
Citation: Wang, Q.; Sun, X.; Wang, R.;

Zhou, L.; Zhou, H.; Di, Y.; Li, Y.;

Zhang, Q. Research on Urban Energy

Sustainable Plan under the

Background of Low-Carbon

Development. Sustainability 2023, 15,

14206. https://doi.org/10.3390/

su151914206

Academic Editors: José A. Silva and

David Pera

Received: 27 July 2023

Revised: 13 September 2023

Accepted: 22 September 2023

Published: 26 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

sustainability

Article

Research on Urban Energy Sustainable Plan under the
Background of Low-Carbon Development
Qingqin Wang 1 , Xiaofeng Sun 2, Ruonan Wang 1 , Lining Zhou 1, Haizhu Zhou 1,*, Yanqiang Di 1, Yanyi Li 1

and Qi Zhang 1

1 China Academy of Building Research, Beijing 100013, China; zhangqi@cabr-jygh.com (Q.Z.)
2 China-Singapore Tianjin Eco-City Administrative Committee, Tianjin 300480, China
* Correspondence: zhznhm@163.com

Abstract: Rational planning and the use of renewable energy are effective means to reduce urban
carbon emissions. In view of the few urban renewable energy planning cases and unclear methods,
the paper takes the Sino-Singapore Tianjin Eco-City renewable energy planning project as a case to
provide a renewable energy planning method under the guidance of carbon constraints. Based on
scenario analysis, the energy demand of urban buildings, industry and transportation is analyzed
and predicted. On the basis of meeting the needs of terminal energy use, with the goal of reducing
carbon emissions, the renewable energy planning scheme from 2021 to 2050 under the low-carbon
scenario has been formulated, including the promotion of energy-efficient buildings, the utilization
of renewable energy in buildings, the electrification of terminal energy use, and the application of
large-scale municipal renewable energy. It is planned that, by 2050, the overall renewable energy
utilization rate of the Sino-Singapore Tianjin Eco-City will reach 76.76%. It will use renewable energy
to heat about 60 million square meters, generate about 766 million kWh of electricity, save about
0.723 million tons of standard coal and reduce 1.287 million tons of carbon dioxide every year, which
will have a good effect of energy conservation and emission reduction. In this paper, the renewable
energy planning method under the guidance of carbon constraint is established, which can achieve
the purposes of saving resources, protecting the environment and driving sustainable development.
The Sino-Singapore Tianjin Eco-City is an international co-creation city, which will receive extensive
attention and provide theoretical guidance and demonstration cases for urban renewable energy
planning in the context of carbon peak and carbon neutrality in the new era.

Keywords: energy sustainability; renewable energy; city; low-carbon development; scenario analysis

1. Introduction

Energy is the lifeblood of every country’s national economic and social development,
as well as the cornerstone of human social development and stability. Under the back-
ground of the depletion of fossil fuels and the aggravation of environmental pollution in
the world, the third energy transition, guided by carbon constraint and aiming at the sus-
tainable development of human society, is accelerating around the world [1]. The ultimate
goal of this transition is to form an energy system dominated by renewable energy [2–4]. Re-
newable energy has the characteristics of zero emission and easy access, which is conducive
to carbon emission reduction and energy security.

China strictly implements the “dual control” system of energy and carbon emissions.
In September 2020, China proposed to increase its nationally determined contributions
to achieve carbon peak by 2030 and carbon neutrality by 2060. Now, China is focusing
on building a new generation of energy system to transition from fossil to renewable
energy. China has abundant coal resources, but fewer and unevenly distributed oil and gas
resources. The energy utilization efficiency is only 36.3%, lower than the world’s advanced
level of 44%. At the same time, the energy supply system is inefficient. Traditional energy
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is easily lost in mining, processing and transportation. China’s total energy consumption
in 2022 was 5.41 billion tons of standard coal, an increase of 2.9 percent over the previ-
ous year. Coal consumption accounted for 56.2 percent of total energy consumption, up
0.3 percentage points from the previous year. Clean energy consumption, including natural
gas, hydropower, nuclear power, wind power and solar power, accounted for 25.9 percent
of total energy consumption, up 0.4 percentage points [5]. The situation of energy pressure
and carbon emission reduction in China is still not optimistic; therefore, it has become par-
ticularly important to change the consumption structure of traditional energy and improve
the utilization rate of renewable energy [6,7].

Nowadays, with the continuous improvement of people’s living standards, the scale
and grade of urban areas are also increasing. Studies show that the urbanization process
will promote carbon emissions and lead to increasing pressure on urban energy system [8–10].
If energy efficiency is improved in the process of urbanization, carbon emissions can be
inhibited [11–13]. For example, in the Expo Village of the 2000 World Expo in Hanover,
Germany, the energy consumption index of regional heating was reduced to 50 kWh/(m2·a)
through careful energy planning before construction, which was 40% lower than the
energy-saving standard of Germany in 1995. The residential electricity consumption index
was 30 kWh/(m2·a), decreased by 2 kWh/(m2·a). The carbon dioxide emission index is
27.8 kg/(m2·a), which is reduced by 45% [14]. In addition, scholars at home and abroad
have carried out a lot of research on urban area energy planning, and established energy
demand models and energy supply system models [15–18], mainly including the MESSAGE
model, CGE model, LEAP model, AIM model and Markal model. In energy planning,
the scenario analysis method is usually adopted to make comprehensive assumptions on
population, economy, transportation and other aspects. According to the characteristics of
the region to be planned, energy demand is predicted and the relationship between energy
supply and demand is analyzed so as to realize the comprehensive planning of the target
region [19–21].

