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Abstract: A 100% renewable energy system (RES) satisfies a user’s energy demand using only
renewable energy, which is an important energy supply in China given that the government aims to
realize carbon neutrality by 2060. The design and operation of 100% RESs in different areas would
vary significantly due to the impacts of climates and geographical features. This study aimed to
investigate the economic and environmental performance of 100% RESs for residential communities
in different areas of China. In total, 30 typical cities were chosen based on the climate characteristics
and the availability of renewable energy resources. The genetic algorithm was selected to obtain
the optimal design of the 100% RES in each area by taking the minimum total annual cost and
the minimum CO, emissions as optimization objectives. The results showed that 100% RESs were
dominated by solar energy and biomass. The investment could be recovered in 8 years if the economic
performance was optimized in most areas, but the payback period became longer when the 100% RES
was optimized when considering environmental performance. The emissions could be reduced by
86-99% for CO, and 64-97% for NOy. The results of this study would provide data support for the
investment of 100% RESs in rural or suburban areas of China.

Keywords: design optimization; 100% renewable energy system; economic performance; environmental
performance; solar energy; biomass energy; wind energy

1. Introduction

Society is facing severe problems, such as energy shortage and air pollution, due to the
increasing energy demand around the world. A transition to renewable energy is essential
for decreasing the dependence on fuel energy and pollution emissions [1]. Many countries
have set goals to increase the proportion of renewable energy and decrease fuel energy
consumption. German [2] and Danish [3] governments aim to achieve 100% renewable
energy before 2050. Twenty-nine states in the United States plan to realize 100% renewable
energy in 2045 [4]. China has promised to realize carbon neutrality by 2060 [5]. The use
of 100% renewable energy systems (RESs) can significantly increase renewable energy
penetration (as shown in Figure 1) and realize carbon neutrality. The energy production
and storage devices can make use of different kinds of renewable energy sources to meet
the user’s cooling, heating and electricity demands without consuming fossil fuel.
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Figure 1. Schematic diagram of a 100% renewable energy system.
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1.1. Existing Studies on 100% RESs

The use of 100% RESs has gradually attracted attention around the world [6]. Researchers
carried out studies to assess the feasibility of 100% RESs at different levels. Existing studies
mostly focused on the feasibility of 100% renewable energy supply at the national level.
Jagemann et al. [7] evaluated the impact of the 100% RES policy on the power industry in
Europe to assess the feasibility of realizing a 100% RES by 2050. Considering the energy
market and the potential of renewable resources, Hansen et al. [2] studied a transition strat-
egy for Germany to achieve 100% renewable energy by 2050. Child et al. [8] established a
model based on the energy scenario of Finland in the future to assess the feasibility of realiz-
ing 100% RES by 2050. Jacobson et al. [9] analyzed a way to achieve 100% renewable energy
supply in the United States by 2050 by considering the renewable energy distribution in
50 states. Strategies were designed for achieving 100% renewable energy in Ethiopia [10],
Ghana [11], Bolivia [12], Philippines, Jordan [13] and Iran [14]. The findings demonstrated
that it is possible to realize a 100% RES in many countries through reasonable planning
and design. However, incentive policies from the government are required.

The use of a 100% RES can be realized at the regional level. Several studies focused on
the feasibility of a 100% RES serving a certain city or town with abundant renewable energy.
He et al. [15] analyzed the future energy consumption of the transport, building, industry
and space heating sectors in Beijing. The result showed that it is possible for Beijing to reach
zero CO; emissions by 2050. Denmark is very active at promoting the utilization of RES.
Thellufsen et al. [16] proposed a method to design a smart energy city for Aalborg. The case
study showed that a transition to smart cities with 100% renewable energy is possible in
Denmark and Europe. Jacobson et al. [17] developed a roadmap to achieve 100% renewable
energy for 53 cities and towns in Canada, Mexico and the United States. The results showed
that fuel costs in the power sector can be reduced by 133 USD/person/year and costs due
to air pollution can also be reduced.

The use of 100% RESs has great potential in remote villages, communities or isolated
islands that cannot be connected to the grid easily. Ferreira et al. [18] designed a 100% RES
for Santiago Island. The analysis of different scenarios showed that it is possible to gen-
erate electricity from renewable energy alone. Several factors, such as climate conditions,
may affect the performance of a 100% RES. Meschede et al. [19] analyzed the impact of
probabilistic weather data on the design of an island 100% RES. A new way to determine
the expected characteristics and performance of a 100% RES was applied. The developed
100% RES can reduce carbon emissions significantly. A hybrid photovoltaic/wind/micro-
hydro with pumped hydro storage was investigated by Islam et al. [20] for an off-grid
coastal community. The system could fully satisfy the power demand using renewable
energy and reduce 910,459 kg of CO, emissions annually. By considering technical, ecolog-
ical, economic and social criteria, Sokolnikova et al. [21] designed a net-zero energy system
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for rural energy communities in Siberia. The designed 100% RES can achieve an annual
CO, emissions reduction of 3000 t with a lower investment cost.

