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The inefficient combustion of these solid fuels deteriorates air quality, causes severe health problems, 
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low-carbon heating.

About the Asian Development Bank

ADB is committed to achieving a prosperous, inclusive, resilient, and sustainable Asia and the Pacific,  
while sustaining its efforts to eradicate extreme poverty. Established in 1966, it is owned by 68 members 
—49 from the region. Its main instruments for helping its developing member countries are policy dialogue, 
loans, equity investments, guarantees, grants, and technical assistance.

ASIAN DEVELOPMENT BANK
6 ADB Avenue, Mandaluyong City
1550 Metro Manila, Philippines
www.adb.org

CLEAN HEATING  
TECHNOLOGIES
A PILOT PROJECT CASE STUDY FROM 
NORTHERN PEOPLE’S REPUBLIC OF CHINA

MARCH 2022





ASIAN DEVELOPMENT BANK

CLEAN HEATING  
TECHNOLOGIES
A PILOT PROJECT CASE STUDY FROM 
NORTHERN PEOPLE’S REPUBLIC OF CHINA

MARCH 2022



 Creative Commons Attribution 3.0 IGO license (CC BY 3.0 IGO)

© 2022 Asian Development Bank
6 ADB Avenue, Mandaluyong City, 1550 Metro Manila, Philippines
Tel +63 2 8632 4444; Fax +63 2 8636 2444
www.adb.org

Some rights reserved. Published in 2022.

ISBN 978-92-9269-327-5 (print), 978-92-9269-328-2 (electronic), 978-92-9269-329-9 (ebook)
Publication Stock No. TCS210548-2
DOI: http://dx.doi.org/10.22617/TCS210548-2

The views expressed in this publication are those of the authors and do not necessarily reflect the views and policies 
of the Asian Development Bank (ADB) or its Board of Governors or the governments they represent. 

ADB does not guarantee the accuracy of the data included in this publication and accepts no responsibility for any 
consequence of their use. The mention of specific companies or products of manufacturers does not imply that they 
are endorsed or recommended by ADB in preference to others of a similar nature that are not mentioned.

By making any designation of or reference to a particular territory or geographic area, or by using the term “country” 
in this document, ADB does not intend to make any judgments as to the legal or other status of any territory or area.

This work is available under the Creative Commons Attribution 3.0 IGO license (CC BY 3.0 IGO)  
https://creativecommons.org/licenses/by/3.0/igo/. By using the content of this publication, you agree to be bound 
by the terms of this license. For attribution, translations, adaptations, and permissions, please read the provisions 
and terms of use at https://www.adb.org/terms-use#openaccess.

This CC license does not apply to non-ADB copyright materials in this publication. If the material is attributed 
to another source, please contact the copyright owner or publisher of that source for permission to reproduce it.  
ADB cannot be held liable for any claims that arise as a result of your use of the material.

Please contact pubsmarketing@adb.org if you have questions or comments with respect to content, or if you wish 
to obtain copyright permission for your intended use that does not fall within these terms, or for permission to use 
the ADB logo.

Corrigenda to ADB publications may be found at http://www.adb.org/publications/corrigenda.

Notes:
In this publication, “$” refers to United States dollars, unless otherwise stated.
ADB recognizes “China” as the People’s Republic of China.

Cover design by Kris Guico.

www.adb.org
http://dx.doi.org/10.22617/TCS210548-2
https://creativecommons.org/licenses/by/3.0/igo/
https://www.adb.org/terms-use#openaccess
http://www.adb.org/publications/corrigenda


Contents

Tables, Figures, and Boxes iv 
Acknowledgments vi
Foreword vii
Abbreviations viii
Measurement Units and Currencies ix
Executive Summary x

1 Introduction 1
 Background 1
 ADB’s Response to Clean Heating 2
2 Rationale 5
 The Clean Heating Policy Framework 5
 Clean Heating in Changzhi City, Shanxi Province 6
 Clean Heating Challenges in Changzhi City 8
3 Clean Heating Technologies 10
 Heat Pumps and Geothermal Energy 10
 Biomass Pellet and Biogas 12
 Solar Thermal 14
 Electric Heaters 15
 Mainstreamed Heating Solutions 17
 Insulation Guideline 19
 Cost Analysis 23
4 Deploying Clean Heating Technologies 28
 Stakeholder Analysis 28
 Selection of Pilot Villages and Households 29
 Technology Selection Criteria 30
 Supplier Selection 32
 Technology and Household Matching 33
 Technology Installation and Use 34
5 Results of the Pilot Project 35
 Technology Performance 35
 Cost of Heating 37
 Environmental and Health Benefits 39
 Key Findings 45
6 Clean Heating Online Platform Results 47
 Design 47
 Current Status and Achievements 49
 Challenges and Lessons Learned in Setting Up the Online Platform 52
7 Conclusions and Recommendations 54
 Lessons Learned 54
 Policy Recommendations 56

References 63



Tables, Figures, and Boxes

Tables
1 Subsidies for Individual Clean Heating Renovation 8
2 Costs of Simple Insulation 20
3 System Efficiency and Fuel Cost Assumptions 24
4 Emissions Factors 25
5 Cost Analysis Results 26
6 Stakeholder Needs and Pilot Approaches 28
7 Classification of Pilot Households 30
8 Summary of Clean Heating Technologies 32
9 General Household and Clean Technology Matching 33
10 Distribution of Equipment among Households 34
11 Clean Heating Equipment Performance 35
12 Safe Emission Limits and 2018 Changzhi City Emissions 39
13 Performance Parameters to Be Monitored by the Online Platform 49

Figures
1 Monthly Average of Air Quality Index in Changzhi City, 2016 7
2 Air-to-Air Heat Pump Installed in One of the Homes in Zhangzi County 10
3 Closed Loop Geothermal Heat Pump 12
4 Biomass Boilers in Use in 2020 13
5 Centralized Biogas System 14
6 Graphene Panels Installed in a Home in Zhangzi County 16
7 Wall-Mounted Gas Boiler in a Home in Zhangzi County 17
8 Air-to-Water Heat Pump with a Small Water Tank 18
9 Heating Cycle of a Heat Pump 18
10 Typical Houses in Zhangzi County 19
11 Insulation Curtain—Roller Shade Type 20
12 Insulation Curtain—Hook and Loop Edge Type 21
13 Expanded Perlite Granules and Insulation Packs Placed on the Loft Floor 21
14 Polymer Resin Panels of Different Colors 22
15 Original Ceiling and the Retrofit Wooden Frame 22
16 Insulation Wallpaper and the Finishing 23
17 Emissions and Cost Comparisons 27
18 Unsubsidized Equivalent Annual Cost of Heating versus Heating Demand 38
19 Emissions of Domestic Heating Technologies for a Typical Household per Winter Season 40
20  Potential Particulate Matter 2.5 Emission Reduction from Displacing Domestic Coal Heating  41 

in Zhangzi County
21  Potential Sulfur Dioxide Emission Reduction from the Displacement of Domestic Coal Heating  42 

in Zhangzi County
22  Potential Nitrogen Oxide Emission Reduction from the Displacement of Domestic Coal Heating 43 

in Zhangzi County
23  Potential Carbon Dioxide Emission Reduction from the Displacement of Domestic Coal Heating  44 

in Zhangzi County
24 Structure and Data Flow of the Online Platform 48



Tables, Figures, and Boxes v

25 Detailed Information on Clean Heating Renovation Users 50
26 Monitoring List of Clean Heating Devices 51
27 Device Status on User’s Mobile Phone 51

Boxes
1 Multi-Tier Framework for Classifying Clean Heating Devices 57
2 Decentralized Clean Heating Policy Models 60



Acknowledgments

Clean Heating Technologies: A Pilot Project Case Study from Northern People’s Republic of China is an output of the 
pilot demonstration project on individual clean heating solutions in a bid to reduce the reliance on raw coal-based 
heating in the People’s Republic of China (PRC). The pilot was carried out by the Sustainable Development and 
Climate Change Department (SDCC) of the Asian Development Bank (ADB) under regional technical assistance 
8946: Promoting Sustainable Energy for All in Asia and the Pacific—Energy Access for the Urban Poor (increasing 
access to clean cooking and heating) (Subproject B). The pilot project was conducted by a team in the Sector 
Advisory Service Cluster–Energy Sector Group (SDSC-ENE) led by Kee-Yung Nam, principal energy economist 
and Stephen Peters, senior energy specialist. Yongping Zhai, chief of Energy Sector Group, SDSC-ENE and Robert 
Guild, chief sector officer of the SDCC, provided overall guidance.

The pilot was implemented in cooperation with the Changzhi Development and Reform Commission through the 
contributions of Ligang Sang, Guiping Wang, Jia Wu, Shizhong Zhang and Zhizong Ren; and the Zhangzi County 
government through Wenbo Yuan, Song Li, Jianfei Liang, and Xiaofang Liu. A group of international and national 
experts provided invaluable contributions as authors of background papers.

This case study was written by a team of experts from the SDSC-ENE, under the guidance of Kee-Yung Nam and 
the supervision of Yongping Zhai. The team comprised Stephen Peters, Ming Shan, X Suliya, Ana Maria Tolentino, 
Maria Fritzie Vergel, and the Beijing Jiashu Technology Consulting Co., Ltd. (Jiashu Consulting). Charity Torregosa, 
senior energy officer; Maria Dona Aliboso, operations analyst; Marinette De Jesus Glo, operations assistant; 
and Elmar Elbling, Felicisima Arriola, and Grace Yeneza, TA team members, provided technical advisory and 
administrative support. Maria Theresa Mercado copyedited the report and Principe Nicdao did the layout.

The report benefited from insights and comments of ADB colleagues from the energy divisions of ADB’s 
regional departments.



Foreword

Space heating is much needed in the northern regions of the People’s Republic of China (PRC). In 2016, coal-based 
heating in this region covered 83% of the heated areas. The burning of raw coal has caused severe environmental 
and health problems and led to a high level of carbon emissions. Since 2017, the government has accelerated its 
efforts to address this issue through a 5-year clean winter heating plan. This has emphasized switching households 
and businesses from burning inferior coal to cleaner low-carbon fuels while expanding district heating networks. 
Despite the successful interventions and related environmental benefits, the shift from coal-based heating to 
natural gas and electricity-based heating has resulted in new challenges such as gas supply shortages and increased 
gas prices. To overcome these challenges, the government is continuously stepping up its efforts and planning to 
implement diversified, affordable, and tailor-made solutions through active engagement and partnerships with 
both the public and private sectors.

The Asian Development Bank (ADB) works with its developing member countries (DMCs) to facilitate the provision 
of adequate and clean heating services. In the 1980s, it financed the construction or rehabilitation of combined 
heat and power plants; it has since shifted to exploring renewable energy-based and hybrid district heating. ADB 
has implemented technical assistance projects and capacity building activities that focused on small-scale clean 
heating technologies. This work is in line with ADB’s 2021 Energy Policy to “help DMCs accelerate the development 
of sustainable and resilient energy systems that provide reliable and affordable energy access for all, foster inclusive 
economic growth and social development, and support the low-carbon transition in Asia and the Pacific.” 

This report reinforces ADB’s support for clean heating by identifying scalable clean technologies that can replace 
traditional household coal burners. It presents a case study in northern PRC on deploying clean heating devices 
across different types of households and their potential to contribute to improving air quality and reducing 
greenhouse gas emissions. The lessons learned and recommendations can be applied from both a technical and 
policy perspective and serve as a guide for policymakers and the private sector not only in the PRC but also in the 
rest of the region.

Priyantha Wijayatunga
Chief of Energy Sector Group, SDSC-ENE
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Executive Summary

Heat production remains heavily fossil fuel-based globally, with only 10% of heating generated from renewable 
energy. Nearly 3 billion people, or 40% of the world’s population, use open fires or simple stoves burning 
kerosene, traditional biomass, and coal for heating and cooking. The combustion of inefficient solid fuels leads to 
significant air pollutants, including particulate matter (PM2.5), nitrogen oxides (NOx), sulfur dioxide (SO2), etc., 
that deteriorate air quality and cause severe health problems in the general population. Moreover, coal-burning 
generates significant carbon dioxide (CO2) emissions, contributing to the climate crisis.

Sustainable Development Goal 7 (SDG 7) on clean energy calls for access to affordable, reliable, and modern 
energy for all, including for heating. Use of efficient, clean heating lags furthest behind the SDG 7 targets. The 
impacts are emphasized in peri-urban and rural communities that lack access to clean heating options. Given 
the low coverage of efficient and clean district heating in most developing member countries, there is an urgent 
need to identify and introduce clean, locally adaptable, and affordable heating solutions for peri-urban or rural 
communities to replace coal and other solid fuels.

In northern People’s Republic of China (PRC), the heating season can be up to 6 months a year. Easily accessible 
and affordable coal is the main fuel for heating. Small businesses and households without access to district 
heating burn raw coal, which emits over 10 times the pollutants of coal power plants and is considered a major 
cause of air pollution in winter. An estimated 200 million tons of raw coal were burned in 2016. Further, the coal 
industry remains a traditional pillar industry in the Inner Mongolia Autonomous Region, Shanxi and Shaanxi 
provinces, which are the largest coal-producing provinces in northern PRC. In 2017, driven by worsening air 
quality, the PRC initiated its Three-Year Action Plan for Winning the Blue Sky War, with the aim of switching 
from raw coal to clean heating and expanding district heating coverage. Many local governments, facing a tight 
timeline, rushed to a one-size-fits-all approach of switching to gas heating. This led to gas supply shortages. 
Alternative solutions that are easily scalable needed to be explored to meet local and national clean heating 
targets. Ten technologies powered by electricity, renewable energy, and natural gas were investigated, looking 
at their heating mechanisms, emissions levels, and costs, including heat pumps, biomass, solar thermal, electric 
heaters, and gas boilers.

Four decentralized, or stand-alone clean heating technologies were selected from the 10 technologies for a pilot in 
northern PRC. The pilot aimed to identify suitable and replicable decentralized clean heating options for various 
household types to replace domestic coal burning. An online clean heating monitoring platform was initiated to 
track the performance of devices and the progress of the pilot.