Urban renewable energy planning is an effective way to solve the problems of climate
change and energy security in the process of national urbanization. In order to achieve
sustainable development of urban energy systems, China has issued the assessment stan-
dard for green eco-district GB/T 51255-2017, which encourages all localities to carry out
eco-urban planning in accordance with the standards and local conditions [22]. However,
practice shows that there are many difficulties in the process of urban energy planning.
Generally speaking, the current energy planning mainly has the following problems [23–26]:
(1) Heat supply planning, power supply planning and gas planning operate independently,
which results in double calculation of load due to isolated consideration; (2) The energy
demand is superimposed according to the maximum load of each part, resulting in the
load in actual operation being far less than the predicted load, and the system operation
efficiency being low. (3) The development and utilization of renewable energy is very low,
limited to solar streetlamps, independent solar water heating and other projects. (4) There
is a one-sided pursuit of indicators while ignoring energy consumption in actual operation.
In addition, there are many problems in the implementation of energy planning [27,28]. On
the one hand, due to the late research on renewable energy planning theory and few engi-
neering examples, the planning methods and depth are uneven. On the other hand, due to
the lack of research on renewable energy planning, various regions and institutions lack
unified standards and models for the preparation of renewable energy planning schemes,
and lead to different urban planning indicators, calculation methods and achieved effects.
All these have greatly weakened the role of renewable energy planning in actual projects
and restricted the development of relevant research and technology.

In addition to following the general principles of coordinated development, structural
optimization and adaptation to local conditions, renewable energy planning to achieve
specific urban carbon reduction targets will be a new approach. This paper takes the
Sino-Singapore Tianjin Eco-City renewable energy planning project as a case study to
provide a method of urban renewable energy planning. Firstly, the current situation of
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energy consumption and carbon emissions in major sectors such as buildings, industries
and transportation in urban areas is statistically calculated. Subsequently, low-carbon
development scenarios of different intensities are set up, and the use of renewable energy
is used as an important means of carbon emission reduction. Finally, with the goal of
achieving carbon neutrality by 2050, a year-by-year renewable energy promotion plan is
formulated, including laying municipal photovoltaics, heat pumps and other measures
to gradually replace traditional energy power supply and heating. The Sino-Singapore
Tianjin Eco-City is a major cooperation project between the governments of China and
Singapore, and the first eco-city jointly developed between countries in the world [29]. At
the beginning of the construction of the eco-city in 2008, China and Singapore formulated
the world’s first eco-city indicator system, which provides a scientific basis and guidance
for regional planning, construction and management. In order to meet the new situation
and requirements, China and Singapore will continue to play an exemplary role in the
application of renewable energy in eco-cities, propose to promote the application of low-
carbon technologies, establish a city-level renewable energy utilization model based on
solar energy and geothermal energy, and increase the proportion of renewable energy
supply. Taking the Sino-Singapore Tianjin Eco-City as an example, renewable energy
planning under the guidance of carbon constraint is conducive to coping with global
climate change and energy conservation, and provides a model demonstration for urban
sustainable development, and provides suggestions for the renewable energy planning of
other urban areas.

2. Materials and Methods
2.1. Data Source

Since 2021, we have visited and investigated the Sino-Singapore Tianjin Eco-City
many times, and collected construction data and energy consumption data of various
departments. At the same time, government statistical yearbooks, development plans and
reports have been collected as references to predict the future development scenarios of the
eco-city.

2.1.1. Natural Resources of Sino-Singapore Tianjin Eco-City

Located in the northeast of Binhai New Area in Tianjin, China, the Sino-Singapore Tian-
jin Eco-City covers a planned area of 150.58 square kilometers with a planned residential
population of 350,000. Total energy consumption in 2020 is equivalent to about 164,000 tons
of standard coal. Among them, renewable energy consumption is about 20,000 tons of
standard coal, accounting for about 12% [30] (Figure 1).

1. Solar energy resources
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Tianjin, where the Sino-Singapore Tianjin Eco-City is located, has abundant sunshine
conditions, with 2500~2900 h of sunshine per year. It belongs to the solar energy re-
source rich zone and Class II light resource area. The annual total solar radiation is about
5256 megajoules per square meter, which has good conditions for photovoltaic power
generation development.

2. Geothermal resources

Located in the northern part of the coastal geothermal field, the Sino-Singapore
Tianjin Eco-City is relatively rich in geothermal resources. In this area, there are three
geothermal water reservoirs available for development and utilization, namely, Neogene
Minghuazhen Formation thermal reservoir (Nm), Guantao Formation thermal reservoir
(Ng) and Paleogene Dongying Formation thermal reservoir (Ed). The geothermal gradient
is 2.4~2.9 ◦C/100 m, which has good conditions for the occurrence of middle and deep
geothermal resources.

The thickness of the temperate zone in the eco-city is about 10 m. In the temperate
zone, the surface temperature can be reduced to −9~−13 ◦C in winter, the thickness of
the frozen layer is 0.6~0.8 m, and the surface temperature can reach 30 ◦C in summer. The
temperature in the constant zone is about 13.5 ◦C, and the average geothermal warming
rate in the temperate zone is 2.8 ◦C/100 m.

3. Biomass resources

The biomass resources in the Sino-Singapore Tianjin Eco-City mainly include house-
hold waste, kitchen waste, garden waste and sludge from sewage treatment plant. Among
them, the waste output of the eco-city is about 733.1 tons per day. The daily sewage capacity
of sewage treatment plant is 260,000 m3/day, and every 10,000 tons of sewage can produce
about 5–8 tons of sludge with 80% moisture content, which has certain potential of biomass
resources utilization.

2.1.2. Energy Consumption of Sino-Singapore Tianjin Eco-City in 2020

The main energy consumption of the Sino-Singapore Tianjin Eco-City is shown in
Table 1, which mainly includes construction, industry and transportation sectors, and the
main energy consumption types are electricity, heat and natural gas.