China aims to reduce CO; emissions and realize carbon neutrality by 2060 [5]. The use
of 100% RESs is an important way to meet users’ energy demands locally. The feasibility
and potential of RES in China are discussed and analyzed in [22]. Lugovoy et al. [23]
explored the zero-emission possibility of the electricity sector in China by 2050. Three
potential pathways that were designed for the electricity, transport, heating and industrial
sectors to achieve 100% renewable energy supply by 2050 are discussed in [24]. The optimal
design is essential for developing and promoting 100% RESs in China. Huber et al. [25]
investigated the optimal design for China’s future power system. The result shows that
China could be entirely powered by renewable energy sources, such as wind and solar
energy. Economic performance is important to the use of 100% RESs. Dmitrii et al. [26]
defined a cost-optimal 100% RES for Northeast Asia, including China. Compared with the
conventional energy system, which depends on nuclear energy or fossil fuels, a 100% RES
is feasible and has a lower cost. Aiming to achieve 100% RES for the grid, the cost-optimal
design of a simplified renewable electricity network was proposed based on 8 years of
high-resolution hourly time series data of electricity demand and wind and solar power
generation of each province in China [27]. The results showed that the system is feasible for
interconnecting distant regions. The studies on 100% RESs in China were mostly focused
at the country or provincial levels. Detailed technical analysis about 100% RESs at the
community level is still not sufficient. The authors himself have studied the performance
of 100% RESs for low-density residential communities in different areas of China [28].
However, only the economic performance was addressed. The environmental performance
of the 100% RES has not been addressed yet.

1.2. Gaps and Objectives

According to the above review, many studies have been done on 100% RESs. However,
the existing studies still have some gaps:

1.  Current studies about 100% RESs mainly focus on the planning and policy analysis
at the macro level, such as counties or cities. Technical research at the community
or neighborhood level is not yet sufficient. Studies on the technology integration,
operation characteristics and performance analysis are required.

2. The performance and integration of a 100% renewable energy system are influenced
by factors such as climate, load density, local energy markets and renewable energy re-
sources. The system performance under different conditions needs detailed investigation.

3. Economic and environmental performance is important for promoting 100% RES.
Existing studies mainly take economic or energy performance as the optimization
targets. However, the environmental performances of 100% RESs are rarely concerned.

Considering the gaps mentioned above, this study aimed to investigate the economic
and environmental performances and operation characteristics of 100% RESs at the com-
munity level in different areas of China. Thirty different typical regions were selected
based on the renewable energy distribution and climate conditions. The 100% RESs were
obtained by taking the CO, emissions and the minimum total annual costs as the optimiza-
tion objectives. The environmental and economic performances of the 100% RESs were
investigated and compared. The results of this study could help the Chinese government
to develop 100% RESs.

This paper is organized as follows: The simulation and optimization of 100% RESs in
typical areas are considered in Section 2. The operation and performances of 100% RESs
are investigated and compared in Section 3. Sections 4 and 5 present the discussions
and conclusions.

2.100% RES Design and Modeling

It is necessary to select different typical areas to study the characteristics and per-
formances of 100% RESs in China. This study selected 30 typical cities according to the
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renewable energy resources distribution and climate zones. Then, the cooling, heating, elec-
tricity and hot water loads in each area were calculated. The framework of each 100% RES
was determined based on the local climate and renewable energy characteristics. By mod-
eling and optimizing each 100% RES, the optimal design could be obtained. By performing
an annual operation simulation, the characteristics and performance of each 100% RES
could be investigated and compared.

2.1. Selection of Typical Areas

The climates and renewable energy resources affect the optimal design and perfor-
mance of a 100% RES. China has five climate zones [29], as well as five biomass energy [30],
four solar energy [31], and four wind energy [32] resource zones, as shown in Figure 2.
No cooling is required in summer in the severe cold zone (I) but the heating load is high
and lasts longer in winter. In the cold zone (II) and the hot summer and cold winter zone
(IIT), both heating and cooling are required. No heating is required but cooling loads are
high and lasts for a long period in the hot summer and warm winter zone (IV). No cooling
or heating is required throughout the year in the moderate zone (V). It is shown in Figure 2
that the areas where wind or solar energy is abundant (I) are mainly located in the northern
and western regions of China and the climate is cold. The populous southeast regions have
moderate (III) or poor (IV) solar and wind energy with a relatively warm climate. In this
study, biomass was considered to be a stable source because its supply can be controlled
compared with solar and wind energy. Based on the distribution of the renewable energy
and building climate zones, 30 typical cities were selected to establish the 100% RESs,
as shown in Table 1. The locations of the cities are marked in Figure 2. The selection of the
cities was based on the principle of obtaining as many combinations of the climate, wind
and solar zones as possible. To study the economic performance of the 100% RESs, the local
tariff and natural gas price in each zone were obtained from the local utility department or
natural gas company by the authors.