Air-to-air heat pumps (AAHP), air-to-water heat pumps (AWHP), graphene boards, and biomass pellet boilers 
were matched across three household types under Zhangzi County’s clean heating program. The county’s program 
provided an equipment grant (up to CNY20,000) and operating subsidy for 3 years (up to CNY2,400 per winter 
season). The heat pumps (AWHP and AAHP) were the most energy-efficient among the four devices. Their 
coefficient of performance (COP) is 2.5–3, which means that 1 unit of electricity input is converted to 3 units of 
heat. Graphene is an emerging technology that uses the heating effect of electric current, with an efficiency of 
80%–90%. The biomass boiler deployed used wood pellets as feedstock and had 80% efficiency.

Heating demand varies across households. It is dictated not only by the size of the space, but also by behavior 
and lifestyle. There is no one-size-fit-all technology for peri-urban and rural households. The AWHP, with its high 
efficiency, can be ideal for homes with larger heating requirements. On-demand heating devices, such as AAHP, 
provide good operational flexibility that could be ideal for working households. Graphene panels are also highly 
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modular, where users may control equipment cost by the number of boards that will be installed. Biomass boilers 
can be promising where feedstock is abundant. Establishing a local biomass pellet industry can reduce feedstock 
costs and ensure the biomass stoves’ sustainable operation.

All four devices have lower PM2.5, SO2, and NOx emissions than direct coal burning. Heat pumps and graphene 
can mitigate 98% of PM2.5 emissions from domestic coal-burning in Zhangzi County, while biomass can displace 
up to 80%. Biomass generates higher NOx emissions because of the nitrogen bound to organic matter. However, it 
is known to be reduced when using pelletized feedstock with a multi-phase combustion burner.

Biomass stoves have the highest CO2 reduction potential (95%), as long as feedstock is locally produced and 
sustainably sourced. Heat pumps can mitigate up to 53% of CO2 from coal-burning in Zhangzi County. However, 
graphene generates more CO2 emissions because it is an energy-intensive device and draws power from the Shanxi 
grid, which is still dominated by fossil fuels. It is, therefore, essential to shift to cleaner power generation to maximize 
the benefits of clean heating technologies.

The subsidies extended by the government reduced the levelized cost of energy by 27%–58%. Households may 
have had a strong preference for the more expensive air-to-water heat pumps because of the equipment grant and 
subsidized electricity fees. They may have a different choice when costs are at play, sacrificing comfort for savings. 
Innovative end-user financing or payment schemes may help deploy the more expensive technologies.

The outputs of the pilot include an online monitoring platform, a home insulation guideline, and a proposed multi-
tier framework for classifying clean heating technologies. The home insulation guidelines provide simple and 
affordable measures that are appropriate for peri-urban and rural homes. Insulation enhances the efficiency of 
clean heating devices by creating a better envelope for heating. These strategies reduce energy consumption and 
costs for end users.

Given the multitude of clean heating technologies and varying heating needs, a multi-tier framework for classifying 
devices is proposed. The framework can be used to prioritize technologies that support specific targets of a clean 
heating program. It has eight attributes that consider the technical aspects of devices, needs of customers, and 
resiliency of operation. The attributes allow characterization at the household level and acknowledge that a  
one-size-fits-all solution is not always ideal.

An online monitoring platform can support tracking using the multi-tier framework. The pilot-initiated platform 
has been upgraded into a city-level monitoring system for the city’s clean heating program. By tracking progress 
and collecting data at the household level, policymakers can make evidence-based decisions. One challenge in 
developing the platform was compatibility of the sensors and even data types. This can be addressed by developing 
technology standards or guidelines and encouraging more manufacturers to participate in the program.

When planning for a clean heating transformation program, the following points could be considered:

 • Set up an overarching plan and tailor-made clean heating renovation strategies underpinned by a good 
understanding of available local resources and understanding of households’ heating needs and situations.

 • Encourage utilization of locally available resources and suitable technology via carefully designed 
incentives, government-driven technology standards, guidelines, technology catalog, and transparent 
technology selection process. The multi-tier framework for clean heating technologies can be used to 
prioritize technologies.

 • Establish a clean heating market by engaging service providers to play the leading role and encouraging 
financial institutions to participate. Meanwhile, government should develop regulation and evaluation 
mechanisms to enhance quality and efficiency. Social protection to ensure equal access to clean heating 
services for low-income groups should be always in place.
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 • Promote energy efficiency improvements in heating devices and housing to go hand-in-hand with clean 
heating renovation.

 • Build local capabilities for energy planning, cross-sector coordination, and technical services and share 
good practices.

 • Decarbonize the power generation sector to maximize the benefits of electricity-based clean heating 
technologies.

Energy policymakers, clean heating investors, and other stakeholders can use this report when designing 
other country-specific programs to accelerate the displacement of domestic coal burners with clean heating  
technologies. The modernization of the sector should be pursued in earnest, considering the numerous health  
and environmental benefits that result from clean heating.



1 Introduction

Background
Heat accounted for 50% of the world’s final energy consumption in 2018, of which over 50% is utilized for 
industrial purposes, 46% for space and water heating in the building sector as well as cooking, and the remainder 
for agriculture.1 Globally, heat production remains heavily fossil fuel-based. Only 10% of heat is generated from 
modern renewables. Over the years, most energy transitions happened in the electricity sector. According to 
the World Bank, nearly 3 billion people, or 40% of the world population, use open fires or simple stoves burning 
kerosene, traditional biomass, and coal for heating and cooking. From those figures, over 1.88 billion people live in 
Asia and the Pacific, around 40% of the region’s population in 2018.2

Reliance on solid fuels is a major contributor to poverty. Moreover, the inefficient combustion of these solid fuels 
generates health-damaging pollutants, including black carbon, a major component of fine particulate matter 
(PM2.5),3 small particles (PM10), nitrogen oxides (NOx), sulfur dioxide (SO2) and other emissions that lead to 
indoor and ambient air pollution. Over 97% of cities with over 100,000 inhabitants in low- and middle-income 
countries are exposed to air quality levels that exceed the World Health Organization’s (WHO) air quality guideline 
levels.4 The combined effects of ambient and indoor pollution cause about 7 million premature deaths every year, 
with over 4 million occurring in Asia and the Pacific. The International Energy Agency (IEA) estimates that the 
fossil fuels used for space and water heating in buildings contributes to around 8% of global carbon dioxide (CO2) 
emissions,5 i.e., 3.04 Gt CO2. The impacts are most profound in peri-urban, remote, and rural communities that are 
far from district heating networks and lack of affordable clean heating solutions.

The shift to clean heating is urgently needed to address air pollution and save millions of lives. It is also critical 
in achieving countries’ climate pledges, and their Nationally Determined Contributions (NDC) under the Paris 
Agreement. However, the heating sector is arguably more difficult to decarbonize compared to the electricity 
sector. This is because both heat production and consumption are less regulated and standardized. Heat can be 
generated from several different fuels at different temperatures and scales and utilized in various patterns that 
are more difficult to measure. Furthermore, while the power industry is in the spotlight, the heating sector has not 
received enough attention from policymakers. In Asia and the Pacific, only a limited number of countries have 
targets or implement enabling policies for low-carbon heating. Insufficient commitment from governments is 
slowing innovation and improvement in the heating industry.

Heating decarbonization requires more location-specific solutions to meet diversified heat demand deemed to 
have greater impact on end users. However, yet to be visible and apparent are affordable mainstream renewable 
sources for heat generation. Many of these low-carbon solutions are small scale, constrained by resource 

1 IEA. 2019. Renewables 2019. Market analysis and forecast from 2019 to 2024: Heat. October. https://www.iea.org/reports/renewables-2019/
heat. 

2 UNESCAP. 2020. Asia and the Pacific SDG Progress Report 2020. Bangkok: UNESCAP. https://data.unescap.org/publications/sdg-progress-
report-2020.

3 PM2.5 are fine airborne particles (≤ 2.5µm) that reduce visibility, make the atmosphere appear hazy, and cause critical health impacts. 
A mixture of solid and liquid particles of organic and inorganic substances suspended in the air, PM2.5 affects people more than any other 
air pollutant. While particles with a diameter of 10 microns or less (≤ PM10) can penetrate and lodge inside the lungs, PM2.5 can penetrate 
the lung barrier and enter the blood system. Chronic exposure to particulate matter contributes to the risk of developing cardiovascular and 
respiratory diseases, including lung cancer (WHO 2018).

4 WHO. 2016. WHO Global Urban Ambient Air Pollution Database (update 2016). Accessed August 2020. https://www.who.int/data/gho/data/
themes/topics/topic-details/GHO/ambient-air-pollution.

5 IEA. 2020. World Energy Investment 2020: Energy Use and Efficiency. May. https://www.iea.org/reports/world-energy-investment-2020/
energy-end-use-and-efficiency.

https://www.iea.org/reports/renewables-2019/heat
https://www.iea.org/reports/renewables-2019/heat
https://data.unescap.org/publications/sdg-progress-report-2020
https://data.unescap.org/publications/sdg-progress-report-2020
https://www.who.int/data/gho/data/themes/topics/topic-details/GHO/ambient-air-pollution
https://www.who.int/data/gho/data/themes/topics/topic-details/GHO/ambient-air-pollution
https://www.iea.org/reports/world-energy-investment-2020/energy-end-use-and-efficiency
https://www.iea.org/reports/world-energy-investment-2020/energy-end-use-and-efficiency
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locations or low consumer awareness, which will likely have higher upfront costs and are less attractive to 
investors. Despite some growth seen by renewable heat, such as the increasing deployment of heat pumps and 
solar hot water systems, fossil fuels are likely to remain dominant in the heating sector,6 unless aggressive action  
is initiated.

Apart from carbon intensive production, a large amount of heat is wasted or lost during transportation and 
consumption due to old pipes, inefficient heating devices, and poorly insulated buildings, pushing heating demand 
higher. Some of this heat loss could be avoided by increasing energy efficiency or recovery for reuse.

ADB’s Response to Clean Heating
The Asian Development Bank (ADB) has worked with its developing member countries since the 1980s to provide 
adequate heating services, starting with financing the construction or rehabilitation of combined heat and power 
plants and shifting to exploring renewable or hybrid district heating generation. Technical assistance projects and 
capacity-building events were also conducted, focusing on piloting and disseminating clean heating technologies. 
ADB points its policy to “support efforts to bring affordable, reliable, sustainable and modern energy to all, so as 
to eradicate extreme poverty and reduce social inequalities, and to support the low-carbon transition in Asia and 
the Pacific” through its 2021 Energy Policy.7 ADB has set the course for its Strategy 2030, which promotes quality 
infrastructure investments that are green, sustainable, resilient, and inclusive. Support for clean heating clearly 
falls within ADB’s operational priorities on tackling climate change, enhancing environmental sustainability, 
and making cities more livable. ADB also aims to create a more sustainable and resilient environment through 
infrastructure development and the creation of enabling policy environments in the region.

In Asia and the Pacific, the People’s Republic of China (PRC) is the major greenhouse gas (GHG) emitter due to 
its coal-dominated energy mix. As of 2016, the country’s coal consumption accounted for nearly 69% of the total 
amount in the region and its carbon emissions accounted for 57% of the region’s total, of which the heating sector 
is a signification contributor.8 ADB supports the PRC’s shift to cleaner heating by piloting several heating projects 
on clean fuels, mainly for centralized systems. Specifically, one ADB-supported project is the first-of-its-kind 
hybrid district heating system that uses gas boilers and wind-powered boilers in the Inner Mongolia Autonomous 
Region. Another is a smart multi-energy system using natural gas, solar thermal, recovered waste heat, and shallow 
geothermal for heating in Qingdao, while the geothermal district heating projects in Shaanxi and Hebei provinces 
promoted cutting edge solutions.

This document highlights ADB’s support for clean heating by identifying technologies with no or reduced inorganic 
(PM, SOx, NOx) and GHG emissions that can replace traditional household coal boilers and furnaces. It is a 
case study in northern PRC on the deployment of various clean heating technologies across different types of 
households and their potential to improve air quality. 

Heating is a much-needed commodity in the PRC, most notably in the northern regions. In 2016, about 83% of the 
total heated area in northern PRC was heated by coal, using about 400 million tons of standard coal equivalent.9 
Of this, around half was raw coals and half briquettes. Raw or dispersed coal is a low-grade type of coal burned 
inefficiently by households and small businesses—a cheap but polluting complement to district heating. Therefore, 
raw coal is identified as one of the primary causes of winter air pollution in northern PRC. Countries like Mongolia 
suffer from similar issues.

6 IEA. 2018. Renewable Heat Policies. Paris: OECD/IEA.
7 ADB. 2021. Energy Policy Supporting Low-Carbon Transition in Asia and the Pacific. Manila. p. 12. https://www.adb.org/sites/default/files/

institutional-document/737086/energy-policy-r-paper.pdf.
8 British Petroleum. 2018. BP Statistical Review of World Energy. London: BP.
9 IEA. 2017. District Energy Systems in China. Paris: IEA/BERC.

https://www.adb.org/sites/default/files/institutional-document/737086/energy-policy-r-paper.pdf
https://www.adb.org/sites/default/files/institutional-document/737086/energy-policy-r-paper.pdf
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Official government data shows that only 95 of the PRC’s 338 cities had reached WHO’s air quality PM2.5 
interim standard of 35 micrograms per cubic meter (μg/m3) annual average in 2016, despite significant 
progress in increasing efforts to clean up the air.10 In 2017, the PRC issued a more stringent and decisive  
Three-Year Action Plan, which emphasized replacing small-scale raw coal-based heating with clean fuels.

Since the Paris Agreement, there has been a growing acceptance by provincial and local policymakers, as well as 
the private sector, of the need to cap and reduce coal consumption to meet the mandatory coal reduction and 
air quality targets set by the central government. However, challenges in the provinces are still substantial. Energy 
security remains a dominant factor, and coal is perceived as the most reliable energy source. The mentality of 
local leaders is largely fixed on coal-oriented industries, particularly in key coal-producing provinces like Shanxi. 
Capacity building, scientific knowledge development, regulatory frameworks and incentives, and awareness raising, 
especially in the heating sector, are lacking at provincial and local levels.