Table 1. Energy consumption of Sino-Singapore Tianjin Eco-City in 2020.

Carbon Emission Source Coal
×108 kWh/a

Power
×107 kWh/a

Gas
×105 Nm3/a

Oil
×106 L/a

Building

Residence

4.67

19.91 44.40 /
Business 10.45 18.51 /

Office 0.68 0.08 /
Education 0.87 1.66 /

Public facilities 0.84 / /
Hospital 0.48 / /

Industry M1 0.80 10.10 / /
M2 0.07 6.80 / /

Traffic

Sanitation truck / 0.04 0.13 /
Taxi / 0.44 14.60 2.56

Electric bicycle / 8.69 / /
Car / 2.30 / 12.26
Bus / 0.33 10.91 /

2.1.3. Research Objective

The local government plans for the Sino-Singapore Tianjin Eco-City to peak carbon
emissions by 2050 and become as close to carbon neutral as possible. The objective of
this paper is to reasonably formulate energy-saving and low-carbon building promotion
plans, electrification rate promotion plans and various renewable energy application plans
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on the basis of fully studying the energy supply and demand of the Sino-Singapore Tian-
jin Eco-City, combining the renewable energy resource conditions of the eco-city, urban
development goals and the actual situation of the eco-city.

2.2. Calculation Method of Urban Carbon Emission
2.2.1. Computational Boundary

The calculation of urban carbon emissions should take the spatial range of urban
development and public service facilities as the calculation boundary. The carbon emissions
of buildings, industries and transportation were taken as calculation objects.

2.2.2. Carbon Emission Calculation Model

Carbon emission calculation methods mainly include the emission factor method
and the measurement method. Among them, the measured method is the continuous
measurement of greenhouse gas emission concentration, which has a large workload and
high equipment cost. The emission factor method mainly relies on calculation, that is,
emissions are calculated through activity level data and related parameters. Now, there
are mature calculation formulas and complete data sources of various energy emission
factors, which are widely used in various countries. In this paper, the emission factor
method is chosen to calculate the carbon emissions in urban areas. The specific formula is
as follows [31–33]:

ET = EB + EM + EI (1)

where ET is the total carbon emission in urban areas, tCO2; EB is the urban building carbon
emissions, tCO2; EM is the urban transport carbon emissions, tCO2; and EI is the urban
industrial carbon emissions, tCO2.

4. Calculation of building carbon emissions

EB = ∑n
i=1 Fi × Ui (2)

where EB represents the building carbon emissions, tCO2; n stands for the type of energy
consumed; Ui is the energy consumption, kWh, Nm3 or GJ; and Fi is the carbon emission
coefficient of energy, tCO2/kWh, tCO2/Nm3 or tCO2/GJ.

5. Calculation of transportation carbon emissions

EM = ∑n
i=1 Mi × ei × k × P (3)

where EM represents the transport carbon emissions, tCO2; Mi is the mileage, km; ei is the
fuel consumption per mile, t or kWh; k is the carbon emission coefficient of fuel, tCO2/t or
tCO2/kWh; and P represents the number of vehicles.

6. Calculation of industrial carbon emissions

EI = ∑n
i=1 Li × li (4)

where EI represents the industrial carbon emissions, tCO2; Li is the industrial process, kWh
or GJ; and li represents the carbon emission factor of industry, tCO2/kWh or tCO2/GJ.

7. Calculation of carbon sink

EG = ∑n
i=1 Ai × ai (5)

where EG represents the carbon sink of green space, tCO2; Ai is the different types of
green space, m2; and ai represents the carbon sink factors of different types of green space,
tCO2/m2.
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2.2.3. Emission Factor

Emission factor data are mainly obtained from default emission factors recommended
in IPCC guidelines, the international emission factor database, urban greenhouse gas
emission tool guide, actual survey data or measured data, published literature, etc. [34–36].
The carbon emission coefficient adopted in this paper is shown in Table 2.

Table 2. List of emission factors.

Type of Energy Emission Factor Unit Data Source

Electricity 0.8733 kgCO2/kWh Average carbon emission factor of Tianjin power grid, which was
consulted from local authorities.

gasoline 2.9267 tCO2/t IPCC Guidelines for national greenhouse gas emission inventories [34].
Diesel oil 3.0938 tCO2/t IPCC Guidelines for national greenhouse gas emission inventories [34].

Natural gas 21.6072 tCO2/104m3 IPCC Guidelines for national greenhouse gas emission inventories [34].
Heat 3.96 × 10−4 tCO2/kWh China energy statistical yearbook 2021 [36].

greenbelt 2.71 kg CO2/m2 Average carbon sink factor per unit green area in North China [35].

2.3. Prediction Methods of Urban Energy Consumption and Carbon Emissions

Scenario analysis is a method used to predict the possible situation or consequences of
the predicted object under the premise that a certain phenomenon or a certain trend will
continue into the future. It was adopted to forecast the energy consumption and carbon
emissions of the Sino-Singapore Tianjin Eco-City from 2021 to 2050 [15]. Based on local
planning, promotion intensity and expected goals, different low-carbon development sce-
narios and indicators are set, such as baseline scenario, low-carbon scenario and enhanced
low-carbon scenario, etc., and long-term carbon emissions are calculated according to the
method presented in Section 2.1.

2.3.1. Baseline Scenario

In accordance with the usual economic growth rate, population development scale,
resource consumption and energy demand of the eco-city in recent years, the inertia devel-
opment is maintained, the construction volume is maintained in a high-speed development
mode, and the implementation of low-carbon building development policies is consistent
with the national and Tianjin policies.