2.2. Load Calculation

A low-density residential community was selected to design a 100% RES based on the
living conditions in rural areas, small towns or suburban areas of China. The residential
community consisted of 60 residential buildings. The roof area of the community is 3480 m?,
which can be used to install photovoltaic thermal (PV/T) systems. Considering the noise
and vibration requirement, small wind turbines with a capacity of 300 W were selected.
Buildings were modeled in DeST-h [33] so that the cooling and heating loads of the
communities in different cities were calculated based on the typical meteorological data.
The hot water and electricity loads (without air conditioning) related to the schedule of
occupants were estimated based on the Code for Planning of Urban Electric Power [34] and
the Code for Thermal Design of Civil Building [35]. The electricity load of the buildings
was calculated based on the electricity consumption index per area of residential buildings,
which is 30~50 W/m?. The hot water load was calculated based on the daily water
consumption per person, which is 130~320 L/(person-day). A diversity factor of 0.6 was
used after considering the behavior randomness of residential occupants [36]. As the peak
load of different households occurs at different times, the load of all the households was
added and multiplied by the diversity factor to obtain the load of the community.

The annual cumulative cooling and heating load of the residential community in
the 30 areas is shown in Figure 3. The heating load of cities situated in the severe cold
area, such as Mohe, is high in winter due to the low air temperature, which is close to
4000 MWh. The cooling loads of cities in the hot summer and warm winter areas, such as
Guangzhou, Fuzhou and Hechi, are relatively high. The cooling load of Guangzhou is close
to 2500 MWh. Cities located in the hot summer and cold winter area and the cold area both
have cooling and heating loads. The cooling load is between 1300 and 1800 MWh, while
the heating load is between 500 and 1500 MWh. The low-density residential buildings in
the moderate area, such as Kunming and Lincang, have no cooling or heating load because
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the outdoor air temperature is appropriate throughout the year and cooling or heating is
not required.
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Figure 2. Building climate zones (top), solar (left) and wind energy (right) distributions in China.
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Figure 3. The annual cooling and heating loads of typical areas.
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Table 1. The selection of typical cities and local energy market conditions.

Wind E Solar E T lc Electric Tariff Natural Gas Price
Climate Zone ind Ener olar Ener ical Cit
&Y &Y yp Y T(CNY/KWh) (USD/kWh) (CNY/m®)  (USD/m?)
Abundant Ejina 0.485 0.075 1.82 0.282
Abundant Relatively Xilinhot 0.485 0.075 1.82 0.282
abundant
Available Mudanjiang 0.51 0.079 2.8 0.434
Abundant Hohhot 0.485 0.075 1.82 0.282
Severe cold Relatively Relatively Kalamayi 0.39 0.060 1.37 0.212
abundant abundant
Available Shenyang 0.5 0.078 2.95 0.457
Abundant Geermu 0.37 0.057 1.6 0.248
Available Relatively Urumgi 0.39 0.060 1.37 0212
abundant
Available Mohe 0.51 0.079 2.8 0.434
Abundant Hami 0.39 0.060 1.37 0.212
Relatively Relatively
abundant abundant Beijing 0.48 0.074 2.28 0.353
Available Weifang 0.55 0.085 3 0.465
Abundant Hotan 0.39 0.060 1.37 0.212
Cold Relativel
Available elatively Tianjin 0.49 0.076 24 0.372
abundant
Available Zhengzhou 0.56 0.087 225 0.349
Abundant Lahsa 0.37 0.057 1.2 0.186
P
oot Available Xian 0.49 0.076 1.98 0.307
Relatively Available Wenzhou 0.54 0.084 31 0.481
abundant
Hot summer and Available Wuhan 0.56 0.087 2.53 0.392
) Available
cold winter Poor Changsha 0.59 0.091 2.45 0.380
Available Nanyang 0.56 0.087 2.25 0.349
Poor
Poor Chonggqing 0.52 0.081 1.72 0.267
Relatively Available Fuzhou 0.5 0.078 2.86 0.443
abundant
Hot summer and Available Available Wuzhou 0.53 0.082 3.22 0.499
warm winter
Available Guangzhou 0.53 0.082 322 0.499
P
oor Poor Hechi 0.53 0.082 3.22 0.499
Rslatgely Kunming 0.45 0.070 3.31 0.513
Available abundant
Moderate Available Bijie 0.45 0.070 3.05 0.473
Available Lincang 0.45 0.070 3.31 0.513
Poor
Poor Guiyang 0.45 0.070 3.05 0.473

2.3. System Design and Operation Strategy

The isolated 100% RESs designed in this study can meet the demands of cooling,
heating, electricity and hot water without depending on the grid. The configuration of
the 100% renewable energy system is shown in Figure 4. There are four cycles in the
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system, including the electricity cycle, cooling cycle, heating cycle and hot water cycle.
Optional equipment includes PV /Ts, wind turbines, biomass internal combustion engines,
absorption chillers, heat pumps, chillers, boilers, batteries and water tanks, which are
common for distributed energy systems [37]. Specific system configurations of different
regions will be different due to the different meteorological and load characteristics.

Wind Battery
turbine

.

Electricity
> load

Cooling
load

Absorption >
chiller
Thermal

storage
tank

Heat
Pump
Biomass >

Tl

Heating
load

generator
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.