This report presents the results of a pilot study on clean heating technologies, and proceeds as follows:

Chapter 2 presents the rationale and basis for piloting clean heating solutions in northern PRC. The PRC’s heating 
policies and targets are presented at the national, provincial, and city levels to give an insight into how far the 
country has come in developing and supporting its goal toward a clean energy transition. Existing policy frameworks 
and targets at the city and county levels are discussed, including subsidies provided to households that undergo 
clean heating renovations.

Chapter 3 is the clean heating technologies catalog, which covers the technical description and applications of 
the technologies considered for the pilot project. It also includes a set of home insulation guidelines. Cost and 
emissions analyses of the technologies in comparison with coal and gas are also discussed.

Chapter 4 on the deployment of clean heating technologies explains the factors considered in the design of the 
project. Implementation criteria are also detailed from the selection of the villages and households, shortlisting of 
technologies, and matching of household to clean heating equipment. 

Chapter 5 presents the results and key findings of the clean heating technologies pilot, specifically on the 
adaptability and performance of the four chosen technologies to the given environment and the costs associated 
with their use. It also discusses the potential environmental improvements resulting from shifting to cleaner 
technologies.

Chapter 6 discusses the online clean heating platform created to help the local government track the program and 
equipment performance. It discusses lessons learned and recommendations on how to improve and maximize the 
use of an online platform.

Chapter 7 concludes with lessons from the results and experiences in the implementation of the pilot project. The 
chapter lays out various measures that can be considered and serve as a guide for policymakers, manufacturers, 
and other relevant stakeholders on how to improve and better implement similar projects in the region. A multi-tier 
framework for classifying clean heating technologies is proposed.

The clean heating pilot project was initiated in 2018 through 2020, while this report was finalized in 2021. The 
pre-2018 data, including levels of carbon emissions and air pollutions, are quoted in this chapter and Chapter 2 to 
provide background information from when the project was planned. An up-to-date briefing on the country’s clean 
heating policy, achievement and new challenges are addressed in Chapter 7.

10 Government of the PRC, Ministry of Environmental Protection. 2017. Report on the State of the Environment in China 2016. Beijing: Ministry of 
Environmental Protection, PRC. 
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The lessons and recommendations from this report can be applied from both a technical and policy  
perspective. They can serve as a reference for policymakers and other stakeholders in designing appropriate clean 
heating programs and strategies for the effective displacement of coal burning for heat in peri-urban and rural 
areas. Private sector enterprises in the clean heating industry can draw from the experiences of households in 
using such equipment to advance their technologies and improve their services. The lessons learned from the 
development of an online clean heating platform are applicable to other online platforms that aim to monitor and 
facilitate the use of commercial and emerging clean technologies at scale. 



2 Rationale

The Clean Heating Policy Framework
In northern PRC, temperatures fall far below the freezing point for 4–6 months each winter. Coal-based district 
and individual heating has been the most common and affordable solution for residents in the area. However, 
the coverage rate of district heating in northern PRC is still low at 28.21% in urban areas and 2.65% in rural areas, 
as of 2016.11 The rest of the population burn raw coal in stoves and boilers at a small scale for heat. These boilers 
and stoves usually do not have adequate pollution control mechanisms and emit up to 10 times the number of 
pollutants compared to power plants.12 During winter, up to half of fine particulate matter (PM2.5) air pollutants in 
the area are caused by households’ burning coal, largely raw coal, for heating.13

The Beijing–Tianjin–Hebei region and its neighboring regions, including Shanxi Province, are the most polluted 
areas in the country. These regions experience severe air pollution, with its annual average fine particulate matter 
(PM2.5) concentration, far exceeding national and the World Health Organization (WHO) PM2.5 limits.14 
According to a WHO report, in 2012, more than 1 million people have died because of air pollution in the PRC.15

Since the 1980s, air pollution control measures and policies have already been embedded in the Environmental 
Protection Law and the National Five-Year Plans for Economic and Social Development. In 2013, when air quality 
was deteriorating, the government announced a war on smog and launched the first Air Pollution and Control 
Action Plan. It set quantitative targets (e.g., a 12% reduction in PM2.5) for improving the air quality of key regions like 
Beijing–Tianjin–Hebei and the Pearl and Yangtze deltas within specified time limits. Phasing out small coal-based 
industry boilers, limiting coal consumption, and switching from raw coal to clean fuels in Beijing and neighboring 
areas were highlighted in the plan, which is also in line with its NDCs and pledges for 2020 and 2030. Specifically, 
one of its policies, the 13th Five-Year Plan for Economic and Social Development (2016–2020), provides for a 
maximum 58% share of coal in national energy consumption by 2020.

As of 2016, around 700 million-800 million tons of raw coal were consumed annually by industry and civic 
infrastructure, of which 200 million tons were burned for heating.16 In 2017, the government initiated the Three-
Year Action Plan for Winning the Blue Sky War as the second phase of the 2013 Air Pollution and Control Action 
Plan to accelerate and increase the effort to phase out raw coal in all the prefectural level cities and above. Clean 
heating was prioritized as a major measure. The plan also explicitly calls for the co-control of GHG and pollutant 
emissions, integrating the management of air pollution and climate change. The Clean Heating Plan in Northern 
PRC also came into force in 2017 (2017–2021) that is in line with the Three-Year Action Plan for Winning the 
Blue Sky War. It set a target of a 50% increase in the clean heating rate in the northern areas by 2019 and 70% by 

11 District heating in the PRC is mostly fueled by coal. The heating sources consist of around 51% of combined heat and power plants, 45% of 
heat-only boilers and 4% renewables as of 2016 (China Energy News 2020); and M. Wang and C. Wei. 2020. Challenges of District Heating 
(in China). Shoudian. https://shoudian.bjx.com.cn/html/20200214/1043189.shtml.

12 Government of the PRC. 2018. Interpretation of the Winter Clean Heating Plan in Northern China (2017–2021). 24 January.
13 L. Lew. 2019. China’s Plan to Reduce Use of Coal for Heating in Northern Homes, Still Facing Problems, report says. South China Morning 

Post. 10 November. https://www.scmp.com/news/china/society/article/3037119/chinas-plan-reduce-use-coal-heating-northern-homes-
still-facing.

14 World Bank. 2019. Shanxi Energy Transition and Green Growth Development Policy Operation. 17 July. https://documents.worldbank.org/en/
publication/documents-reports/documentdetail/609661563417538196/concept-program-information-document-pid-shanxi-energy-
transition-and-green-growth-development-policy-operation-p170663.

15 A. Vaughn. 2016. China Tops WHO List for Deadly Outdoor Air Pollution. September 27. https://www.theguardian.com/environment/2016/
sep/27/more-than-million-died-due-air-pollution-china-one-year.

16 L. Jin and Z. Yan. 2016. Experience, Challenges and Measures of Raw Coal Control. 

https://shoudian.bjx.com.cn/html/20200214/1043189.shtml
https://www.scmp.com/news/china/society/article/3037119/chinas-plan-reduce-use-coal-heating-northern-homes-still-facing
https://www.scmp.com/news/china/society/article/3037119/chinas-plan-reduce-use-coal-heating-northern-homes-still-facing
https://documents.worldbank.org/en/publication/documents-reports/documentdetail/609661563417538196/concept-program-information-document-pid-shanxi-energy-transition-and-green-growth-development-policy-operation-p170663
https://documents.worldbank.org/en/publication/documents-reports/documentdetail/609661563417538196/concept-program-information-document-pid-shanxi-energy-transition-and-green-growth-development-policy-operation-p170663
https://documents.worldbank.org/en/publication/documents-reports/documentdetail/609661563417538196/concept-program-information-document-pid-shanxi-energy-transition-and-green-growth-development-policy-operation-p170663
https://www.theguardian.com/environment/2016/sep/27/more-than-million-died-due-air-pollution-china-one-year
https://www.theguardian.com/environment/2016/sep/27/more-than-million-died-due-air-pollution-china-one-year
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2021.17 Similar to the promotion of renewable power, clean heating renovation enjoyed a strong push from the 
central government, with significant subsidies and pilots. National, provincial, and local governments contribute to 
the subsidies, which cover gas pipeline construction or power grid upgrades, heating devices, and operating costs. 
Clean heating device manufacturers are eligible for tax breaks.

As of February 2018, 5.78 million households in the PRC completed switching to cleaner fuel from coal, reported by 
the Ministry of Ecology and Environment.18 Many local governments chose gas over electricity as the replacement 
of raw coal due to the relatively slow and costly power grid upgrade in the suburbs and rural areas. Despite the 
successful intervention and related beneficial environmental effects, the rushed one-size-fits-all approach has 
resulted in new challenges. A sharp increase in gas demand led to inadequate supply and rising prices. A shortfall of 
natural gas left millions of people in the cold during the winter of 2017.19 Moreover, the clean heating scheme relies 
heavily on government subsidies, which are split among government at all levels and promised for 3 years, covering 
a large share of equipment and a percentage of operating costs. This creates sustainability concerns about the 
scheme. On one side, local government, particularly at the county level, faces challenges in securing funding, while 
the central government will need to provide an estimated CNY35.1 billion in 2017–2020 to subsidize 43 pilot cities 
of three batches. The city and county governments are supposed to co-finance in total nearly three times of the 
amount.20 On the other hand, switching of fuels usually comes with higher fuel costs. Poor households that relied 
on raw coal may not be able to afford gas or electricity without subsidies.

Clean Heating in Changzhi City, Shanxi Province
Shanxi Province, located in northwest PRC, is among the top two largest coal-producing provinces. It is 
known for its heavy industries and coal mining. From 1949 to 2014, Shanxi Province produced accumulatively  
16.27 billion  tons of coal, accounting for one-fourth of the PRC’s total coal production in the period.21 In 2017, 
Shanxi  Province produced 856 million tons of coal, surpassing India, the second largest coal producer in the 
world.22 Most of the urban population in Shanxi Province is connected to coal-based district heating, with 
a coverage rate of 42.87% in urban areas and 1.29% in rural areas in 2015.23 In peri-urban and rural population, 
raw coal (i.e., coking coal and anthracite) burning in traditional stoves remains the primary source for heating. 
According to the Provincial Department of Environmental Protection, Shanxi Province in 2018 had the highest  
concentration of SO2 in the PRC, making it the worst air polluted province in the country. As a result, it also has 
twice the lung cancer rate than the national average. Shanxi Province is under huge pressure to curb air pollution.

Changzhi City is the second most populated city of Shanxi Province (total population is 3.43 million). It is the 
coal base of Shanxi Province, with 90.6 billion metric tons of coal reserves. The prevalent use of coal for power 
and heating has resulted in low air quality (Figure 1). The significantly higher air quality index (AQI) during  

17 IEA. 2021. Clean Winter Heating Plan in Northern China (2017–2021). https://www.iea.org/policies/7906-clean-winter-heating-plan-in-
northern-china-2017-2021.

18 According to the PRC’s 2017–2021 Winter Clean Heating Plan, the country aims to switch 50% of northern PRC from inefficient burning of 
coal to clean heating, which refers to the efficient use of clean energy. It specifies that clean heating energy resources include natural gas, 
electricity, renewables, industrial waste heat, clean coal-fired combined heat and power plants for district heating, clean coal fired large 
boilers, nuclear energy, etc. Clean heating renovation should cover the whole process including clean heating sources, high-efficiency heat 
transmission and distribution network, and energy-efficient building. As of September 2019, 50.7% of regions in northern PRC has switched 
to clean heating, replacing around 100 million tons of raw coals according to the data released by National Energy Administration.

19 N. Gan. 2017. Chinese Province Admits Homes Left Freezing After Overzealous Coal Ban. December 13. https://www.scmp.com/news/china/
policies-politics/article/2124104/chinese-province-admits-homes-left-freezing-after. 

20 L. Yanjie. 2019. “Clean Heating Pilot Subsidies Will Soon Decline, Central and Local Governments Seek Policy Optimization.” China Business 
News. 14 September.

21 Xinhua News Agency. 2018. More Than 10 Billion Tons of Coal Deposits Were Discovered in Shanxi Provinces Over the Past 5 Years.  
http://www.gov.cn/xinwen/2018-01/27/content_5261398.htm.

22 X. Wang. 2019. Concept Program Information Document (PID)—Shanxi Energy Transition and Green Growth Development Policy Operation—
P170663; Shanxi Provincial Bureau of Statistics. 2018. Shanxi Province’s and Major Cities’ Cola Production in 2017. https://www.cctd.com.cn/
show-361-178366-1.html.

23 National Bureau of Statistics. 2016. China Urban–Rural Construction Statistical Yearbook 2016. Beijing.

https://www.scmp.com/news/china/policies-politics/article/2124104/chinese-province-admits-homes-left-freezing-after
https://www.scmp.com/news/china/policies-politics/article/2124104/chinese-province-admits-homes-left-freezing-after
http://www.gov.cn/xinwen/2018-01/27/content_5261398.htm
https://www.cctd.com.cn/show-361-178366-1.html
https://www.cctd.com.cn/show-361-178366-1.html
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Figure 1. Monthly Average of Air Quality Index in Changzhi City, 2016
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CO = carbon monoxide, NO2 = nitrogen oxide, PM2.5 = particulate matter, PM10 = small particle, SO2 = sulfur dioxide.
Source: Changzhi Air Pollution: Real-time Air Quality Index. https://aqicn.org/city/changzhi/.

November–February shows how coal used for heating affects air quality. PM2.5 concentrations reach very 
unhealthy levels during the winter months.

Because air pollution reaches alarming levels in Changzhi City, it was included in the second phase of the 2013 Air 
Pollution and Control Action Plan implemented through the 2017 Three-Year Action Plan for Winning the Blue Sky 
War. It is one of the first batch of 28 pilot cities that received extra funding to implement programs to reach clean 
heating rates of 90% for urban areas, 70% for peri-urban areas, and 40% for rural areas by 2019; and 100%, 80% 
and 60%, respectively, by 2021. The city aims to reduce the amount of coal for heating by about 150 million tons 
per year to reach these goals.