2.3.2. Low-Carbon Scenario

Considering the social conditions of resources, the construction field should gradually
control the amount of construction, further strengthen building energy conservation, pro-
mote the construction of ultra-low energy consumption, near-zero energy consumption
and zero energy consumption buildings; improve the energy efficiency of energy using
equipment through technological progress; promote the popularization of building energy
management; and promote an energy-saving and low-carbon lifestyle.

2.3.3. Enhanced Low-Carbon Scenario

On the basis of the low-carbon scenario, the application of municipal renewable energy
projects will be greatly increased, the adjustment of energy use structure will be intensified,
and the carbon emission factors of electricity and heat will be further reduced.

2.4. Calculation of Renewable Energy Utilization Rate

The renewable energy utilization rate is calculated by Equation (6):

REPp =
EPh + EPc + EPw + ∑ Er,i × fi

Qh + Qc + Qw + El × f + Ee × f
(6)

where REPP is the renewable energy utilization rate,%; EPh is the amount of renewable
energy used in heating systems, kWh; EPc is the renewable energy utilization in cooling
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system, kWh; EPw is the renewable energy utilization in domestic hot water systems, kWh;
Er,i is the renewable energy generation in urban areas, kWh; fi is the conversion factor
of energy; Qh is the annual heating energy consumption, kWh; Qc is the annual cooling
consumption, kWh; Qw is the annual heat consumption of domestic hot water, kWh; El
is the annual energy consumption of lighting system, kWh; and Ee is the annual energy
consumption of elevator system, kWh [37].

3. Results
3.1. Carbon Emission Status and Scenario Analysis of Sino-Singapore Tianjin Eco-City
3.1.1. Carbon Emission Status in 2020

According to the statistics presented in Table 1, the Sino-Singapore Tianjin Eco-City
had an annual energy consumption of about 1.33 billion kWh and carbon emissions of
6.07 × 105 tCO2 in 2020. Among them, the calculated carbon emission in the building field
is about 5.17 × 105 tCO2. The direct carbon emission of the building is mainly generated
by the use of municipal natural gas, while the indirect carbon emission is generated by
the electricity and heat consumed by the building. The carbon emission of the eco-city’s
industry is about 5.56 × 104 tCO2. The main land properties of industrial buildings are
first-class industrial land (M1) and second-class industrial land (M2). Industrial energy
consumption mainly includes thermal energy consumption and power energy consumption.
Transportation energy consumption mainly comes from the use of sanitation vehicles, taxis,
private cars, buses, electric bicycles, etc., and the total carbon emission is 3.46 × 104 tCO2.

3.1.2. Carbon Emission Prediction for Baseline Scenario

Under the baseline scenario, the current situation of economic growth rate, popula-
tion development scale, resource consumption and energy demand of the Sino-Singapore
Tianjin Eco-City in recent years is continued, and the low-carbon building policy follows
the national and Tianjin policies. The carbon emission prediction of the Sino-Singapore
Tianjin Eco-City under baseline scenario is shown in Figure 2. The proportion of carbon
emissions from energy consumption under baseline scenario is shown in Figure 3. The total
energy consumption of the Sino-Singapore Tianjin Eco-City is forecast to increase from
1.33 billion kWh/a to 8.97 billion kWh/a. Among them, the growth of coal consumption is
relatively stable and will essentially no longer increase after 2035. The electricity consump-
tion and gas consumption will increase year by year, and the fuel consumption will first
increase and then decrease.

3.1.3. Carbon Emission Prediction for Low-Carbon Scenario

Under the low-carbon scenario, the construction sector should gradually control the
amount of construction, further strengthen the building energy conservation, promote the
construction of ultra-low energy consumption, near-zero energy consumption and zero
energy consumption buildings, improve the energy efficiency of energy using equipment
through technological progress, promote the building energy management, and promote
and energy-saving and low-carbon lifestyle. As shown in Figures 4 and 5, the total energy
consumption of Sino-Singapore Tianjin Eco-City is forecast to grow to 7.73 billion kWh/a
in 2050, 11.4% lower than the baseline scenario of 8.97 billion kWh/a. Among them, the
coal consumption increases steadily and decreases year by year after 2040 to 16,200 tce/a in
2050. Electricity consumption is growing rapidly and will dominate energy consumption
after 2030. Natural gas and gasoline consumption rose and then fell. However, the results
show that even under the low-carbon scenario, there is still a carbon emission gap of
2.301 million tCO2/a to achieve carbon neutrality by 2050.



Sustainability 2023, 15, 14206 8 of 19

Sustainability 2023, 15, x FOR PEER REVIEW 8 of 20 
 

taxis, private cars, buses, electric bicycles, etc., and the total carbon emission is 3.46 × 104 

tCO2. 

3.1.2. Carbon Emission Prediction for Baseline Scenario 

Under the baseline scenario, the current situation of economic growth rate, popula-

tion development scale, resource consumption and energy demand of the Sino-Singapore 

Tianjin Eco-City in recent years is continued, and the low-carbon building policy follows 

the national and Tianjin policies. The carbon emission prediction of the Sino-Singapore 

Tianjin Eco-City under baseline scenario is shown in Figure 2. The proportion of carbon 

emissions from energy consumption under baseline scenario is shown in Figure 3. The 

total energy consumption of the Sino-Singapore Tianjin Eco-City is forecast to increase 

from 1.33 billion kWh/a to 8.97 billion kWh/a. Among them, the growth of coal consump-

tion is relatively stable and will essentially no longer increase after 2035. The electricity 

consumption and gas consumption will increase year by year, and the fuel consumption 

will first increase and then decrease. 

 

Figure 2. Carbon emission prediction of Sino-Singapore Tianjin Eco-City under baseline scenario. Figure 2. Carbon emission prediction of Sino-Singapore Tianjin Eco-City under baseline scenario.