Biomass
boiler

~
-

Figure 4. The framework of the 100% RES in this study.

The operation strategy of the 100% RES follows the electricity load (FEL), which is a
widely used strategy in distributed energy systems [38,39].

1.  For the electricity cycle, solar and wind energy are preferred to meet the electrical
loads. Excessive electricity is stored in batteries; when the solar and wind energy is
insufficient, the required energy will be provided by biomass generators and batteries.

2. The heating load is first met by the heat from PV /Ts, the waste heat recovered from
the biomass generator and the thermal storage tank. Any extra heating load that is
not met by these sources is supplied by boilers or heat pumps. The excessive heating
energy is stored in the thermal storage tank.

3. The cooling load is first supplied by absorption chillers by recovering energy from the
exhaust gas, cylinder water and thermal storage tanks. Any extra cooling load that
is not met by these sources is met by heat pumps or electric chillers. The excessive
cooling energy is charged in the thermal storage tank.

4. Hot water circulation is given priority regarding the use of waste heat and solar heat.
The surplus heat is charged in hot water tanks while any extra hot water heating load
that is not met by waste heat and solar heat is provided by the tanks and/or boilers.

2.4. System Modeling

According to the load characteristics, the framework of the 100% RES can be built.
The 100% RES involves a series of energy conversion devices, where their mathematical
models are introduced as follows.

1. PV/T

A PV/T generates electricity and heat from solar energy. The device model is shown
as Equation (1) [40,41], where Py, is the output power or heat (kW); 5 power and Npo,thermal
are the power and thermal conversion efficiencies of the PV /T, respectively; A represents
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the PV/T area (m?); I represents the solar energy intensity (kW/m?); and T is the outdoor
ambient temperature (°C).

Py = Hpo, powerAI[L — 0.005(T — 25)] )
Mo, thermal Al

2. Wind turbine

The wind turbine generates power using wind energy and its model is shown as
Equation (2) [42], where P01+ and Py represent the rated and output powers of the
wind turbine (kW), respectively; v is the current wind speed (m/s); and v;,;, oyt and Vsafe
represent the cut-in, cut-out and safe wind speeds (m/s), respectively.

0 U < Vip, U 2 Ugaf
- v
Pyt = Pmted,wt Ca— le Vin <0 < Uyt ()
out
Prated,wt Vout <V < Usgfe

3.  Biomass generator

A biomass generator burns biogas to provide thermal energy and drives the engine to
generate electricity. Thermal heat that is recovered from the exhaust gas or water can supply
heating, cooling or hot water. Equation (3) demonstrates the model of the generator [43].
Eice, Quater and Qyy, represent the output electrical power, hot water energy from the
generator and waste heat energy (kW), respectively. g represents the heat value of the
biogas. According to the actual project, 20.9 MJ/ m3 was used in this paper [44]. generator 1S
the electrical efficiency of the generators. 7,y and #yarer represent the ratio of recovered
heat and hot water energy to the biogas’ total heat value, respectively.

Eice= qMUgenemtor
Qun= anwh ®)
Quwater= qMM ynter

4.  Heat pump and electric chiller

Heat pumps are used to generate cooling or heating energy for cities located in the
hot summer and cold winter areas and the cold areas. The electric chiller supplements the
absorption chillers in the hot summer and warm winter areas in summer. Equation (4)
shows the models of electric chillers and heat pumps [45]. Propsume ipc 1S the electricity
consumption of heat pumps or chillers (kW), while Py, s is the rated power consumption
of heat pumps or chillers (kW) at full capacity. EIRFPLR represents the ratio of the power
consumption at partial loads to that at full loads, while plr represents the part load ratio.

{ Pconsume, hpe= Pmted, hpc x EIRFPLR (4)
EIRFPLR = ay x plr*4+by x plr +c,

5. Absorption chiller

An absorption chiller can recover waste heat from the biomass generator to supply
cooling, as shown in Equation (5) [46], where Q,;, represents the cooling energy output of
the absorption chiller (kW), Q. represents the waste heat generated by the generator (kW)
and COP,;, represents the coefficient of the absorption chiller.

Qab: Qwhcopab 5)
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6. Boiler

The boiler uses biogas to supply heating for users, as shown in Equation (6) [47]. Pyojrer
represents the output heat of the boiler (kW). Qs is the heat released by biogas combustion
(KW). #poiter is the efficiency of the boiler.

Ppoiter= ans X Mpoiler (6)

7. Energy storage devices

Energy storage devices can effectively improve the stability and efficiency of a 100%
RES. The energy storage system in this study was composed of thermal storage tanks,
hot water tanks and batteries. Equations (7) and (8) show the model of energy storage
equipment [48]. Qstore is the stored energy in the energy storage devices (kWh), Qstore,max is
the capacity of the storage devices (kWh). SOC;,; and SOC; are the states of charge at time
t+1 and f, respectively. Qstore,+ Tepresents the energy charged (+) in or discharged (—) from
the energy storage devices at time t (kWh).