Changzhi City’s primary strategy in urban areas was to expand combined heat and power (CHP) for district 
heating. However, it recognized that decentralized clean approaches are needed to meet the various demand of 
peri-urban and rural households, and thus campaigned to switch from coal to natural gas and individual electric 
heating systems. To facilitate the shift to gas and electric heating systems, the government offered subsidies on the 
procurement, operation, and deployment of decentralized heating technologies and also for laying gas pipelines 
and upgrading power grids. These subsidy arrangements are in the city’s 2017 Implementation Scheme for Clean 
Heating Project “Replacing Coal with Electricity,” “Replacing Coal with Gas,” and the Implementation Plan of 
Changzhi Winter Clean Heating Subsidy Scheme (2018–2020). The subsidy scheme provided up to 3 years of 
subsidies from 2017–2021 to both households and service providers. Subsidies for both operational expenditures 
will be scaled down to encourage early actions (Table 1). 24 

24 Changzhi Express. 2017. Subsidy Interpretation for Changzhi City 2017 Clean Heating Renovation. http://www.imsia.cn/news/aa/9981.html.

https://aqicn.org/city/changzhi/
http://www.imsia.cn/news/aa/9981.html
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Table 1. Subsidies for Individual Clean Heating Renovation

Subsidies
Coal-to-Electricity 

(per household)
Coal-to-Gas 

(per household)
Capital expenditures CNY20,000 (maximum limit) CNY3,000 (maximum limit)
Operational 
expenditures

CNY2,400 (maximum limit) per year for 3 years for renovations completed in 2017a and 2018.
CNY2,400 (maximum limit) per year for 2 years for renovations completed in 2019;
CNY2,400 (maximum limit) per year for 1 years for renovations completed in 2020.

Pipeline construction, 
power grid upgrade, and 
connection for Zhangzi 
County

CNY20,000 (maximum limit) for 
renovations completed in 2017. 

CNY8,000 (maximum limit) for renovations 
completed in 2017.

CNY5,000 for renovations completed in 2018.
CNY8,000 for renovations completed in 2019, and 2020.

a Renovations completed in 2017 means the household can enjoy the clean heating services in the 2017–2018 winter.
Source: Zhangzi County, Changzhi Express (2017) and Changzhi City Government (2019).

Changzhi City’s subsidies are one of the incentive options from the national and provincial governments’ clean 
heating program. The provincial government provided three options: (i) Peak and Valley Time Period Pricing Model; 
(ii) Electricity Consumption Pricing Model; and (iii) Parity Pricing Model. Based on a field survey conducted by the 
city government, the Electricity Consumption Pricing Model was found to be the most suitable and acceptable, as 
the other pricing models were deemed to be complicated by the households. The chosen model installs a separate 
meter to calculate electricity consumed for heating. An electricity charge subsidy of CNY2,400 per heating season 
is provided, and the exceeding part is charged at CNY0.507 per kilowatt-hour (kWh), the normal tariff.

Clean Heating Challenges in Changzhi City
During the 2017 winter season, Changzhi City completed clean heating renovation measures covering 
128,236 households and reduced coal consumption by 0.62 million tons. A total of 90,000 households in  
suburban and rural areas adopted natural gas or electricity for heating, which led to significant gains in air quality. 
In addition, as presented, subsidies were provided to cover both capital and operating expenditures for a period  
of 3 years until 2021.

However, after the first year of clean heating renovation, Changzhi City, like many other pilot cities of the Clean 
Heating Action Plan, faced the following challenges:

 • Lack of knowledge, expertise, and time to identify clean heating solutions (as these are considered relatively 
new technologies) that are suitable for local conditions. All pilot cities are under pressure to reach the 
clean heating renovation targets set in the Clean Heating Plan in Northern China (2017–2021). As a result, 
the simplest and quickest coal-to-gas solutions were followed instead.

 • Due to the lack of prior scientific research on locally available energy resources, many areas experienced 
gas shortages and high gas prices in the winter of 2017–2018. The role of gas in individual heating has 
become debatable with the PRC’s growing reliance on imported natural gas—47.8% in 2018, according to 
the National Development and Reform Commission of the PRC.

 • As the demand for gas increased, many areas experienced gas shortages and high gas prices in the winter 
of 2017–2018.

 • There is a need for innovative business models that will be able to sustain and cover the increasing heating 
costs beyond the given 3-year subsidy period.

 • The considerable differences in economic conditions and resources among users hindered the development 
initiatives. Most buildings in peri-urban and rural areas have poor or no insulation. On average, uninsulated 
homes consume three times more energy per unit floor area, compared to energy efficient buildings. 
Subsidizing heating renovations for inefficient buildings leads to a huge amount of waste.
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To overcome these challenges and achieve the clean heating target on time, Changzhi City increased its efforts to 
implement diversified, affordable, and tailor-made solutions. It initiated a clean heating pilot with ADB and Tsinghua 
University to identify suitable and replicable decentralized or individual clean heating technologies that can be 
deployed at scale in areas without coverage of district heating. It also studied housing insulation improvements 
and developed an innovative online monitoring platform that can track energy consumption and performance of 
the clean heating devices.

Zhangzi County, under the administration of Changzhi City, was selected as the pilot site. It is the most populous 
county in the city, having seven towns, five townships, two administrations, and a total population of 370,000 in 
399 incorporated villages. Its industry is dominated by coal mining and coal washing. The county implemented 
its clean heating program in 2017 with central heating in two towns, coal-to-gas, and coal-to-biogas alternatives. 
However, more than 100,000 out of 129,502 households still rely on burning raw coal. Each home consumed an 
average of 2–4 tons of coal per winter, with expenses amounting to CNY2,000–CNY4,000.

Zhangzi County is a good representative of many areas in the northern PRC, which are the heaviest users of coal for 
heating. Like most villages in northern PRC, many villages in Zhangzi are distant from the central heating networks, 
have households of varying economic levels, and connected to weak grids. The potential environmental and social 
impact of clean heating is also high in Zhangzi because 77% of the population still used coal before the pilot. 
Moreover, the local government’s commitment and experience in implementing clean heating initiatives will add 
value to the pilot.



3 Clean Heating Technologies

The international workshop on heating identified 12  clean heating technologies in the market, including heat 
pumps, biomass pellet and centralized biogas, solar thermal heaters, improved direct electric heaters, and storage 
that are suitable in northern PRC. Of the 12 technologies, 8 emerging and 2 mainstreamed solutions are presented 
here in 4 categories, followed by a simple insulation guideline.

All eight emerging technologies have had small-scale demonstrations in various parts of the PRC, and have their 
own advantages. There is no panacea of distributed clean heating technologies to meet all demands. For instance, 
ground-source heat pumps at community levels are considered a suitable clean and efficient technology for  
peri-urban and rural areas with low operation costs. However, drilling wells and building a heat pipe network, 
require high upfront investment. Biomass pellets are considered an affordable and zero carbon alternative, which 
can also contribute to organic waste treatment, but these are subject to resource availability and suitable stoves.25 
An  economic assessment that compares these technologies with coal and gas appears later in this chapter. 
Economic estimates are based on the prices and housing conditions in the PRC, which may vary from prices in 
islands, remote areas, and other countries.26

Heat Pumps and Geothermal Energy
Technology 1: Low ambient temperature air-to-air heat pump. An air-to-air heat pump (AAHP) system is a 
ductless, mini-split system that can cover one to three zones. It usually comprises one to three indoor units and 
one outdoor unit with an inverter-driven twin-cylinder rotary compressor, a condenser, an evaporator, a flash tank, 
and two expansion valves (Figure 2). A typical low-temperature AAHP system is considered suitable for the cold 

25 The report presents and selects biomass pellets as a clean heating solution based on the assumptions that (i) the pellets are produced 
from agricultural or forestry residues with sustainable management, (ii) no land use change and deforestation occurs when harvesting raw 
materials, and (iii) the life cycle carbon emissions of pellet during production and transportation are excluded.

26 ADB does not guarantee the accuracy of the data provided by certain suppliers included in this article and accepts no responsibility for any 
consequence of their use.

Figure 2. Air-to-Air Heat Pump Installed in One of the Homes in Zhangzi County

The left photo shows an indoor heating unit, while the right is the outside unit. AAHP uses an efficient heat exchange system 
that amplifies outside air temperature and transfers the heat indoors.
Source: Jiashu Consulting.
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zone (the coldest temperature in winter is below 0°C–5°C) and the severe cold zone (the coldest temperature 
in winter is often below –10°C) in northern PRC. AAHP’s coefficient of performance (COP) is from 2.5–3 in 
wintertime Beijing, which is located in cold zone. Its COP varies with the ambient temperature. Many suppliers also 
adopt variable speed or variable frequency compressors to improve performance at low temperature and to keep 
air flowing at a comfortable velocity.

The AAHP has the following features:

 • Typically has only 3–4 kilowatts (kW) heat output for a single unit.
 • Fast and flexible heating that allows users to turn the unit on and off in the specific room.
 • Easy installation and maintenance, with no need for radiator or floor heating.
 • Strong low temperature heating capacity at –20°C, COP up to 2, and reliable operation at –30°C using 

three cylinder two-stage vapor compression cycles; and
 • Comfortable heating effect due to the design of two air outlets on both the top and bottom of the  

indoor unit, which can be adjusted as needed; the lower outlet produces a carpet-style of hot-air flow to 
heat the room evenly.

Low ambient AAHP was first introduced in the PRC by Tsinghua University in 2011 and piloted in 2017. The 
technology gained popularity in 2018 as an efficient, affordable, and flexible individual heating solution. Low 
ambient AAHPs have been widely used in developed countries such as the United States (US), the Scandinavian 
countries, and Japan.

Technology 2: Ground-source heat pump. The ground-source heat pump (GSHP) system uses shallow 
geothermal energy (depth: 0–120 meters in the case of North China Plain), as an alternative energy source. The 
system provides a distributed and clean solution, adopting non-burning self-heating technology for space heating 
and cooling as well as optional hot water supply. The indoor unit in each room can be controlled independently. 
There are two types of application modes that adopt different heat exchangers. The first mode uses a buried pipe 
heat exchanger and usually covers one house as an individual system. The second mode employs standing-column 
circulation and a heat exchange system, and can serve several households as a centralized system.

The first mode uses heating equipment by partition with separate metering for each household. The number of 
pipe heat exchangers varies depending on the number of rooms to be heated. Buried pipe heat exchanger is a 
mature technology and can be easily replicated. However, the initial costs of drilling are very sensitive to geological 
conditions, and the system offers lower heat transfer efficiency compared to the second mode. Moreover, this 
system takes up a large land area.

The second mode is an innovative technology suitable for different geological conditions and has a wide 
range of applications. It utilizes a single well and close loop groundwater system that saves land and requires  
fewer wells (Figure 3). It offers higher efficiency at a lower heating cost. This mode uses a relatively centralized 
and industrialized collection of shallow geothermal energy and will require an extra partitioned system 
and a small-scale pipe network for each household. This will incur additional costs for hardware as well as  
system management.

Both modes adopt a mature and standardized construction process. Despite slightly higher upfront costs for 
installation, particularly for drilling, the operation costs are low and have less impact on the power grid.
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Globally, ground-source heat pumps are less popular 
than air-source heat pumps.27 Annual sales total is 
0.4 million units.28 The US, Germany, and Sweden are 
the major markets, among which the US accounts for 
half of the sales. Sweden has the highest installation 
rate per capita.

Technology 3: Cascade use of medium and deep 
geothermal energy. Medium and deep geothermal 
resources, with a depth of over 1,000 m, is an adequate, 
clean, recyclable, and stable energy resource that can 
be utilized in different ways. The technology provides 
space heating and optional hot water by capturing 
heat from geothermal water through heat exchangers. 
This technology absorbs only the heat rather than 
geothermal water, which overcomes possible corrosion 
of the residential building’s pipe network and avoids 
ground water contamination. By combining the cascade 
use of heat from the geothermal water with heat 
pump technology, the heating efficiency is improved. 
Groundwater recharge technology is also being applied 
to protect the geothermal resources and environment 
to maintain sustainable use of resources.

This solution provides centralized space heating 
and cooling as well as hot water supply solutions for 
heating surfaces of 20,000–40,000  square meters 
(m2) in severe cold climate down to –25°C. Despite 
high upfront costs, it brings advantages similar to 
those for the second mode of technology 2, including 
high efficiency with lower operating costs than electric 
heaters and gas boilers, and small land area occupancy.

Geothermal heat pumps were first introduced in 1940s and are the common application of geothermal in the 
world. Geothermal heat pumps have applications in 54 countries, led by the PRC, the US, and Sweden in terms of 
installed capacity.29

Biomass Pellet and Biogas
The PRC produces biomass raw material of around 460 million tons of standard coal equivalent every year, which 
guarantees a strong supply for the utilization of biomass in various forms. It does not only solve the problem of straw 
burning by farmers, leading to air pollution, but also make full use of local resources to replace coal consumption.30

27 M. Shan et al. 2020. Comparison of Economic and Emission Performances of Different Technologies from Coal to Clean Energy in Northern 
Rural China. Environment and Sustainable Development. (3): 43–49.

28 IEA. 2020. Heat Pumps. https://www.iea.org/reports/heat-pumps. June.
29 J. W. Lund and A. N. Toth. 2020. Direct Utilization of Geothermal Energy 2020 Worldwide Review. Proceedings World Geothermal Congress 

2020.
30 China Daily. 2016. China to Boost Biomass Energy Development in 2016–2020. 6 December. https://www.chinadaily.com.cn/business/ 

2016-12/06/content_27583351.htm.

Figure 3. Closed Loop Geothermal  
Heat Pump

Source: Diagram modified by the Asian Development 
Bank from: R. K. Dunroese and L. E. Riley. 2009. 
National Proceedings, Forest and Conservation Nursery 
Associations, 2008.
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Technology 4: Biomass pellet and household boiler. Granulators are used to turn agricultural and forestry wastes 
into high density and combustible quality particles. Biomass pellet fuel boilers not only make good use of waste, but 
also reduce the fuel cost and generate zero carbon emissions. With widely distributed raw materials and mature 
processing technology, it is known as “green coal.”

Compared to the traditional boiler, a biomass pellet stove has a relatively large furnace and an adequate secondary 
air supply, which is conducive for the full combustion of biomass fuel and thus less emissions. The biomass pellet 
boiler usually has a pipe attached to hot-water radiators or a hot-air blower. Some models offer both heating and 
cooking functions.

