seen that the optimization results are not sensitive to the cost of a biomass
boiler, because the price of the biomass boiler is not high compared to other equipment.
However, the price of the biomass pellets affects the optimization results remarkably. A
20% reduction in the price will lead to the elimination of the ASHP because of the operation
cost of the biomass boiler will be an obvious advantage compared to that of an ASHP.
Similarly, when this price increases by 10%, the best scheme is to use an ASHP as the
only piece of heat-source equipment. Moreover, both the cost and COP of the ASHP
have significant influences on the optimization results. When cost of an ASHP decreases
by 10%, the economic advantages of the other two pieces of heat-source equipment will
vanish, while when it rises by 20%, the heating load it carries will be taken up by the
GSHP. Also, as the COP of the ASHP decreases by 10%, it will be lower than three, and
the ASHP should not be used anymore. Furthermore, the COP of the GSHP has less
impact on the optimization results, and only when it rises up to five will the system
composition be changed. Additionally, a 20% reduction in its COP will lead to no change in
the configuration, mainly because the operation cost is still low. In addition, a 20% decrease
in GSHP’s cost will not change the heat-supply ratio, while a small increase will make the
ASHP become the only usable piece of heat-source equipment.

To clarify the impacts of the factors on the performance of the optimal system, ten cases
are selected to show how uncertainty affects the economic performances of the optimal
system. The optimal configuration obtained by the optimization is denoted as the basic
case (case 0), and the configuration is the following: for the GSHP, 369 kW, for the ASHP,
430 kW, and for the biomass boiler, 384 kW. The other ten cases are described in Table 8:
Table 8. The cases for sensitivity analysis.

Case Description Configuration

Case 0 The optimal configuration for the project G 369 kW; A 430 kW; B 384 kW
Case 1 The price of the biomass pellets increases by 20% A 1289 kW

Case 2 The price of the biomass pellets decreases by 20% G 369 kW; B 767 kW

Case 3 The cost of an ASHP increases by 20% G 737 kW; B 384 kW

Case 4 The cost of an ASHP decreases by 20% A 1289 kW

Case 5 The COP of an ASHP increases by 20% A 1289 kW

Case 6 The COP of an ASHP decreases by 20% G 737 kW; B 384 kW

Case 7 The cost of a GSHP increases by 20% A 1289 kW

Case 8 The cost of a GSHP decreases by 20% G 369 kW; A 430 kW; B 384 kW
Case9 The COP of a GSHP increases by 20% G 737 kW; B 384 kW

Case 10 The COP of a GSHP decreases by 20% G 369 kW; A 430 kW; B 384 kW

The economic performance of the ten cases is evaluated by a combination of transient
simulations and optimizations, and the results are show in Figures 11-13. Figure 11
shows the economic performance of the system in the ten cases. It can be seen that the
annual cost of the system in case 2 is the lowest, approximately 18% lower than that of
the basic case. In this case, the price of the biomass pellets decreases by 20%, and a higher
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capacity of the biomass boiler is used for the optimal configuration, while the ASHP is
excluded. Moreover, a reduction in the cost of ASHPs and GSHPs can change the optimal
configuration of the complementary heating system, and can achieve a lower annual cost
compared with the basic case. Moreover, when the COP of the ASHP increases by 20%,
the optimized configuration will be the ASHP itself, and the annual cost can reduce by
over 15%. Similarly, a 20% increase in the GSHP’s COP can lead to a 7% reduction in
the annual cost. Furthermore, for case 10. in which the COP of the GSHP decreases
by 20%, the optimal configuration is not changed. This is because the operation cost of
the GSHP is still competitive compared with that of the ASHP and the biomass boiler.
However, both the annual cost and the operation cost will be increased markedly. In
addition, Figures 12 and 13 shows the power consumption and the biomass consumption,
respectively. It is demonstrated that, generally, the biomass energy complements the
electricity. Therefore, the biomass boiler usually can act as a good supplementary heating
source for a coupling system.

500,000

Annual cost
400,000

Operation cost

Investment cost
300,000

200,000

The cost (RMB)

100,000

Figure 11. The economic performance of the ten cases.
500,000
400,000
300,000
200,000

100,000

Power consimption (kWh)

Figure 12. The power consumption of the ten cases.
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Figure 13. The biomass consumption of the ten cases.
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4. Limitations

There are two main limitations in this work. The first one is that the calculation of
heating loads is not precise. On the DeST or TRNSYS platform, the hour-by-hour heating
load is calculated by discretizing time, and it can be seen from the load curve that the
heating load oscillates violently, which is usually not the case. Because of the thermal
inertia of the buildings, the heating-load curve should be relatively flat. However, this is
supposed to have little effect on the accuracy of the simulation results, because the overall
change trend of the heating load can still be reflected on the load curve. Furthermore, for
the actual project in this case study, the difference between the actual operation results and
the simulation results are not obvious. Therefore, the TRNSYS simulation is supposed be
accurate enough for system design and optimization.

Moreover, for the proposed method, an obvious limitation is that the optimization of
the system configuration is simplified. The optimization of a complementary heating system
mainly includes three aspects, the system configuration, the operation strategy and the
capacity of each piece of equipment. In this work, the system configuration is determined
by setting a preliminary screening criterion for each potential piece of equipment, on the
basis of the meteorological condition, resource abundance and the form of the buildings.
Therefore, the system configuration in this work is not determined by using optimization
algorithms. However, this simplification can greatly reduce the coupling degree of the
optimization process, and a quick comparison of the potential schemes can be made by
using the proposed method in this work.

5. Conclusions

In this work, a unified design method for a multi-source complementary heating
system is proposed. A generalized structure that considers various types of clean energy
is established. Based on this structure, a mathematical model of the coupling system can
be built on the TRNSYS platform for transient simulations. A three-step optimization
method is proposed, including the preliminary screening of the system composition, the
determination of the operation strategy, and the optimization of the heat supply ratios
of each piece of equipment by using the genetic algorithm. The proposed method is
applied in a demonstration project in Dezhou, China. The optimization results show that a
combination of a GSHP, an ASHP and a biomass boiler is the most economic system. The
powers of the GSHP, ASHP and biomass boiler are 369 kW, 430 kW and 384 kW, respectively.
Moreover, the accumulative heat produced by the GSHP accounts for more than a half of
the total heating load, while that produced by the other two pieces of equipment are at a
same level. Furthermore, it was found that the optimization results are not very sensitive
to the cost of biomass boilers and the COP of GSHPs, but are highly affected by the price of
biomass pellets, the cost of an ASHP and the COP of an ASHP. The proposed design method
provides a way to optimize a complementary system in terms of system composition,
operation strategy, and equipment capacity. The generalized structure and its mathematical
model enable the quick calculation and convenient comparison of various schemes, and
simplifies the complicated optimization problem to the capacity optimization of each piece
of equipment. Therefore, the complex multi-dimensional optimization problem is avoided.
The proposed design method can reduce the annual cost to a minimum value, and thus it
can be widely applied for rural heating in Northen China.
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