SOC = Qstore/Qstore, max @)
Soct+1: SOCt+Qstore, t/Qstore, max (8)

2.5. Optimization Objective of the 100% RESs

The optimal design of the 100% RES in each area was obtained to achieve its optimal
economic and environmental performance. The capacities of the PV /Ts, wind turbines,
batteries, generators, boilers, electric chillers, heat pumps, absorption chillers, energy
storage tanks and hot water tanks were optimized to obtain the configuration of each
100% RES. The economic performance is crucial to the feasibility of the system. In this
study, the total annual cost (C;y,1) was selected as the optimization objective, as shown in
Equations (9)—(12). It includes: (1) Capital cost Cypita, Which is the sum of the purchase
and installation cost of all devices in the system. (2) Operation cost Cyperation, 1, Which is
the cost of biogas consumed by the system throughout the year. (3) Maintenance cost
Conintenance,i» Which is the cost required for maintaining the system, where Cj,s ; represents
the investment of the ith device (CNY/kW), N; represents the nominal capacity of the
ith device (kW), y represents the life period (which was 20 years in this study), pess is the
biogas price (Nm?/CNY), Qg is the annual biogas consumption (Nm?), A represents the
coefficient for maintenance costs (1% in this study). Table 2 shows the parameters that were
adopted in the optimization calculation. The cost parameters were used to calculate the
investment of the devices and the coefficient parameters were used in the system modeling
to determine the system design and the operation conditions of the devices. With the GA
optimization, the system configuration with the lowest total annual cost could be found.

" N.C; ,
Ccapital _ Zl 1~1invest,i (9)
y
Coperation: pgas qus (10)
Cmuintenunce: A 27 Nicinvest,i (11)

Crotar= Ccapital + Coperation +Crnaintenance (12)



Sustainability 2021, 13, 10590

10 of 24

Table 2. Economic parameters and coefficients of components used in this study.

Coefficient
Device Cost X 3
Power Cooling Heating Hot Water
Wind turbine 1800 CNY /unit (279 USD/unit) — — — —
PV/T 2400 CNY/m? (372 USD/m?) 1pv, power 0.16 — po, thermal 0-45
Battery 2400 CNY/kWh (372 USD/kWh) — — — —
Generator 9000 CNY/kW (1395 USD/KkW) Ngenerator 0.4 — Hwn 0.3 Huwater 0.2
Absorption chiller 2000 CNY/kW (310 USD/KkW) — COP, 1.1 — —
Water tank 400 CNY/kW (62 USD/kW) — — — —
Electric chiller 1400 CNY/kW (217 USD/kW) — COP., 4.5 — —
Heat pump 2000 CNY/kW (310 USD/kW) — COPyp,c 3.3 COPyp, 3.3 —
Boiler 800 CNY/kW (124 USD/KW) — — Npoiler 0.9
Biogas 0.35 CNY/kWh (0.054 USD/kWh)

A 100% RES has the advantages of low carbon emissions and high environmental
protection. The annual CO, emission reduction compared with traditional systems was
taken as an environmental optimization objective, as shown in Equation (13). It is the
difference between the CO, emissions of the traditional system and the CO, emissions of
the 100% RES. The CO, emissions of the traditional system result from coal-fired power
generation and natural gas for heating. The CO, emissions of the 100% RES are from biogas
combustion. Mcoy, saving i the annual CO; emission reduction (8); P tradition is the power
consumption of the traditional system (KWh); Va1 gas and Vipiggas are the natural gas
and biogas consumption of the traditional system and the 100% RES (Nm?), respectively;
Tnatural gas a0 Gpiogas are the heat value of natural gas and biogas, which are 9.9 kWh/N m?3
and 6.5 kWh/Nm?, respectively, in this study; 1y, is the CO, emission index of coal-fired
power generation (g/kWh); and m,ara1 gas a0d 1pjogas are the CO, emission index of natural
gas and biogas (g/Nm?), respectively. The system configuration with the highest annual
CO; emission reduction can be obtained according to the environmental optimization.

MCOZ,saving: (Pg, tmditignmcoal+vnutuml gasQnatuml gusmnaturul gus) (13)

- Vbiogasq biogasMbiogas

2.6. Optimization Algorithm

The optimization calculation in this study is a typical optimization problem with a
single objective and multiple variables. This study took the genetic algorithm (GA) as the
optimization algorithm. It was proposed by Holland [49] based on the theory of biolog-
ical evolution from Darwin. It is widely used in solving system optimization problems
because it can achieve the global optimal rather than easily fall into the local minima trap.
Compared with the traditional optimization method, this algorithm has the advantages
of high robustness, good convergence and low computing time [50,51]. The process of
the GA is shown in Figure 5. The genetic algorithm optimization process starts with a
randomly generated initial population of the individual. Each individual of the population
is evaluated to find the corresponding fitness value. A new population of individuals is
created using three genetic operators: reproduction, crossover and mutation. Only solu-
tions with a higher level of fitness are maintained in the population. The stochastic uniform
function is adopted to realize the selection. A crossover operator is used to create two
new individuals from two existing individuals. Stochastic mutations are applied to some
generated solutions to introduce new features in the population. If the convergence criteria
are satisfied, the searching process will stop and the optimal solution can be obtained.
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Figure 5. The process of the GA.