A business model for feedstock supply can be implemented at the local government level. Small, distributed pellet 
factories at the county or township level can be built with part of the funding from local government subsidies, if 
applicable. The county committee or local cooperatives can lead in managing and operating the factory, as well as 
in collecting straw or other biomass residues from farmers. This model engages local farmers into the system as 
both users and providers of the biomass resources and meets the heating demand of the local village as well as the 
neighboring villages. It adds value to an otherwise environmental waste and gives farmers additional income.

Domestic biomass boilers are mature technologies in developed countries, whereas a few household-level pellet 
boiler suppliers emerged only in 2017 in the PRC (Figure 4). Besides space heating, the boiler system is usually 
equipped with a big water tank that also provides hot water.

Technology 5: Centralized biogas production for heating and cooking. An example of this solution is the biogas 
plant in Xihan village of Changzhi City, which is a successful case of circular economy (Figure 5). The technology 
can be used at the community level with abundant biomass waste to replace the use of fossil fuels for cooking and 
heating. Xihan village has 410 greenhouses and several livestock farms, which generate a large amount of waste 
that used to cause water, soil, and odor pollution. The plant is designed to process a wide range of feedstock, 
including animal waste and agricultural waste. The whole system comprises a digester of 1,300 cubic meters (m3), 

Figure 4. Biomass Boilers in Use in 2020

Pellets from agricultural and forestry wastes are used as feedstock to heat homes.
Source: Jiashu Consulting.
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a gas holder, a silage clamp, a slurry tank of 4,000 m3, and has a daily production capacity of 1,400 m3 gas. The plant 
also features an advanced manure management system using an underground pipe network to pump cattle dung 
into the biogas plant, thus reducing odors.

In cooperation with local livestock farms and agricultural cooperatives, the solution develops a circular economy 
business model through the integration of (i) organic waste utilization; (ii) biogas generation for cooking, heating, 
and electricity generation; (iii) organic fertilizer production; (iv) organic vegetable and fruit plantation; and 
(v) straw and feedstock collection. To secure sufficient feedstock, the plant operator collects wastes from its own 
cattle farms. It also provides ploughing, harvesting services, and agriculture machinery support to other farms, and 
in return collects straws and cattle dung. 

The biogas output of the Xihan plant covers over 400 households for both cooking through biogas cooking 
stoves and heating through biogas wall-mounted boilers, as of 2021. Households are charged for their gas 
consumption. All the 400 households enjoy the same subsidies as the ones for gas boilers, including subsidies 
for pipeline construction, heating stove and operation costs. The seasonal variations in biogas demand can be 
up to 20 times, given the dominant load for heating in winter. Power generation capacity is under development 
to make use of biogas in nonheating seasons. In 2017, the plant treated agriculture residues, up to 7,029 tons of 
cattle dung, and helped improve the living environment. Furthermore, the organic fertilizer produced from the 
biogas residue is applied back to the field and the heat from the plant is used to heat the greenhouses in winter 
for high value-added fruit production. The current business is just breaking even without any other subsidies.  
Ninety percent of the revenue comes from selling biogas and 10% is from selling fertilizer to neighboring farms. 
Phase two, which includes a daily capacity of 220,000  m3 and a 60,000-ton organic fertilizer manufacturing 
plant, is being planned. Centralized biogas generation is a proven and reliable technology, but development 
is uneven across the world according to the International Energy Agency (IEA). Europe, the PRC, and the US 
produce 90% of the biogas, among which Germany has the largest market.

Solar Thermal
Solar heating systems use thermal collectors to absorb solar radiation to heat water or other liquid fed into a 
heating circuit. Solar thermal collectors can be classified as low-, medium-, and high-temperature collectors, 
with the temperature level ranging from 65°C to over 500°C. The low- and medium-temperature collectors 

Figure 5. Centralized Biogas System

Gas service lines distribute biogas to homes in Xihan village for cooking and heating.
Source: Photo by Suliya.
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are usually flat plates or evacuated tubes, and the high-temperature ones concentrate sunlight using mirrors or 
lenses. Besides water heating, solar thermal system are becoming popular for warming indoor air either as an  
emissions-free and low-cost source of supplemental heat or a single system, usually by medium- and  
high-temperature solar collectors.

Technology 6: Hybrid concentrating solar thermal. This solution combines a medium/high temperature 
concentrating solar thermal (CST) system with AWHPs or a biomass gasifier for space heating. Linear Fresnel 
reflectors are used to reflect solar rays on a long and fixed receiver pipe containing a working liquid running inside, 
water in summer and antifreeze in winter. The working liquid circulates and carries heat to the water tanks. The 
CST system can be combined with various auxiliary heat sources, subject to local conditions. Option 1 is an 
AWHP and CST system that includes a water tank or phase change material-based thermal storage, as well as an 
automatic control system. When the room temperature is lower than the set temperature, the hot water from the 
storage tank will be pumped into the hot water radiators; when the water temperature in the storage tank is lower 
than the set temperature and the solar radiation is not sufficient, the heat pump connected to the water storage 
will switch on. The second hybrid solution adopts biomass gasifier as the supplemental heating source instead of 
heat pumps, making full use of abundant agriculture waste, and has lower power demand.

This solution offers a tailored stand-alone solution by integrating various supplemental heat resources with a 
control system, based on a good understanding of customers’ heating load, affordability, and local resources. 
Other types of CST technologies, such as a parabolic dish and solar towers, also have applications for a heating 
supply in the market, among which linear Fresnel reflectors are considered relatively cheaper in terms of capital 
costs. In addition, the CST components are modular, and the tailored system can help lower operating costs. 
Both hybrid solutions have demonstrated projects for public buildings such as government buildings, hospitals, 
schools, nursing homes, and toll stations on highways. CST applications are relatively new in the global market 
due to high costs.

Electric Heaters
Direct electric heating has been widely used to supplement or replace coal, thanks to low capital costs, ease of 
installation, low maintenance, and ease of use. Despite high operating costs and lower efficiency compared with 
heat pumps, direct electric heaters can be a short-term or temporary solution.

One innovative approach is to build solar photovoltaic (PV) + electric heating hybrid systems. Running electric 
heating devices in conjunction with a household solar PV system can help reduce electricity costs and carbon 
footprint. Any excess electricity can be fed into the grid. It is suggested to use high efficiency PV modules, such 
as double-glass N-type monocrystalline bifacial modules. The double-glass, also called glass-glass modules, 
generate electricity from both sides by absorbing sunlight through the rear side and therefore gaining 5%–30% 
additional power compared with traditional modules with the same surface area. PV panels can be installed on 
rooftop or spaces near residential buildings, generating electricity to power the graphene panels. One business 
model proposed is to cover the upfront costs through commercial loans with subsidized interest. Consumers use 
the income from selling excess solar-generated electricity to repay the loan. Another possible business model that 
can be explored is the renewable energy service company, a fee-for-service model, that removes the upfront costs 
of solar PV systems. Due to fast decreasing costs of PV modules and the scaling down of feed-in-tariff subsidies 
for distributed PV systems every year in the PRC, the economic feasibility of PV+ heating systems needs to be 
assessed case by case.

Technology 7: Electric heating using graphene panels. This solution employs graphene film to provide clean 
and safe space heating services (Figure 6). Graphene panels are direct electric heaters. The graphene coated 
film is integrated into painting panels that can be hung on walls. They combine space heating, far infrared health 
care, and can serve a decorative purpose. The panels work at a very low voltage. Heating film made of graphene 
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has the advantages of fast heating, fast heat dissipation, and excellent stability. Graphene heater, at room 
temperature, has one of the highest thermal conductivity of any known material, at about 2,000–4,000 watts  
per meter-Kelvin  (W/mK).31 For comparison, the thermal conductivity of copper is 401 W/mK, while silver’s is 
429 W/mK. The heater’s conductivity decreases in the presence of residues or contaminants during fabrication. 
Since graphene boards only conduct heat from electrical current, its heating efficiency cannot exceed 100%—the 
average electric/heating conversion ratio provided by suppliers is 90%. The number provided by the suppliers here 
is 89%.

A hot-pressed high-performance insulation plate and multilayer graphene film ensure rigidity, toughness, 
insulation, and heat resistance. Each panel can be switched on/off separately to heat rooms when needed. The 
graphene panels can be powered by electricity from the grid or from solar PV. As the electricity for heating from 
2017 to 2021 is subsidized, this technology can be an affordable solution for some households with smaller 
heating requirements.

Technology 8: Electric water-based kang bed32 heater. This clean, efficient, and safe heating system technology is 
derived from the traditional water-heating stove bed, which has been applied in northeastern Asia for thousands of 
years. The heater consists of a positive temperature coefficient (PTC) heating element together with a control box, 
hydronic piping, and slotted insulation boards covered with diffusion plates. PTC is self-regulating, safe, consumes 
less power, and eliminates the electric wires found in traditional electric heaters. The system is similar to underfloor 
heating. The insulation boards can be easily cut and assembled on top of the kang bed or subfloor, and then pipes 
are pressed into the slots of insulation boards and connected to the PTC. Tatami mats or final flooring are laid, 
covering the insulation boards with pipes. The system adopts the natural circulation of water, which is achieved by 
the difference in density when the water near the PTC is heated (i.e., the force called thermal driving head caused 
by the difference in density due to the temperature differences within a fluid).

31 E. Pop, V. Varshney, and A. K. Roy. 2012. Thermal Properties of Graphene. MRS Bulletin. Vol. 37. http://poplab.stanford.edu/pdfs/
PopVarshneyRoy-GrapheneThermal-MRSbull12.pdf. December.

32 A Chinese kang bed is a heated living and sleeping platform, built with bricks, adobe or stone. It usually consists of a fireplace, a bed, and a 
chimney. The heat from a fireplace or a stove is directed through flues under the bed and used to heat its surface. 

Figure 6. Graphene Panels Installed in a Home in Zhangzi County

Graphene is an emerging material with high thermal conductivity.
Source: Jiashu Consulting.

http://poplab.stanford.edu/pdfs/PopVarshneyRoy-GrapheneThermal-MRSbull12.pdf
http://poplab.stanford.edu/pdfs/PopVarshneyRoy-GrapheneThermal-MRSbull12.pdf
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This heater system preserves the culture of the kang bed. One person can do the retrofit of a traditional kang 
bed and installation of the system within 2 hours. The pump-free circulation solves the small-area hydrodynamic 
problems with no noise. The heater is ideal for nighttime for bed heating, instead of heating the whole room for 
24 hours, drastically reducing energy consumption. The heater stops working when the temperature reaches the 
pre-set value. It consumes as low as 2kWh of electricity for 8 hours of nighttime operation. The kang bed is evenly 
heated at around 20˚C–24˚C, provides more comfort, and avoids overly heating the room. The heater is suitable 
for temperate climate zones with cold winters.

Mainstreamed Heating Solutions
Technology 9: Wall-mounted gas boiler. The boiler 
burns commercial natural gas from the piping to heat 
the circulating working liquid, usually water, which 
flows around a closed loop inside each radiator 
(Figure 7). The radiators for coal-based heating 
system need to be retrofitted. The boiler is usually 
installed in the kitchen to install a flue system. Rural 
and peri-urban areas of northern PRC do not have gas 
pipeline networks. Deploying gas boilers will require 
expanding gas pipelines, including branch pipes to 
all buildings, at a very large scale. Gas boilers, rather 
than other electricity-based solutions are promoted 
initially and chosen by most local governments as 
the major individual heating solution to replace coal 
to avoid upgrading the power grid. Switching to gas 
helps improve the general air quality. In areas with 
piped gas, a cooking option will be cheaper than 
cylinders. The sudden increase of demand in gas has 
caused gas shortage and price spikes.

This is a common and mature application in many 
European countries. The domestic gas boiler has 
been prompted as one of the major clean heating 
technologies in the PRC since the clean heating 
renovation in 2017.

Technology 10: Low temperature air-to-water  
heat pump. AWHP extracts heat energy from  
ambient air through an outdoor unit and transfers the 
energy to water, which flows through radiators indoors 
(Figure 8). It uses a mechanism similar to a reverse 
refrigeration process. It transfers low-temperature energy to a refrigeration loop where the compressor compresses 
the gases to a high temperature that heats water (Figure 9). Although mainly for heat generation, AWHPs can also 
provide cooling using a reverse process. The low-temperature AWHP improves the performance of the heat pump 
when the temperature drops below zero, and the coefficient of performance can be maintained at 2 (i.e., producing 
2 units of heat by using only 1 unit of electricity) during the winter season. Some models can work at temperatures 
as frigid as –20˚C. AWHP can save money on energy bills over a long lifespan (up to 15 years) and provide thermal 
comfort via a steady flow of warm water. However, it requires a stable power supply and higher upfront investment 
than other boilers. This type of heat pump is a popular clean heating option to gas boilers, but the high upfront costs  
(i.e., over CNY20,000 per household), which were largely subsidized in the PRC, and the slow progress of a power 
grid upgrade hinders its deployment.

Figure 7. Wall-Mounted Gas Boiler  
in a Home in Zhangzi County

Switching from coal to gas boilers has been one of main 
clean heating strategies in the PRC.
Source: Photo by Suliya.



18 Clean Heating Technologies

Figure 8. Air-to-Water Heat Pump with a Small Water Tank

AWHP uses an efficient heat exchange process that extracts heat from ambient air and uses water to transfer heat indoors. 
Source: Jiashu Consulting.

Figure 9. Heating Cycle of a Heat Pump

Source: Image adopted from the Government of Canada. 2021. Heating and Cooling With a Heat Pump.
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It must run continuously even if homes are empty to prevent the waterways from freezing and cracking. It is ideal 
for homes that are always occupied, such as those with family members who are sick, elderly, or young children who 
do not leave the house.

AWHP tripled sales since 2020, largely driven by the PRC’s demand since 2017 when the clean heating renovation 
scheme was launched. In 2017, 1.3 million units were sold in the PRC, followed by Japan and European countries 
(footnote 27).