Sustainability 2023, 15, x FOR PEER REVIEW 9 of 20 

Figure 3. The proportion of carbon emissions from energy consumption under baseline scenario. 

3.1.3. Carbon Emission Prediction for Low-Carbon Scenario 

Under the low-carbon scenario, the construction sector should gradually control the 

amount of construction, further strengthen the building energy conservation, promote the

construction of ultra-low energy consumption, near-zero energy consumption and zero 

energy consumption buildings, improve the energy efficiency of energy using equipment

through technological progress, promote the building energy management, and promote

and energy-saving and low-carbon lifestyle. As shown in Figures 4 and 5, the total energy 

consumption of Sino-Singapore Tianjin Eco-City is forecast to grow to 7.73 billion kWh/a 

in 2050, 11.4% lower than the baseline scenario of 8.97 billion kWh/a. Among them, the 

coal consumption increases steadily and decreases year by year after 2040 to 16,200 tce/a

in 2050. Electricity consumption is growing rapidly and will dominate energy consump-

tion after 2030. Natural gas and gasoline consumption rose and then fell. However, the

results show that even under the low-carbon scenario, there is still a carbon emission gap 

of 2.301 million tCO2/a to achieve carbon neutrality by 2050.

Figure 3. The proportion of carbon emissions from energy consumption under baseline scenario.



Sustainability 2023, 15, 14206 9 of 19

Sustainability 2023, 15, x FOR PEER REVIEW 9 of 20 
 

 

Figure 3. The proportion of carbon emissions from energy consumption under baseline scenario. 

3.1.3. Carbon Emission Prediction for Low-Carbon Scenario 

Under the low-carbon scenario, the construction sector should gradually control the 

amount of construction, further strengthen the building energy conservation, promote the 

construction of ultra-low energy consumption, near-zero energy consumption and zero 

energy consumption buildings, improve the energy efficiency of energy using equipment 

through technological progress, promote the building energy management, and promote 

and energy-saving and low-carbon lifestyle. As shown in Figures 4 and 5, the total energy 

consumption of Sino-Singapore Tianjin Eco-City is forecast to grow to 7.73 billion kWh/a 

in 2050, 11.4% lower than the baseline scenario of 8.97 billion kWh/a. Among them, the 

coal consumption increases steadily and decreases year by year after 2040 to 16,200 tce/a 

in 2050. Electricity consumption is growing rapidly and will dominate energy consump-

tion after 2030. Natural gas and gasoline consumption rose and then fell. However, the 

results show that even under the low-carbon scenario, there is still a carbon emission gap 

of 2.301 million tCO2/a to achieve carbon neutrality by 2050. 

 

Figure 4. Carbon emission prediction of Sino-Singapore Tianjin Eco-City under low-carbon scenario.

Sustainability 2023, 15, x FOR PEER REVIEW 10 of 20 
 

Figure 4. Carbon emission prediction of Sino-Singapore Tianjin Eco-City under low-carbon sce-

nario. 

 

Figure 5. The proportion of carbon emissions from energy consumption under low-carbon scenario. 

3.2. Renewable Energy Planning for Sino-Singapore Tianjin Eco-City 

The use of renewable energy can significantly reduce energy consumption and car-

bon emission levels in urban areas. After discussions with relevant government depart-

ments, the enhanced low-carbon scenario was selected as the future development mode. 

In this section, a renewable energy planning scheme for the Sino-Singapore Tianjin Eco-

City from 2021 to 2050 will be formulated according to the enhanced low-carbon scenario, 

including the promotion of energy-efficient buildings, the utilization of renewable energy 

in buildings, the electrification of terminal energy use, and the application of large-scale 

municipal renewable energy. 

3.2.1. Renewable Energy Planning Program 

1. Energy-Efficient buildings 

The planning of energy-efficient buildings in Sino-Singapore Tianjin Eco-City is 

shown in Figure 6. From 2021 to 2025, the total construction of ultra-low energy consump-

tion buildings, near-zero energy consumption buildings and zero-energy-consumption 

buildings in Sino-Singapore Tianjin Eco-City will be no less than 0.5 million m2, and the 

total new construction area from 2026 to 2030 will be no less than 2 million m2. 

From 2031 to 2050, the construction of ultra-low energy consumption residential 

buildings is expected to reach more than 3 million m2, and public buildings will reach 

more than 8 million m2. The area of newly built residential buildings with near-zero en-

ergy consumption is expected to reach over 7 million m2, public buildings to reach over 3 

million m2, and government-invested buildings for people’s livelihood to reach over 0.6 

million m2. A total of 4 million m2 of new zero-energy residential buildings will be built, 

over 0.3 million m2 of public buildings will be built, and over 0.05 million m2 of buildings 

will be invested in by the government. 

Figure 5. The proportion of carbon emissions from energy consumption under low-carbon scenario.

3.2. Renewable Energy Planning for Sino-Singapore Tianjin Eco-City

The use of renewable energy can significantly reduce energy consumption and carbon
emission levels in urban areas. After discussions with relevant government departments,
the enhanced low-carbon scenario was selected as the future development mode. In this
section, a renewable energy planning scheme for the Sino-Singapore Tianjin Eco-City
from 2021 to 2050 will be formulated according to the enhanced low-carbon scenario,
including the promotion of energy-efficient buildings, the utilization of renewable energy
in buildings, the electrification of terminal energy use, and the application of large-scale
municipal renewable energy.
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3.2.1. Renewable Energy Planning Program

1. Energy-Efficient buildings

The planning of energy-efficient buildings in Sino-Singapore Tianjin Eco-City is shown
in Figure 6. From 2021 to 2025, the total construction of ultra-low energy consumption
buildings, near-zero energy consumption buildings and zero-energy-consumption build-
ings in Sino-Singapore Tianjin Eco-City will be no less than 0.5 million m2, and the total
new construction area from 2026 to 2030 will be no less than 2 million m2.
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From 2031 to 2050, the construction of ultra-low energy consumption residential
buildings is expected to reach more than 3 million m2, and public buildings will reach
more than 8 million m2. The area of newly built residential buildings with near-zero
energy consumption is expected to reach over 7 million m2, public buildings to reach over
3 million m2, and government-invested buildings for people’s livelihood to reach over
0.6 million m2. A total of 4 million m2 of new zero-energy residential buildings will be
built, over 0.3 million m2 of public buildings will be built, and over 0.05 million m2 of
buildings will be invested in by the government.