In this study, the calculation process was realized in MATLAB software. The popu-
lation size was set to 50 and the constraint-dependent mutation function and crossover
function were used. The maximum number of generations was 2000 and the function
tolerance was set to 10~® as the stopping criteria. A computer with a 3.60 GHz i7-7700 CPU
and 16 GB RAM was used for the optimization. The time required for the simulation calcu-
lations varied for each calculation, but mostly within 10 min. The optimization program
was run several times and the average of the results is selected.

3. Results and Analysis

The design and system performance of the optimal 100% RES that is obtained by
taking different objectives varies. In this section, the 100% RESs in different areas and
their operation characteristics were analyzed and compared. In short, the method with the
total annual cost as the objective was called economic optimization and that with the CO,
emission reduction as the objective was called environmental optimization.

3.1. System Configuration

The optimization results of electricity subsystems of the 100% RESs in 30 cities are
shown in Figure 6. Cities with different colors correspond to their climatic zones. Due to
the differences in renewable energy outputs, the configurations of devices were different
under different optimization objectives. The economic optimization aimed to reduce the
life cycle costs of the 100% RESs. Due to the low resources of solar and wind energy,
the installation capacities of PV/Ts and wind turbines were limited in some areas. The
installation area of PV/Ts varied between 1293 and 3480 m?. It was relatively small in
areas with poor solar energy resources, such as Guiyang, while the area was relatively high
in regions with abundant solar energy resources, such as Geermu and Ejina. Only three
cities (Shenyang, Weifang and Kelamayi) with abundant wind resources were proposed
to have wind turbines installed, with the capacity varying from 44 to 72 kW. The biomass
generators supply the electricity when the PV/Ts and WTs were not able to meet the
demand; therefore, the capacity of the generators did not vary a lot between different areas,
which was between 194 to 304kW. The environmental optimization aimed to reduce the
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Figure 6. The subsystem capacities of the electricity cycles of 100% RESs under economic optimiza-

Hot summer and
cold winter

Moderate

warm winter

Hot summer and
tion and environmental optimization: (a) biomass generator capacity of the 100% RESs; (b) PV/T

capacities of the 100% RESs; (c¢) wind turbine capacities of the 100% RESs.
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The optimization results of the cooling subsystems are shown in Figure 7. The capaci-
ties of the electric chillers and heat pumps were mainly determined by the peak cooling
loads, while the absorption chiller installation capacities were limited by the generator
capacities. According to the economic optimization, the capacities of the electric chillers,
heat pumps and absorption chillers varied in the ranges of 815-993 kW, 676-1062 kW and
59-203 kW, respectively. The absorption chiller capacities were smaller but the capacities
of electric chillers and heat pump chillers were larger for the environmental optimization.
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Figure 7. The subsystem capacities of the cooling cycles of the 100% RESs under economic optimiza-
tion and environmental optimization: (a) electric chiller capacities of the 100% RESs; (b) heat pump
capacities of the 100% RESs; (c) absorption chiller capacities of the 100% RESs.
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The optimization results of the heating subsystems are shown in Figure 8. The capaci-
ties of the biomass boilers were mainly determined by the peak heating loads, while the
waste heat boiler installation capacities were limited by the generator capacities. For the
economic optimization, the biomass boiler capacities varied from 960 to 1480 kW. Mohe
needed more biogas to satisfy the heating load. As a result, the biomass boiler capacity of
Mohe’s 100% RES was the largest in this region. The capacities of the waste heat boilers
varied from 131 to 205 kW due to the limitation of the waste heat recovered from the
biomass generator. For the environmental optimization, the waste heat boiler capacity
was smaller and the biomass boiler was larger than that for economic optimization, which

resulted from smaller generators.
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Figure 8. The heating subsystem capacities of the 100% RESs under economic optimization and
environmental optimization: (a) biomass boiler capacities of the 100% RESs; (b) waste heat boiler
capacities of the 100% RESs.