Insulation Guideline
Most residential buildings in rural and peri-urban areas of northern PRC are poorly insulated, resulting in large heat 
losses and higher energy demand, which means burning more coal and emitting more pollutants. According to the 
Clean Winter Heating Plan in Northern China, released in 2017, urban buildings consume on average 19 standard 
coal equivalent/m2 for heating, while the number for rural buildings is 29 standard coal equivalent/m2. Improving 
energy efficiency can help with significant energy savings (i.e., lower heating demand). Thus, pollution reduction 
should be the essential component of clean heating renovation. In the early 2010s, the national government released 
a voluntary energy efficiency building code. However, the building code is designed mainly for new buildings and 
the whole insulation package costs over $2,000 per household, which many households cannot afford.

Stand-alone houses are common in rural and peri-urban areas of northern PRC. This guideline of affordable 
insulation for stand-alone houses uses homes in Zhangzi County as examples.33 All options are cost-effective and 
easy to implement, considering the limited local capacity and lower income in these areas.

The houses in the region where Zhangzi County is located are generally one or two–stories high. Human living 
quarters are on the first level, while the second level or part of the first level is usually a storage area. The heating 
area is much smaller than the total floor area, so it provides significant improvement to retrofit only the living 
quarters. Taking the houses in Zhangzi County as an example, most houses are built with bricks and concrete 
structures without external wall insulation and with a floor area up to 220 m2, as shown in Figure 10. Wall thickness 
ranges from 240 millimeters (mm) to 370 mm and the ceiling height is usually 3.2 meters (m) to 3.8 m. The 
heating load is high, around 70 watts per square meter (W/m2) to 100W/m2. The heating areas of these houses are  
60 m2–120 m2.

33 This guideline was prepared by Ming Shan of Tsinghua University as part of the pilot project.

Figure 10. Typical Houses in Zhangzi County

Most homes in Zhangzi County are built with bricks and concrete with minimal or no insulation. 
Source: Asian Development Bank.
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The guideline focuses on windows, the north walls, and the ceilings, which are identified as major sources of  
heat loss and can be easily insulated. All materials are widely available in the market at an affordable price. 
Insulating two out of the three locations can reduce the heating demand by 20%–30% at a cost of CNY4,000 per 
house with a heating area no larger than 80 m2. Table 2 shows the summary of solutions and costs. The technical 
details are elaborated in the succeeding paragraphs.

Table 2. Costs of Simple Insulation

Item
Energy Saved 

(%) Insulation Solutions
Costsa (CNY/m2)

Material Installation Total Cost 
Window and door 10 Roll shade type 60 10 70

Hook and loop type 30 0 30
Ceiling 20 Loft insulation 25 10 35

Soffit insulation 25 10 35
Internal north wall 10 Insulation panels 25 10 35

Insulation wallpaper 40 5 45

CNY = yuan, m2 = square meter.
a Costs are based on market rates in northern People’s Republic of China in 2018. They may vary in other places or countries. CNY/m2 

refers to per insulated area, not heating area.
Source: Ming Shan.

Windows: adding insulation curtains. Simple ethylene-vinyl acetate (EVA) plastic thermal screen curtains 
can be added to windows and doors to improve sealing and thermal insulation, as shown in Figure 11. This 
approach can help improve energy efficiency by 10%. The EVA material has the advantage of being windproof, 
coldproof, waterproof, dustproof, and does not block natural light. The curtains are fixed like roller shades, which 
allow windows to open. Including the frame cost (CNY60/m3), the installation totals CNY10/m2. However,  
total costs can be as low as CNY1,500 if the total window area of a house is less than 20 m2. Another cheap  

Figure 11. Insulation Curtain—Roller Shade Type

Thermal screens on windows and doors can improve seal and thermal insulation. 
Source: Photo by Ming Shan.
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solution is the EVA-based transparent window screen with hook and loop edges, as shown in Figure 12. It is  
self-adhesive and can be opened from the center or edge before opening the window. The cost of the material is 
around CNY30/m2.

Figure 12. Insulation Curtain—Hook and Loop Edge Type

Self-adhesive thermal curtains can be easily installed to improve insulation. 
Source: Photo by Jiashu Consulting.

Figure 13. Expanded Perlite Granules and Insulation Packs Placed on the Loft Floor

Granular fill, such as perlite granules, can be placed on the loft floor to create an insulation layer. 
Source: Photo by Ming Shan.

Roof insulation: adding loft insulation or under-soffit ceiling insulation. Two options are presented here for two 
types of ceilings. Option 1 is loft insulation, which can improve energy efficiency by about 20% at very low cost. 
Most rural buildings in the pilot site have sloping roofs. Packs filled with expanded perlite, expanded vermiculite, 
or other granular fill can be placed on the loft floor, forming an insulation layer of 10–15 centimeters (cm). Both 
perlite and vermiculite offer a high level of fire resistance and provide better thermal insulation and fire prevention 
effect (Figure 13).
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If the buildings do not have ceilings or the existing ceiling is unable to support the additional weight, soffit insulation 
is the other option. A wooden frame shall be constructed first, and then finished with 2 cm–3 cm thickness of 
polymer resin panels (Figure 14). These panels serve as an extra insulated ceiling under the original one and provide 
high fireproof standards (Figure 15). Alternatively, one can replace the original ceiling boards, such as plasterboard, 
with polymer resin panels. The material costs about CNY25/m2, and the construction costs about CNY10/m2. The 
total cost can be around CNY2,500 if the retrofit area of a single house is less than 80 m2.

Figure 14. Polymer Resin Panels of Different Colors

Polymer resin panels can be added to the ceiling as another layer of insulation.
Source: Photo by Ming Shan.

Figure 15. Original Ceiling and the Retrofit Wooden Frame

Wooden frames are installed in the ceiling to hold the panels for added insulation.
Source: Photo by Ming Shan.
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North wall: adding an internal insulation layer. The buildings in rural and peri-urban areas of northern PRC 
often have a large north wall, which receives little sunlight and has low surface temperature in winter, resulting in 
a large amount of heat loss. The north wall is more or less a heat sink in the home. Adding north wall insulation 
can improve energy efficiency by about 10%. External wall insulation is common or more effective, but it is much 
more expensive and complex to install. Internal insulation is thus recommended here. The approach is similar to 
above-ceiling insulation, adding an extra insulation layer. A wooden frame is installed first and then covered with a 
2 cm–3 cm thickness of polymer resin panels. The costs are the same, material for CNY25/m2 and installation for 
CNY10/m2. Another option is to glue insulating wallpaper (10 mm thick) directly to the inner surfaces of the north 
wall if the wall is flat and in good condition (Figure 16). The material costs about CNY40/m2, and the installation 
is about CNY5/m2. In general, the cost of north wall insulation can be managed within CNY1,500 if the retrofitting 
area is less than 40 m2.

Figure 16. Insulation Wallpaper and the Finishing

Adding indoor wall insulation can improve thermal efficiency in homes. External wall insulation is often more expensive and 
complex to install.
Source: Photo by Ming Shan.

Cost Analysis
To support the technology selection, a cost analysis of all the solutions together with the traditional coal boilers and 
gas boilers are carried out. It aims to assess these solutions from three dimensions (i.e., costs including upfront and 
operation costs, emissions, and consumption patterns). The performance data of equipment was collected from 
equipment suppliers by Jiashu Consulting, with reference to other industry reports. The guide aims to provide a 
general comparison across various clean heating solutions. The actual operation data may vary depending on the 
product model, usage conditions, and environment.

The analysis chose a typical house in northern PRC, with similar climate to the pilot site and a fixed heating 
demand to estimate fuel consumption and costs because house conditions, consumption behaviors, and the 
heating demand vary significantly among households, and the 10 solutions are based on different fuels. The same 
approach was used in other studies (Zhang et al. 2014; Ping An Securities 2018; and Shan et al. 2020). 



24 Clean Heating Technologies

The analysis can be broken down into the following five steps:

 • Major assumptions: the typical house has a heating area of 100 m2 with no insulation and consumes 
41  gigajoule (GJ) for space heating per winter to keep the room temperate at 16˚C.34 The analysis assumes 
all the heating devices are at continuous or automatic heating mode, even if some devices are better for 
intermittent heating.

 Fuel prices without subsidies and heating system efficiency levels are collected and estimated based on 
related studies, as shown in Table 3. The COP is adopted as the efficiency rate of heat pumps.

 • Calculate the fuel consumption of all equipment for an output of 1 GJ heat, and convert into kilogram of 
standard coal equivalent.

 • Calculate the emissions using emission factors, as shown in Table 4.
 • Calculate costs based on estimated fuel consumption.

 – Collect and estimate the upfront costs per winter season per 100 m2 heating area.
 –  Calculate fuel costs/operation costs. CST+biomass and geothermal solutions are centralized systems 

providing heat to the whole buildings or a community by operators. Thus, the operating costs are the 
service charges rather than fuel costs.

 –  Calculate the EAC for the typical house using annual worth analysis. The formula is as follows:

EAC = Annual Space Heating Cost + CapEx

m = Life Span of Heating Devices

Five-Year Deposit Interest Rate – Inflation Rate
1 + Inflation Rate

i = 

i(1 + i)m

(1 + i)m – 1

  where:
EAC = Annual Space Heating Cost + CapEx

m = Life Span of Heating Devices

Five-Year Deposit Interest Rate – Inflation Rate
1 + Inflation Rate

i = 

i(1 + i)m

(1 + i)m – 1

,

EAC = Annual Space Heating Cost + CapEx

m = Life Span of Heating Devices

Five-Year Deposit Interest Rate – Inflation Rate
1 + Inflation Rate

i = 

i(1 + i)m

(1 + i)m – 1

.

 In the above formula, i = the discount rate, using a 5-year deposit interest rate of 4% and an inflation rate 
of 3% in the PRC; m = 10 years for all devices.

 • Estimate the costs of AWHP systems adding insulation to the house. Assuming the simple window or door 
and ceiling insulations are done. The costs are around CNY5,500 and 30% of heating demand is saved.

34 Ping An Securities (2018) assumes a typical insulated house consumes around 29 GJ of heat per winter. A house without insulation could 
consume 40% more energy, as suggested by the insulation guideline. Therefore, 41 GJ is assumed as the total heating demand.

Table 3. System Efficiency and Fuel Cost Assumptions

No. Heating Solutions System Efficiency Fuel Price
0 Coal boiler 57.87% CNY900/ton of local coal
1 AAHP COP = 3 CNY0.51/kWh
2 GSHP System COP = 3
3 Geothermal System COP = 5
4 Biomass briquette + household stove 81.60% CNY1,200/ton of wood pellet
5 Centralized biogas 80.00% CNY1.7/m3

6 Liner Fresnel CST+ biomass gasifier 85.00% CNY0.51/kWh*CNY1,200/ton
7 Graphene heaters 78.40% CNY0.51/kWh
8 Electric water-based kang bed heater 99.00%
9 Wall-mounted gas boiler 85.20% CNY2.6/m3

10 AWHP COP = 2.5 CNY0.51/kWh

AAHP = air-to-air heat pump, AWHP = air-to-water heat pump, CNY = yuan, COP = coefficient of performance,  
CST = concentrating solar thermal, GSHP = ground-source heat pump, kWh = kilowatt-hour, m3 = cubic meter.
Source: 2018 Clean Heating Workshop, Ping An Securities (2018), Shan et al. (2020).
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Table 5 shows the results of the cost analysis. First, from the fuel consumption perspective, various heat 
pumps including geothermal are among the most efficient solutions, (i.e., consuming the least amount of fuel).  
Medium-depth geothermal system ranks at the top, while electric direct heating solutions, including graphene 
heaters and the kang-bed heaters, are relatively less efficient.

Second, in terms of emissions reductions illustrated by the left chart of Figure 17, biomass and biogas solutions 
have no extra carbon emissions, and heat pumps and gas boiler show at least 30% of reductions compared with 
coal, whereas electric direct heating solutions emit more PM2.5 due to the high carbon intensity of the PRC’s 
power generation, mainly coal-fired. As for air pollutants, all solutions demonstrate at least an 80% decline in 
PM2.5 emissions compared with burning coal, topped by electricity-powered devices and then gas boilers and 
centralized biogas. All solutions show a 40%–70% drop in SO2 emissions, among which electric direct heating 
devices indirectly emit relatively high levels of SO2. Notably, biomass-based solutions, including biogas, emit high 
levels of NOx, which require better abatement approaches for small systems.

Third, the EAC results, as shown in the right chart of Figure 17, show that burning coal remains the cheapest heating 
method, below CNY3,000 per winter, followed by AAHP and biomass pellet boilers costing below CNY4,000, 
around 30% higher than coal. Both electric direct heating solutions cost the most. Centralized systems generally 
have high EAC due to the costly heating network infrastructure. Both AWHP and GSHP require high upfront 
costs but operate at very low costs. The insulation + AWHP solution clearly illustrates the benefit of fitting homes 
with insulation to conserve energy. Despite higher upfront costs, the EAC and operating costs of insulation + 
AWHP are lower than AWHP without insulation. Moreover, improved building envelop efficiency leads to less 
energy consumption and fewer emissions. The cost of continuously running heat pumps, (e.g., AWHP and 
gas boilers), are much higher considering the cost of the pipe network and the grid upgrade that range from 
CNY10,000 to CNY20,000 per household. These expenditures are usually subsidized by the government. The 
costs of biomass systems are highly influenced by the costs of biomass pellets, therefore building a local pellet 
factory is recommend to lower the price.