2. Renewable energy utilization in buildings

From 2021 to 2025, the new installed capacity of solar photovoltaic in public buildings
will reach more than 3 MW, and the use of solar thermal for domestic hot water in residential
buildings will reach 8.3 × 106 kWh/a.

From 2026 to 2030, the installed solar rooftop photovoltaic capacity of public buildings
will reach more than 55 MW, and the utilization of solar thermal for domestic hot water in
residential buildings will reach more than 1.06 × 107 kWh/a.

From 2031 to 2050, the installed rooftop solar photovoltaic capacity of public buildings
will reach more than 300 MW, with an average increase of 15 M per year. The utiliza-
tion of solar heat for domestic hot water in residential buildings will reach more than
4.28 × 107 kWh/a.

3. Renewable energy for heating

From 2021 to 2025, a total of 7.78 × 106 kWh of heat pump renewable energy will be
used in new residential buildings and public buildings.

From 2026 to 2030, new residential buildings and public buildings will add 4.72 × 107 kWh
of heat pump heating.
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From 2031 to 2050, the cumulative increase in heat pump heat supply in new residential
buildings and public buildings will reach 2.78 × 108 kWh. In existing residential buildings
and public buildings, through the heating transformation, the cumulative increase in heat
pump heating capacity is expected to reach 1.11 × 109 kWh/a.

4. Terminal energy-using electrification

From 2021 to 2025, the electrification of cooking in new buildings to reduce gas
consumption will be encouraged.

From 2026 to 2030, the electrification of new buildings, cooking, industries and trans-
portation will be encouraged.

From 2031 to 2050, more efforts will be made to promote the electrification of new
buildings, cooking, industries and transportation. It is planned that by 2050, 100 percent of
new buildings and cooking will be electrified, more than 90 percent of industrial energy
will be electrified, and 100 percent of transportation will be electrified.

5. Large and medium-sized municipal renewable energy sources

From 2021 to 2025, the installed capacity of large- and medium-sized municipal
photovoltaic construction will reach 161 MW.

From 2026 to 2030, the installed capacity of large- and medium-sized municipal
photovoltaic construction will reach 43 MW.

From 2031 to 2050, the installed capacity of large- and medium-sized municipal
photovoltaic construction is planned to reach 62 MW.

3.2.2. Planning Indicators for Renewable Energy

As shown in Figures 7 and 8, it is predicted that by 2050, the amount of renewable
energy comprehensively applied in the eco-city will be 5.8~6 billion kWh/a. Among
them, the solar energy application of buildings is 87 million kWh/a, accounting for
1.5%. The renewable energy consumption of building heat pump heating is expected
to be 1.515 billion kWh/a, accounting for 27.2%. Solar photovoltaics are expected to
generate 766 million kWh/a, accounting for 13.1% of the total, of which rooftop pho-
tovoltaics for buildings are expected to generate 420 million kWh/a and municipal pho-
tovoltaics 336 million kWh/a. Wind power consumption will be 300 million kWh/a, ac-
counting for 0.05% of the total renewable energy. Green electricity consumption will be
3.4~3.5 billion kWh/a, accounting for 58.1% of the total renewable energy.
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The prediction of the utilization rate of renewable energy in Sino-Singapore Tianjin
Eco-City is shown in Figure 9. In 2050, the comprehensive renewable energy utilization rate
of Sino-Singapore Tianjin Eco-City will reach more than 75%, of which the renewable energy
utilization rate will reach more than 20% in 2025, and the renewable energy utilization rate
will reach 24% to 25% in 2030. The predicted value takes into account energy-saving reno-
vation of buildings, solar thermal or photovoltaic integration construction with buildings,
energy-saving renovation of heating system, electrification of heating system, electrification
of transportation, electrification of industry and increasing proportion of green electricity,
and does not consider the introduction of renewable energy outside the district.
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3.2.3. Calculation of Carbon Sink

Green space is the only system in the city with self-purification function and automatic
regulation ability. Plants in green space absorb CO2 from the atmosphere and fix it in the
vegetation and soil through photosynthesis, playing an important role in urban carbon
sink. With the development and construction of eco-city land, green space is gradually
expanded. The performance of eco-city green space and its carbon sink is shown in Table 3.
By 2050, the carbon sink of eco-city will be about 40.6 × 104 tCO2.

Table 3. Prediction of carbon sink in the Sino-Singapore Tianjin Eco-City.