3.2. Operation Characteristics of the 100% RESs

The operation results of the 100% RESs in the selected areas of China under economic
optimization and environmental optimization are shown in this section. The electricity
supply of different devices is shown in Figure 9. For the economic optimization, the
electricity supplies of a biomass generator, PV/T and wind turbine were influenced by
the renewable energy distribution and load characteristics, which varied significantly in
different areas. The power supply proportions of biomass generators were relatively high
in most areas and varied from 14 to 85%. The PV /T power supply proportions changed
from 14 to 84%. The lowest proportion was in Chongqing due to poor solar energy and
the highest was in Geermu due to abundant solar energy. Only the three regions where
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wind resources were abundant (Shenyang, Weifang and Kelamayi) used wind energy and
the proportion was less than 5%. For the environmental optimization, PV /Ts supplied
most of the power demand in many regions. The power supply proportion of PV/Ts
ranged from 44 to 98%. The biomass generator contributed 2~65% of the power supply
among the different regions, while the wind turbines could only supply 0.2~4.3% of the
electricity demand in different areas due to the lack of wind energy and the small capacity
of wind turbines.
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Figure 9. Electricity supply breakdown of the 100% RESs under economic optimization and environ-
mental optimization: (a) biomass generator supply breakdown of the 100% RESs; (b) PV/T supply
breakdown of the 100% RESs; (¢) wind turbine supply breakdown of the 100% RESs.
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The cooling supply proportions of different components are shown in Figure 11.
According to the results, the cooling supply of each device was mainly affected by the
cooling load. Heat pumps and electric chillers accounted for a relatively large percentage
of the annual cooling supply. The cooling supply proportion of electric chiller or heat
pump was higher for cities such as Fuzhou due to the high cooling load in summer.
For the economic optimization, the cooling supply proportion of electric chillers varied
between 79 and 82% and the proportion for heat pumps varied between 70 and 95%. The
cooling supply proportion of the absorption chiller was low because the available waste
heat was limited, which varied between 18 and 32% among different regions. For the
environmental optimization, the absorption chiller supplied less cooling due to the lower
capacity of biomass generators. The cooling supply proportion for absorption chillers
varied from 15 to 25%. The electric chiller and heat pump supplies more cooling energy
and the proportion of cooling supply varied from 86 to 90% and 82 to 99%, respectively, for
the environmental optimization.
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Figure 10. Cooling supply breakdown of the 100% RESs under economic optimization and environ-
mental optimization: (a) electric chiller supply breakdown of the 100% RESs; (b) heat pump supply
breakdown of the 100% RESs; (c) absorption chiller supply breakdown of the 100% RESs.

The proportions of the heating supply of different components are shown in Figure 11.
The heating supply of each device was affected by the heating load and solar energy
distributions. For areas with abundant solar energy, such as Lahsa and Geermu, the solar
heat was able to supply more heat than cities located in poor solar energy areas, such as
Mohe and Chonggqing, where heat pumps or biomass boilers accounted for a relatively
high proportion of the annual heating supply. For the economic optimization, the heating
supply proportion of biomass boilers varied between 50 and 86%, while the proportion of
heat pumps varied between 47 and 65%. The heating supply proportion of PV/Ts varied
between 7 and 47% among different areas due to the differences in the distribution of solar
energy, while the waste heat boiler supply was between 3 and 34%. For the environmental
optimization, the waste heat boiler supplied less heating due to the limited waste heat and
the heating supply proportion was less than 29%. The solar heat met most heating loads
in most regions due to the increased PV /T capacities and the heating supply proportion
varied from 13 to 75%. Heat pumps met 24~55% of the heating load. The heating supply
proportions of the biomass boilers did not vary too much due to the large heating demand

in winter.
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Figure 11. Heating supply breakdown of 100% RESs under economic optimization and environ-
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mental optimization: (a) biomass boiler supply breakdown of the 100% RESs; (b) heat pump supply

breakdown of the 100% RESs; (c) PV/T heat supply breakdown of the 100% RESs; (d) waste heat

boiler supply breakdown of the 100% RESs.
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3.3. Economic Performance of the 100% RESs

The economic performances of the 100% RESs were assessed based on the total
annual cost and payback period. The total annual costs of the 100% RESs under economic
optimization and environmental optimization are shown in Figure 12. The total annual
cost varied greatly between different regions. The 100% RES in Mohe had the highest total
annual cost due to the higher heating need being supplied by biogas in winter. Lincang
had the lowest total annual cost because the energy demand is low in this city. For the
economic optimization, the total annual cost of the 100% RESs varied from 0.6 million CNY
to 2.1 million CNY among different cities. For the environmental optimization, the total
annual cost in different areas was higher and varied from 0.9 million CNY to 2.1 million CNY.
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Figure 12. The total annual cost of 100% RESs under economic optimization and environmental optimization.

The payback period of each 100% RES was calculated in comparison with the tradi-
tional system, which relies on the grid and natural gas. The energy supply of conventional
systems varied between different areas. For severe cold areas with high heating in winter
and no cooling in summer, the power demand was met by the grid and the heating and
hot water load was met by boilers using natural gas. In other areas, the conventional
system depended on the grid to supply power for electric chillers or heat pumps to meet
the cooling or heating loads, as well as the basic electricity loads. The hot water load
was met by natural gas boilers. The payback periods of the 100% RESs under economic
optimization and environmental optimization are shown in Figure 13. In severe cold areas,
such as Mudanjiang and Mohe, the payback period was extremely high due to the high
cost of heating. For cities where renewable energy is poor, such as Bijie and Chonggqing,
the payback periods of the 100% RESs were much longer than those in other cities of the
same climate zone. The local energy markets also had a great impact on the payback
period of the 100% RESs. For cities where the energy price is cheaper, such as Urumgqi
and Kelamayi, the payback period of the 100% RES was longer. For the economic opti-
mization, the payback periods of the 100% RESs could be recovered within 8 years in most
regions. It indicates that the 100% RESs can be a promising energy supply alternative for
low-density residential communities in China. For the environmental optimization, the
payback period was generally much higher compared with the economic optimization,
which was over 8 years in most cities. This indicates that the 100% RESs designed based on
the environmental optimization method were not feasible without any incentives, such as
investment compensation or carbon tax.