In contrast to urban households, residents in rural or peri-urban areas have different consumption patterns 
and occupant behavior. Part-time and part-space heating are required.35 To a certain extent, cost-effective and 
on-demand room heating solutions, which can be easily switched off, are suitable for most residences that are 
price-sensitive. Continuous heating may be needed for households having young children. In summary, AAHP 

35 G. Zheng and W. Bu. 2018. Review of Heating Methods for Rural Houses in China. Energies. 11 (12). p. 3402.

Table 4. Emissions Factors

Fuel Type
Emissions Factors

PM2.5 SO2 NOx CO2

Raw coal (g/kg) 3.73 1.78 2.05 2,497
Natural gas (g/m3) 0.30 0.63 1.84 2,184
Biomass pellet (g/kg) 0.73 0.18 4.01 0
Electricitya (g/kWh) 0.04 0.20 0.19 841
Biogasb (g/m3) 0.30 0.63 1.84 0

CO2 = carbon dioxide, g = gram, kg = kilogram, kWh = kilowatt-hour, m3 = cubic meter, NOx = nitrogen 
oxide, SO2 = sulfur dioxide.
a These emission factors are estimated for electricity generated in Shanxi Province taking into account 

that 88.96% of power was generated from coal in 2018 in the province.
b Assuming factors for biogas are the same as the ones for natural gas except factors for CO2 emissions
Source: Shan et al. (2020).
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and domestic biomass stoves are cheap and low-emission solutions for on-demand heating supply, as long as 
the NOx emissions of biomass stoves can be controlled, and biomass resources are available locally. GSHP and 
AWHP offer individual continuous heating supply at relatively low operating costs, but both require high upfront 
investment and probably power grid upgrade. Biogas, CST, and geothermal are the three centralized solutions that 
are limited by resource availability. The latter two solutions are suitable for public buildings. Many applications 
of solar thermal have emerged for district heating coupled with storage and other systems. Advantages of the  
kang-bed and graphene heaters include easy installation, easy-to-use, and low upfront costs despite the high 
operation costs. They are ideal for meeting temporary or auxiliary heating demand. Gas boilers are not recommended 
due to the uncertainty of gas supply, high infrastructure costs, and safety concerns.

Figure 17. Emissions and Cost Comparisons

Emissions Costs

AAHP = air-to-air heat pump, AWHP = air-to-water heat pump, CapEx = capital expenditure, CNY = yuan, CO2 = carbon 
dioxide, CST = concentrating solar thermal, EAC = equivalent annual cost, g = gram, GJ = gigajoule, GSHP = ground-source heat 
pump, kg = kilogram, m2 = square meter, NOx = nitrogen oxide, OpEx = operational expenditure, PM = particulate matter,  
SO2 = sulfur dioxide.
Source: 2018 Clean Heating Workshop, Jiashu Consulting, and Asian Development Bank.
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4 Deploying Clean Heating Technologies

Stakeholder Analysis
The Changzhi City government provides the overall direction of the clean heating transition in the city, including in 
Zhangzi County. Table 6 lists the other stakeholders of the project and their heating concerns or interests.

Table 6. Stakeholder Needs and Pilot Approaches

Heating Interest/Concerns Stakeholder Approach
Improve air quality by displacing use of coal 
for heating with cost-effective clean heating 
strategies in line with the Northern China Clean 
Heating Plan (2017–2021).

Monitor the performance or achievements of the 
city’s clean heating program.

Changzhi City 
Government 

The Changzhi City government promoted these 
clean heating schemes:
	 •	 Replacing	coal	with	gas
	 •	 Replacing	coal	with	electricity

It offered subsidies for the implementation of 
clean heating projects.

It selected the Zhangzi County for the pilot study 
to explore how decentralized or stand-alone 
equipment can be deployed at scale in  
peri-urban areas of the city.

The project initiated an online monitoring 
platform that can track deployment of clean 
heating technologies.

Zhangzi County includes peri-urban and rural 
villages where coal burners are the primary 
heaters.

The Zhangzi County government aims to 
understand the heating needs of households 
in peri-urban and urban villages and explore 
technology options to meet these needs.
It requires affordable and scalable clean heating 
technologies that
	 •	 are	appropriate	in	rural	and	peri-urban	area,
	 •	 	will	not	require	significant	investments	for	

new infrastructure,
	 •	 will	not	strain	energy	resources,
	 •	 will	require	the	least	amount	of	subsidies,	and
	 •	 	will	satisfy	the	varying	heating	requirements	

of households.

Monitor the performance of clean heating 
program. 

Zhangzi County 
Government 

It selected the villages included in the project 
and facilitated the matching of households to the 
most appropriate technology option.

The pilot offered different clean heating 
technology options that could meet the varying 
heating needs of households in rural and peri-
urban areas. The technologies:
	 •	 	are	stand-alone	or	decentralized	systems—

scalable and do not need to construct pipe 
networks for the distribution of gas or heat,

	 •	 are	energy	efficient,
	 •	 	run	on	available	and	renewable	energy	

resources, and
	 •	 affordable.

The project initiated an online monitoring 
platform that can track deployment of clean 
heating technologies.

Easy to deploy clean heating technologies that 
can be used by rural and peri-urban households.

Village Committee The pilot offered four stand-alone, relatively 
commercially mature technologies that 
households could select from.

The village committee selected the households 
and deployed the prioritized technology options.

continued on next page
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Heating Interest/Concerns Stakeholder Approach
Affordable, convenient, and effective heating 
devices.

End users or 
households

Subsidies are offered by the local government 
to bring down the capital cost of equipment and 
operating cost.

The pilot presented four clean heating options to 
fit the different needs of the households. 

Increased demand for clean heating equipment. Clean heating 
device 

manufacturers  
and suppliers

The pilot initiated an online clean heating 
platform designed to track equipment 
performance. The insights from this project 
can help improve the quality and efficiency 
of technologies.

Source: Asian Development Bank.

Selection of Pilot Villages and Households
The four villages of Dongguo, Dongwa, Peijazhuang, and Zhangheshen from Zhangzi County were selected for 
the pilot. These villages were chosen because they are good representatives of many households in northern 
PRC that still rely on coal-burning for heating. The following were the specific considerations when the villages 
were selected:

 • Households in the village had varying income levels to allow the deployment of devices with different 
heating costs (i.e., equipment cost and operating cost). The size of the village should be around 100 to 
200 households, which is not too big or small for scaling up.

 • Villages are far from the central heating network, and there are no short- or mid-term plans to extend the 
network to these villages.

 • There is slow upgrade of the distribution power grid in the area. The pilot wanted to determine if existing 
power systems can support electric heating devices and to identify other non-electric options for areas 
with limited infrastructure.

 • There are potential biomass and other alternative energy sources.
 • The hallowing rate or the migration rate does not exceed 40% (i.e., that less than 40% of the population 

leaves the village to work in other places for extended periods). This suggests that most homes will be 
occupied throughout winter, thus allowing better understanding of usage patterns.

 • The village committee has a high degree of willingness and exhibits capability to oversee the pilot’s 
implementation to ensure that information is collected and learnings are captured.

Eligible households were selected based on their willingness to participate, and budget was allocated for heating 
expenses. Households with disposable income higher than CNY30,000 were prioritized. This amount indicates 
ability to sustain the use of the equipment. A total of 66 households from the four villages participated in the pilot.

 Based on a preliminary scanning of the villages, households can be classified into three groups according to the size 
of their homes and estimated heating requirements as presented (Table 7).

Table 6 continued
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Table 7. Classification of Pilot Households

Household 
Type

Heating Area
(square meter)

Heating 
Requirement 

(kilowatt)a Occupants % of all Houses
A <80 8 Often occupied by 1–2 people, most often  

in their 20s, or 1 elderly
15

B 90–120 10–12 Often occupied by 3–4 people, consisting  
of 1 middle-aged couple (or 2 elderly), and  
1–2 children

75

C 130–150 13–15 Often occupied by 4–6 people, consisting  
of 1 young couple, 2 elderly people or  
1–2 children

10

a 1 kilowatt for every 10 square meters of poorly insulated homes, and per 25 square meters of well-insulated homes.
Source: Jiashu Consulting.

Technology Selection Criteria
The technologies deployed were selected from the 10 clean heating options described in the previous chapter. 
The criteria used were:

Technical Considerations

 • System structure. Household heating can be from centralized district heating plants or from individual 
home units. The appropriate system structure will depend on location, population density, users’ heating 
requirements, and willingness to pay.

 The selected villages are less dense and far from the city’s existing heating network, with residents living in 
detached houses and having lower income. A centralized heating system requires expensive infrastructure 
and complex arrangements that will take time to develop and construct. Therefore, the pilot will look at 
individual decentralized home solutions that can be easily installed in homes.

 • Technology maturity. Strong clean heating policies and incentives in the PRC drive the rapid 
development of new heating technologies. Innovative solutions are emerging but may not be ready for 
commercial deployment because of unproven performance or weak supply chains.

 The pilot prioritized technically proven and market-approved solutions. Heating efficiency must be  
higher than traditional coal furnaces, which have an average efficiency of 60%. Technologies that can 
provide on-demand heating were preferred.

 • Energy source. The technology must run on available clean energy supply. Clean energy may be electricity 
(because of reduced emissions), a renewable energy source, including biomass, or gas fuels (as identified 
by the national and city policies) that produce lesser emissions and pollutants than coal.

 The pilot prioritized technologies that run on electricity or any renewable energy source. There are known 
available shallow heat geothermal resources in the northeast plains in Zhangzi. In terms of biomass, forest 
residues are estimated at 40,000 tons/year and additional 1,000 tons from forest pruning. Agricultural 
wastes from farming corn and wheat are also abundant. Changzhi City is 100% electrified, with 905.8 MW 
power plants supplying the grid. Changzhi is an electricity-exporting city with adequate power supply. 
However, the grid’s capacity is limited in certain areas of Zhangzi County, with no immediate plans 
to upgrade.

 • Ease-of-use and scalability. The technology can be easily adopted by all user types (regardless of age 
and education). Devices must be sturdy and require only light maintenance work for upkeep. They must be 
easily deployed and installed.
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Technology Costs

 • Equipment cost. The equipment cost for home systems includes the price of the device and installation 
costs. The pilot prioritized technologies that are within the range of the government’s equipment subsidy 
of CNY20,000.

 • Operating cost. It covers fuel costs and maintenance costs. Ideally, it must be lower than the cost of coal 
for heating. However, the operating cost for electric clean heating devices is still higher in most places. 
According to the fuel poverty definition, operating costs should not exceed 10% of the annual household 
income.36 The average household disposable income of Zhangzi County in 2017 is CNY51,260.37 The 
pilot selected technologies whose operating cost is estimated to be around CNY5,200 for the entire 
heating season.

Emission Reduction Potential

 • Inorganic emissions. The device’s PM2.5 emissions must be less than the emissions from coal-burning. 
The technology must lead to reduced PM2.5 levels to minimize adverse health effects. NOx and SO2 
emissions should also be minimal as both pollutants are associated with negative health effects and central 
to the formation of acid rain and the secondary formation of PM2.5.

 • Carbon emissions. Besides air quality impact, the technology should have lower carbon footprint, 
preferably renewable energy-based.

 Some electricity-based solutions may not be low carbon for now, as over 89% of power comes from coal 
in Shanxi Province in 2018, and coal will likely remain the dominant energy source for several years. These 
solutions will have lower carbon emissions levels as the power sector de-carbonizes.

AAHP, AWHP, biomass, and graphene were selected based on these selection criteria (Table 8).

AAHP and AWHP are commercially available with increasing volume of sales and number of manufacturers. 
Graphene, as a material, has not been typically used for domestic heating. But, its high thermal conductivity and 
ease of use makes it a promising option for household use. It does not have the same volume of market following 
compared to the heat pumps yet and suppliers are still limited. Biomass stoves and boilers are fundamentally 
mature technologies. The biomass stove deployed in the pilot uses an advanced phased-burning design that is 
twice more efficient than traditional stoves. Since its operation is inherently hinged with feedstock supply, it has  
not yet reached the level of commerciality as the electric-based heaters that are plug-and-play systems. 

36 TURN2US. Fuel Poverty—What is Fuel Poverty? https://www.turn2us.org.uk/Benefit-guides/Fuel-Poverty/What-is-fuel-poverty#guide-
content. (Feng, et al. 2021) defines the concept of heating stressed if the operating expense for heating per winter is between 6%–10% of the 
annual disposable income per household and 4%–6% as energy burdened. 

37 The per capita disposable income of Zhangzi County in 2017 is CNY18,242/year (Shanxi Provincial Bureau of Statistics and Survey Office 
of the National Bureau of Statistics in Shanxi, 2020). Zhangzi County in 2017 has 129,800 households with a population of 364,000, and 
average household size of 2.81 (Hongkeiku, 2020). The average disposable income per household is calculated accordingly. For reference, 
the average per capita disposable income in Shanxi Province in the same year is around CNY20,420/year (National Bureau of Statistics of 
China, 2019). 
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Table 8. Summary of Clean Heating Technologies

Item Coal Boiler Biomass Boiler AAHP AWHP Graphene Heater
Heating mechanism Combustion Combustion Reverse  

Carnot cycle
Reverse  

Carnot cycle
Direct electric 

heating
Terminal Radiator Radiator Forced air Radiator Radiant heat
Coefficient of 
performance or 
energy efficiency 

0.6 0.8 3.0 2.5 0.78–0.90

Technology maturity Mature 
technology

Improving 
technology

Mature 
technology

Mature 
technology

Improving 
technology

Energy source/fuel Coal Biomass 
feedstock

Electricity Electricity Electricity

Ease-of-use/ 
scalability

Moderately easy-
to-use

Moderately easy-
to-use/ Scalable

Easy-to-use/ 
Scalable

Easy-to-use/ 
Scalable

Easy-to-use/ 
Scalable

Initial investmenta CNY3,500 CNY6,500 CNY18,000 CNY24,000 CNY14,125 
Operating Cost ~CNY2,400 ~CNY3,200 ~CNY1,900 ~CNY2,300 ~CNY7,400 
Emissionsa

 PM2.5 (g)
 CO2 (kg)
 SO2 (g)
 NOx (g)

10,093
6,757
4,817
5,547

1,947
0

480
10,695

152
3,193

759
721

182
3,831

911
866

581
12,218
2,906
2,760

AAHP = air-to-air heat pump, AWHP = air-to-water heat pump, CNY = yuan, CO2 = carbon dioxide, g = gram, kg = kilogram,  
NOx = nitrogen oxide, PM = particular matter, SO2 = sulfur dioxide.
a For units sized for a 100-square meter heating space.
Source: 2018 Clean Heating Workshop, Ping An Securities (2018), Shan et al (2020).

Supplier Selection
The suppliers of devices were selected through a competitive bidding process using these criteria:

 • Remote monitoring capability. Their product can be linked or modified to connect to an online 
monitoring platform.