Type 2021 2028 2035 2050

Ratio of green space/% 11.3 19.6 24.8 40.6
Green area/km2 11.41 19.83 25.07 40.84

Carbon sink/tCO2 11.3 19.6 24.8 40.6

3.2.4. Carbon Emission Prediction for Enhanced Low-Carbon Scenario

The total carbon emissions and sinks of the Sino-Singapore Tianjin Eco-City are shown
in Figure 10. Under the baseline scenario, the Eco-City peaks at 2.914 million tCO2 in 2050.
Under the low-carbon scenario, the Eco-City will peak at 2.408 million tCO2 in 2043 and
reduce its carbon emissions to 2.301 million tCO2 by 2050, a decrease of 0.613 million tCO2
compared with the baseline scenario. Under the low-carbon scenario, the Eco-City’s carbon
emissions have been reduced, but there is still a big gap between the Sino-Singapore Tianjin
Eco-City’s carbon neutrality target by 2050.
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The enhanced low-carbon scenario is expected to increase the application of municipal
renewable energy projects substantially, strengthen the adjustment of energy use struc-
ture, and further reduce the carbon emission factors of power and heat. By 2050, carbon
emissions will only be 1.627 million tCO2, of which 1.442 million tCO2 will be emitted
in buildings, 0.781 million tCO2 in industry, 0.078 million tCO2 in transportation, and
0.674 million tCO2 in renewable energy. Further deducting the carbon sink reduction
of 0.406 million tCO2, under the enhanced low-carbon scenario, there is only a carbon
emission gap of 1.221 million tCO2 from achieving the carbon neutrality target in 2050.
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In order to achieve the Eco-City’s carbon neutrality by 2050, corresponding measures
still need to be implemented to further improve the application level of renewable energy.
Therefore, under the enhanced low-carbon scenario, we can further learn from the ad-
vanced experience and practices of carbon emission trading, establish an emission trading
mechanism in the Eco-City, and participate in the carbon emission trading market. At the
same time, in terms of cross-regional renewable energy utilization, we will optimize and
increase the scale of external green power transfer, increase the degree of purchased green
electricity, promote the proportion of green power traded across provinces year by year,
and promote the steady realization of the Eco-City’s carbon neutrality goal.

3.3. Evaluation of Renewable Energy Planning

The initial investment of the underground pipe ground source heat pump system
in Tianjin is 350~450 CNY/m2, the average direct operating cost of heating in winter is
23.04 CNY/m2, and the average direct operating cost in summer is 13.4 CNY/m2 [38]. The
investment cost of photovoltaic power generation is about 4 CNY/W. Green electricity
costs about 0.55 CNY/kWh. According to the statistics, the energy demand and renewable
energy investment of the Sino-Singapore Tianjin Eco-City in the three scenarios are shown
in Table 4.

Table 4. Comparison of renewable energy planning schemes in different scenarios (2050).

Type
Energy Consumption Carbon

Emission
×104 tCO2

Greed
Space
km2

Leading Technology
Investment

Budget
×108 CNY

Traditional
Energy

Renewable
Energy

Total
×108 kWh/a

Baseline
scenario 88% 12% 89.66 291.37 40.84 1. Solar thermal energy

2. Rooftop photovoltaics 6.24

Low-carbon
scenario 74% 26% 77.33 230.06 40.84

1.Heat pump
2. Solar thermal energy
3. Rooftop photovoltaics

13.54

Enhanced
low-carbon

scenario
23% 77% 77.33 162.66 40.84

1.Heat pump
2. Solar thermal energy
3. Rooftop photovoltaics
4. Green electricity
5. Municipal photovoltaic
6. Wind power

40.08

In the enhanced low-carbon scenario, it is estimated that by 2050, renewable energy
consumption will reach about 5.8~6 billion kWh, an increase of about 5.6~5.8 billion kWh
compared with the current renewable energy consumption. Green power consumption
will reach 3.9~4.2 billion kWh, including 766 million kWh of self-produced green electricity
in the Eco-City and 3.2~3.5 billion kWh of green electricity consumption in large power
grid. Green thermal consumption will reach 1.687 billion kWh, including 1.515 billion kWh
for heating and 87 million kWh for domestic hot water. It can save about 723,000 tons
of standard coal and 1.287 million tons of CO2 every year. It is planned that, by 2050,
renewable energy can provide heating of about 60 million m2 per year and generate
766 million kWh/a of electricity, with good environmental and economic benefits.

In the process of replacing traditional energy with renewable energy, technical input
will lead to additional expenditure, but the use of renewable energy is conducive to re-
ducing carbon emissions and reducing environmental governance costs. For example, in
Tianjin, the available resources of shallow geothermal energy in rock and soil below the
surface (within 200 m) and underground water (up to 400 m shallow, with a temperature
below 25 ◦C) are 1748 trillion kilojoules, with a heating area of 1.34 billion square meters
in winter and a cooling area of 1.26 billion square meters in summer. The development
and utilization of shallow geothermal energy resources, after deducting the energy con-
sumption caused by mining, can save 44.8 million tons of standard coal every year, reduce
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the emission of carbon dioxide, sulfur dioxide, nitrogen oxides, coal ash and other pollu-
tants into the atmosphere 117 million tons, and reduce environmental treatment costs by
CNY1.532 billion. In addition, the local government has issued a series of incentive policies
to encourage the application and promotion of low-carbon technologies. For example,
Tianjin Binhai New Area Green Building and passive Building Incentive Measures (Trial) states
that green building projects and passive building projects will be rewarded, as 2~9% of the
ground floor area will not be included in the project plot ratio [39].

Nowadays, heat pump technology, solar thermal technology, rooftop photovoltaic
technology, green electricity technology, municipal photovoltaic technology and wind
power technology are mature in China. After planning, the Sino-Singapore Tianjin Eco-City
gives full play to the local resource advantages. Through rational allocation of renewable
energy, the Sino-Singapore Tianjin Eco-City will significantly improve the energy utilization
efficiency, optimize the energy consumption structure, realize energy conservation and
carbon emission reduction, and lay a good energy foundation for the Sino-Singapore Tianjin
Eco-City to achieve the goal of carbon neutrality.