Sustainability 2021, 13, 10590 20 of 24

= —e—Economic Optimization  =#=Environmental Optimization

D

>.

N—r

©

R

o

a 8

:—’% 4

s 71

CU 1 | IS S IS N N I I N I S S N I I I S N S I I I I I — I E— —

o S 3 Z30DDVICTDDIDEDES TS ODDLEFILSTE S S
SoGRecEsg=28FcSBeEciS8ES o5 8 gt E
'Elﬁ‘DNEo>mN3@U>Nﬁ:X:=m‘UI°>:;§32E£E‘$
o>5L S e S5 S5 25900 Rz - I &°¢c - ) ©
st =230 £ c£s532g= 23 D=3 O
S N2 = [S= <= = '>—<¥
o © N =
Hot summer and Hot summer and
warm winter  Moderate  cold winter Cold Severe Cold

Figure 13. The payback period of the 100% RESs under economic optimization and environmental optimization.

3.4. Environmental Performance of the 100% RESs

The 100% RESs can effectively reduce the emission of polluting gas, such as CO,
and NOy. The CO,; and NOy emission reduction rates of the 100% RES under economic
optimization and environmental optimization are shown in Figures 14 and 15. For cities in
severe cold areas, such as Mohe and Mudanjiang, the emission reduction rates of CO, and
NOy were low due to a large amount of biogas burned for heating. Cites such as Kunming
and Lincang had no cooling and heating loads, therefore the CO, and NOy emission
reduction rates were higher. For the environmental optimization, the CO, and NOx
emission reduction rates of the 100% RESs varied from 86-99% and 64-97%, respectively,
in different regions. For the economic optimization, the emission reduction rates of CO,
and NOy were lower. The CO, and NOy emission reduction rates of the 100% RESs varied
from 79 to 97% and 45 to 88%, respectively, in different areas.
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Figure 14. The CO, emission reduction rates of the 100% RESs under economic optimization and environmental optimization.
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Figure 15. The NOy emission reduction rates of the 100% RESs under economic optimization and environmental optimization.

4. Discussion

The configuration, operation and performance of the 100% RESs under economic
optimization and environmental optimization in different areas of China were analyzed in
this study. The results show that the 100% RESs had good economic and environmental
performance in most regions of China when the design optimization was based on economic
performance. This conclusion was consistent with the results of the 100% RES in other
countries. However, the performance in different regions varied significantly, which is
relevant to the energy demand, the availability of renewable energy and local energy
markets. The results in this study were obtained using a case study of a low-density
residential community and the assumption that the biomass energy source was stable.
Low-density residential communities had sufficient space to install PV panels or wind
turbines and the users” demand was low. Solar energy contributed a large percentage of
the total supplied energy such that the economic performances of the 100% RESs were
promising. For urban building areas with a high load density, the economic performance
would decrease. The impacts of the load density will be considered in future research.
In addition, the distribution of biomass is quite different in China. In this study, biomass
was considered to be a stable source because biomass has various sources, such as forestry,
agricultural, poultry and municipal solid waste, and its supply can be controlled compared
with solar and wind energy. The system performance was analyzed based on biogas in this
study; the results may differ between different types of biomass.

5. Conclusions

The 100% RESs could significantly reduce fossil energy consumption and pollution
emissions. The economic and environmental performances of the 100% RESs in 30 typical
areas of China were analyzed and compared. According to the analysis of the system
configuration and performance, the following conclusions were obtained:

1. The 100% RESs for low-density residential communities in China were dominated
by biomass and solar energy under current technical and economic conditions. Solar
energy and biomass could account for over 95% of the energy supply in different regions.

2. When the 100% RESs were optimized based on either the economic or environmental
performance, the electricity load of the 100% RES was mainly provided by PV /Ts
and biomass generators. The heating demand was mainly met by boilers or heat
pumps. The cooling demand was mainly satisfied by electric chillers or heat pumps.
The 100% RESs that were optimized based on the environmental performance had a
higher solar and wind energy utilization proportion compared with the economically
optimal 100% RESs in China.
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3. The use of 100% RESs for low-density residential communities was found to be feasible
in most areas of China under economic optimization given the current energy markets
and the assumption that the biomass energy source was stable. The payback period
was less than 8 years. For the environmental optimization, the economic performances
of the 100% RESs were poor, and many areas cannot recover the investment cost within
8 years.

4. The 100% RESs designed in this paper can effectively reduce the emissions of CO, and
NOsy. For the environmental optimization, the 100% RESs can reduce the emissions
of CO, and NOy by 86-99% and 64-97%, respectively, in most areas of China, which
was better compared with economic optimization (79-97% and 45-88%, respectively).

In general, 100% RESs serving low-density residential communities have good feasi-
bility and advantages in most areas of China. The local energy market significantly affects
the feasibility of 100% RES. Therefore, the local governments can implement incentives or
policies to promote the application of 100% RESs to achieve carbon neutrality by 2050.
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