4. Discussion

Based on the analysis of available resources and the prediction of energy consumption
in the Sino-Singapore Tianjin Eco-City, and combined with the applicable conditions of
various energy utilization technologies, a preliminary green energy planning scheme
is formulated in this paper. It is calculated that the Singapore-Singapore Tianjin Eco-
City can save about 0.723 million tons of standard coal and reduce 1.287 million tons of
carbon dioxide by using renewable energy every year. It shows that the development and
utilization of local renewable resources is an effective means to reduce energy consumption
in urban areas. Meanwhile, the following thoughts and suggestions can be summarized for
urban renewable energy planning.

4.1. Demand-Oriented Renewable Energy Planning

Energy planning in the new era has changed [23,40–42]: it is no longer used simply
to increase the supply of resources to meet the growing demand, but to improve the
utilization rate of resources so as to save resources as an alternative resource. Demand-
oriented urban renewable energy planning is conducive to the transformation of supply
into total energy consumption control and supply side management into demand-side
management (Table 5).

4.2. Promote the Development and Utilization of Solar Energy Resources

Make full use of the roof space of the building and other external surfaces that can
receive solar radiation to install photovoltaic cells, through the form of distributed pho-
tovoltaic power generation, to solve the problem of insufficient space resources in the
large-scale development of photovoltaic. Accelerate the development and construction of
distributed photovoltaic on the roofs of public buildings and industrial buildings, adhere to
the principle of “construction should be done as much as possible and application should
be done as much as possible” under the premise of protecting the ecological environment,
and accelerate the construction of a new green power support system featuring municipal
photovoltaic based on key fields such as infrastructure and municipal green space [43].

4.3. Develop Renewable Energy for Heating

Vigorously promote the shallow ground source heat pump for heating and cooling,
and integrate with the conventional energy heating system. Encourage the preferential
use of shallow geothermal energy in new low-density residential buildings, kindergartens,
commercial buildings, recreational buildings, office buildings, hospital buildings, munic-
ipal yards and industrial buildings. It is encouraged to embed the buried pipe before
the development to create the application conditions of the ground source heat pump.
Strengthen the promotion of the application of air source heat pump in new buildings,
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highlighting the complementary role of air source heat pump to other restrictive renewable
energy. In addition, urban sewage treatment plants should be coordinated to supply energy
to the surrounding land using sewage sources.

Table 5. Comparison of supply side and demand-side energy planning.

Supply Side Energy Planning Demand-Side Energy Planning

Technical route

Consumption of high-temperature,
high-pressure and high-grade energy.

Emphasize the step use of energy.
Low-temperature, low-pressure and

low-grade energy.

It is dominated by fossil energy. Multi-source coupled system.

Centralized system. Energy networking.

Meet the needs of the industrial era. Meet the needs of the
post-industrial era.

Steady load. Variable load.

Centralized production capacity. Distributed capacity.

Remote transmission. Nearby transportation.

One-way supply. Two-way supply.

methodology

Load forecasting: focus on peak load
forecasting under extreme energy use.

Load forecasting: focus on user
energy reduction forecasting.

Use energy extensively, intensively
and uniformly.

Use energy delicately, scatteringly,
individualistically.

Centralized operation. Flexible operation.

The system runs under low load for a
long time.

The system runs under high load for
a long time.

Electricity is uniformly distributed by
the grid.

Electricity is self-used, and excess
electricity is incorporated into the

grid or used for cooling and
heating systems.

4.4. Innovative Development of Other Renewable Energy Sources

Actively develop and utilize other renewable energy sources, such as wind power,
sewage water source heat pump, sea water source heat pump, hydrogen energy, energy
storage and energy Internet, light storage, direct and flexible renewable energy regional
micro-grid, etc. [44]. For urban areas with insufficient resources, a variety of renewable
energy sources can be used for complementary energy supply.

5. Conclusions
5.1. Contribution and Significance

Taking the Sino-Singapore Tianjin Eco-City Renewable Energy Planning Project as an
example, measures such as promoting energy-efficient buildings, improving equipment en-
ergy efficiency, increasing the utilization rate of renewable energy, and increasing greening
and carbon sequestration can effectively reduce carbon emissions in urban areas. Among
them, the enhanced low-carbon scenario can reduce carbon emissions by 1.287 million tons
compared with the baseline scenario, a reduction ratio of about 44.17%.

With the increasing frequency of extreme weather, both the government and people
should pay more attention to environmental protection. Replacing traditional energy with
renewable energy is conducive to technological innovation, economic growth and carbon
emission reduction. This paper proposes a carbon constraint-oriented urban renewable
energy planning method. Firstly, the current situation of energy consumption and carbon
emissions in urban areas is reasonably evaluated, and on this basis, low-carbon develop-
ment scenarios of different intensities are set in combination with existing policies and
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plans, so as to predict future carbon emission trends and carbon emissions. Subsequently,
the appropriate low-carbon scenario is selected and a renewable energy promotion plan for
that scenario is developed. Finally, net carbon emissions are accounted for and renewable
energy planning is adjusted accordingly. In addition to following the general renewable
energy planning ideas of structural optimization and adaptation to local conditions, this
method is combined with specific carbon targets and carbon emission reductions, which
is conducive to achieving a win–win situation between renewable energy planning and
environmental benefits.

5.2. Deficiency and Prospect

This study is supported by the Sino-Singapore Tianjin Eco-City Renewable Energy
Planning Project, which has been underway since 2021 and completed in 2023. The plan
has passed an expert review organized by the local government and will provide a basis for
the government to formulate a series of renewable energy development plans and policies.
At present, it has not been applied in engineering practice, and the planning effect needs to
be verified. It is recommended to follow up with the project, and periodically check the
effect of renewable energy applications every 5 years.

In addition, with the continuous improvement of science and technology, there
may be more efficient and economical renewable energy technologies, such as carbon
storage– utilization technology, hydrogen technology. Policies related to renewable energy
planning need to be constantly adjusted.
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