 • Technical competence. The manufacturer must exhibit a strong understanding of technology and conduct 
active product development initiatives. The enterprise must be the technology owner or patent holder.

 • Track record and business model. The manufacturer must provide evidence of their product’s performance, 
including customer satisfaction. They should have experience implementing home renovations for heating 
and have working experience in Changzhi City. Preferably, they have a business model for the distribution 
of the product.

 • After-sales service. The manufacturer must provide an acceptable warranty period for the devices. They 
should be able to extend after-sales service, including training on the proper use of equipment.

 • Cost. The price of their product must be within market rates.

There were five suppliers for the heat pumps, one for graphene heaters, and two for biomass boilers.
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Technology and Household Matching
Most homes in Zhangzi have two levels, are made of brick concrete, and lack insulation. Wall thickness is about  
one brick thick, or 240 mm–370 mm. The height of the homes is between 3.2–3.8 meters.

Each household was paired with a clean heating device based on their heating requirement, preference, and heating 
budget. The general guide for matching the equipment to households is shown in Table 9. The levelized cost of 
energy (LCOE) of each device was calculated based on an annual 40 GJ38 heating demand of a typical home in 
Zhangzi County.

Table 9. General Household and Clean Technology Matching

Feature
Air-to-Air  

Heat Pump
Air-to-Water  
Heat Pump Graphene Heater Biomass Boiler

Equipment life 15 10 15 10
Unsubsidized LCOEa 
(CNY/GJ)

83.44 123.85 218.33 105.82

Subsidized LCOEb

(CNY/GJ)
34.83 67.54 159.55 57.65

Capital expenditure Middle High Low Low
Operating expenditure Low–Mid Mid–High Low–High Mid–High
Response Quick Slow Moderate Slow
Operation mode On-demand 18–24 hours On-demand 18–24 hours,
Heating source Room heating Central heating Room heating Central heating
Thermal comfort Low–Moderate High Low–Moderate High
Others – Requires maintaining 

low-temperature 
operation to prevent 

frozen pipes

High power 
consumption 

Requires reliable 
supply of feedstock

Requires maintaining 
a low-temperature 

operation to prevent 
pipes from freezing

With burner for 
cooking 

Household Low–high income
≤ 12 hours use
Without water 

radiators

High income
18–24 hours use

With water radiators
Upgraded power grid 
supporting extra load

Low income
≤ 12 hours use
Without water 

radiators

Mid-high income
18–24 hours use

With water radiators

CNY = yuan, GJ = gigajoule, LCOE = levelized cost of energy.
a The cost of electricity = CNY0.51/kWh, cost of coal = CNY900/ton, cost of biomass = CNY1,200/ton. Discount rate = 9%. LCOE 

for all technologies was calculated for delivery of the same amount of heat (40 GJ). Basic installation cost is included but does not 
include water pipe systems for centralized heating technologies (biomass and air-to-water heat pump).

b Subsidies included max of CNY20,000 for equipment cost, and CNY2,400 subsidy on operating costs per year for the first 3 years.
c Equipment cost were rounded average from the suppliers of the pilot project.
Source: ADB, 2018 Clean Heating Workshop, Jiashu Consulting.

38 Calculated from the average consumption of coal for heating of a home in Zhangzi County. 
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The subsidized LCOE reflects the clean heating subsidies in Shanxi Province. The government offered the 
following incentives to households switching to electricity-powered solutions until 2020, based on the current 
policy (Chapter 3):

 • Equipment subsidy: maximum CNY20,000 per household.
 • Operating subsidy: maximum CNY2,400 per winter/heating season.

Biomass and other renewable energy solutions receive the same subsidies as electric-powered devices. The 
operating subsidy is 4,700 kWh for the entire winter season or 2 tons of biomass (at CNY1,200/ton).39

AAHP has the lowest LCOE among the clean heating technologies. Its equipment price is relatively low, and its 
high efficiency reduces operating costs. The higher LCOE of AWHP is attributed to its higher equipment cost, 
and slightly lower efficiency than AAHP. Notably, the cost of water tanks, heat pipes, and terminals are not  
included in the analysis. The LCOE of biomass can drop to CNY79/GJ if the feedstock price can be reduced to 
CNY800/ton (the lowest price of feedstock in the PRC). Graphene heaters require high power input to generate 
the desired heat levels, leading to high electricity costs and the highest LCOE among the clean heating devices. 
However, it can be an ideal solution for households with flexible and minimal heating needs.

The distribution of equipment to households is summarized in Table 10.

Table 10. Distribution of Equipment among Households

Technology

Number of Households
Peijiazhuang 

Village
Zhangheshen 

Village
Dongguo  

Village
Dongwa  
Village

Total 
Households

Air-to-water heat pump 3 3 6 3 15
Air-to-air heat pump 3 3 6 3 15
Graphene heater 0 0 3 3 6
Biomass 5 10 10 5 30
Total 11 16 25 14 66

Source: Jiashu Consulting.

Technology Installation and Use
Each home was fitted with its assigned clean heating device. Some homes required installation of new ducts,  
drilling of entry points for pipes, and construction of support bases. All households were trained to operate the 
devices, including basic maintenance procedures. Households were asked to operate the equipment according 
to their preference but encouraged to set a temperature of 16°C–18°C. The village cadre collected daily data on 
indoor and outdoor temperature, operating hours, and energy consumption (November 2018–March 2019).

The pilot served as the testing ground for a Clean Heating Online Platform developed to track equipment 
performance. The platform uses a “smart” system that translates signals transmitted by the equipment into usable 
data in real time. Since the devices have different heating mechanisms (i.e., such as combustion and heat pump 
technology), they send various types of signals to the platform. However, the equipment’s sensors were not all 
compatible with the platform’s communication system. This had been the biggest challenge in the development of 
the online platform (Chapter 6).

39 The market price of wood pellets in north PRC in 2018 varied from CNY780–CNY1,350/tons depending on the delivery distance and order 
size. The quoted price was high because there were no pellet manufacturers near the pilot site and the order size is small. 



5 Results of the Pilot Project

The pilot ran for 4 months, from November 2018 to early March 2019. The outdoor temperatures went as low 
as –9°C. Over 100,000 households in Zhangzi County burn locally sourced Shanxi coal for heating using either 
furnaces, stoves, or boilers. Homes that use boilers are already fitted with water pipes and radiators as heating 
terminals. Most households maintained an indoor temperature of 16°C, while 14°C is acceptable in poorly 
constructed homes.

The average calorific value of Shanxi coal is 6,242 kilocalories per kilogram (kcal/Kg), which is significantly higher 
than the average for Chinese coal (5,350 kcal/Kg). Each household consumed an average of 2–4 tons of coal each 
winter season that costs CNY900/ton. The equivalent annual cost (EAC) for heating for a family consuming 
2,500 kg of coal is CNY2,917/year. The heating demand can be estimated from 26 GJ to 48 GJ per household 
(40 GJ for a standard 100 m2 home), given that coal boilers have a 60% or less efficiency rate.

Technology Performance
The succeeding discussions focus on the performance of the four technologies. Table 11 summarizes operational 
data of the different equipment, including average energy consumption and hours of use. These are primary data 
collected onsite.

Table 11. Clean Heating Equipment Performance

Household Type
Heating Area  

(square meter)

Average Daily  
Energy Input  

(kilowatt-hour)

Average Daily  
Hours of Use  

(hour)

Indoor  
Temperaturea  

(°C)
Air-to-Air Heat Pumps (AAHP)
Type A ≤ 80 24.7–27.8 8.0 13.2
Type B 90–120 24.4–28.0 8.9 17.0
Type C None installed
Air-to-Water Heat Pumps (AWHP)
Type A ≤ 80 88.9–97.5 23 13.2
Type B 90–120 96.9–102.7 24 14.5
Type C None installed
Graphene
Type A 40 18.8–22.7 10.2 12.4
Type B None installed
Type C None installed
Biomass

(kilogram)
Type A ≤ 80 22–39 22 13.2
Type B 90–120 22–30 24 14.2
Type C 130–150 20 24 12.6

°C = degree Celsius.
Note: Values presented here are averages of data obtained from homes with the same areas.
a Temperature readings were taken for 89 days in the evening (5:00 to 8:00 p.m.). The figures represent the average over 89 days.
Source: Jiashu Consulting.
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Air-to-air heat pump. AAHPs provide localized heating—heating only the specific rooms where indoor heads 
are installed. It uses the reverse Carnot cycle that magnifies the energy input to produce heat. The AAHP models 
selected were ductless, mini-split systems (one coil inside and another outside) with multi-zone indoor heads that 
distribute the heat (Figure 2). Most homes were installed with three indoor heads of varying sizes (3kW, 4kW, or 
5kW), according to the size of the room. Each indoor unit is fitted with a thermostat so the temperature can be set 
as preferred. The rapid heating feature gives users flexibility to turn it on and off when they please, contributing 
to energy cost savings. The average period of use is about 8.6 hours per day. Areas without a heating head are 
significantly colder, creating temperature gaps across the house.

The smaller houses (Type A) kept the temperature relatively low at 13°C but consumed more energy per unit 
space. The installed units may have been oversized for the heating area. An oversized unit will reach the set 
temperature too quickly and shut off often, resulting in temperature fluctuation and poor humidity control. There 
will be numerous heating cycles leading to reduced efficiency and high energy costs. Poor insulation will also lead 
to higher energy consumption.

There was a consensus that AAHP delivered satisfactory heating, and that it was easy to use. Some users observed 
dryness and dust suspension when the airflow was high. Once turned off, the temperature drops rapidly in the 
room due to the poor insulation. There were no units that malfunctioned during the pilot period.

A post-pilot visit to the villages revealed that 12 out of 15 households continued to use the AAHPs. The other three 
switched to gas because they found the blown air too hot and unpleasant. They said that gas heating was more 
comfortable but harder to operate and more costly. They expressed regret about losing the flexibility of the AAHP.

Air-to-water heat pump. AWHPs also use the reverse Carnot cycle to generate heat. The primary difference 
between AWHP and AAHP is its use of water to channel heat. It gives little user flexibility, as it must be turned on 
constantly to prevent the water pipes from freezing. As a result, homes installed with the same heat pump size or 
heating capacity consume similar levels of electricity.

All users were satisfied with the constant indoor temperature that the AWHP could maintain. There were a few 
minor complaints, such as low noise coming from the outdoor unit. A few users said they had trouble regulating 
the indoor temperature , which sometimes was too high. After-sales service was not yet well set up during the pilot, 
resulting in a few days of shutdown for two homes. Overall, users found the heating effect of AWHPs excellent and 
comfortable. The high cost is acceptable to them, although it must be noted that the equipment costs and part of 
the electricity bill were still subsidized. All households installed with AWHPs continued to use them after 2 years.

Graphene. Graphene boards are “direct heating” equipment, with each panel acting as a heating terminal. Each 
board has a heating capacity of 0.5 kW, ideal for heating 5 m2 of space. Homes were installed with 13–20 boards, 
often 4–5 boards per room. In effect, the heating capacity per room was about 3 kW, which was small. Since 
graphene boards have a rapid heating feature, users would often use one set at a time, heating only an occupied 
room. The boards were used for an average of 10 hours and raised ambient temperatures to 12°C–13°C.

Graphene boards could be the cheapest option for spaces smaller than 60 m2. Its initial cost is the lowest among 
the four technologies at CNY565 per board. All users found the operating costs acceptable but were not satisfied 
with the heating. In frigid weather, the panels cannot heat the entire room but only the immediate area near the 
boards. The 4–5 panels were not sufficient to generate enough heat for the whole room, aggravated by the poor 
insulation of the houses. An advantage of graphene heaters is their modularity and convenience. Boards can easily 
be added to a room to reach the desired capacity and improve the heating effect. Moreover, it operates like other 
conventional electric heaters, which are popular among residents.
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Four households out of the five and the village committee office (usage was not included in the data analysis) 
continued using the graphene boards after the pilot. Households were small families with limited heating needs 
since they work for most hours of the day. They enjoyed the low cost and ease-of-use of the graphene panels. The 
other household switched to gas heating.

Biomass boiler. The biomass boilers used in the pilot were developed in cooperation with Tsinghua University. 
It used a phased burning technology that enhanced combustion efficiency to twice that of the traditional stove. 
This model passed the national standard emission requirements. Like the AWHPs, biomass boilers operate as a 
central heating system that should be connected to a water tank and a water pipe system. Most biomass boilers 
were run for 24 hours daily to prevent freezing and cracking of water pipes with the water temperature set at 40°C. 
Users’ average daily consumption of biomass is shown in Table 11. The average indoor temperature maintained was 
relatively low at 13.7°C.

The boiler was designed to run on wood pellets made from agricultural and forest wastes. These residues 
are traditionally burned by farmers, adding to the air pollution. Pelletized wood has a higher heating value  
(4,300–4,800 kcal/kg) than other loose biomass. There was no local production of pellets in Shanxi Province 
during the pilot, which contributed to its higher cost of CNY1,200/ton. Once supply can be established within the 
county, the cost of biomass can go down to CNY600–CNY800/ton.

Thirty households installed biomass boilers such as the ones shown in Figure 4. Most found the heating 
temperature comfortable on average days. However, the heating effect was low when the weather was extremely 
cold. Out of the 30 users, 53% experienced breakdowns, and 33% decided to stop using the biomass boilers 
without completing the pilot. Most malfunctions were minor and could have been easily managed, such as 
ignition failure, blockages in the wood pellet hopper and the ash chamber, and incomplete combustion. However, 
limited access to after-sales service and users’ minimal experience with the device led to some faulty biomass 
boilers being abandoned.

Some of the biomass boilers were not installed in an optimal configuration, leading to problems. The burner must 
get a steady flow of oxygen for more efficient combustion. However, some boilers were placed in tight quarters 
that lacked good airflow. For example, one boiler was placed in a U-shaped corner, where three of its sides were 
against the walls, giving little room for ventilation. Modern biomass boilers for households are relatively new in the 
PRC. Suppliers and users are not yet knowledgeable on the most effective configurations for the biomass boilers. 
In some cases, the options where the biomass stove can be placed are limited.

The most significant challenge, however, was sourcing the correct feedstock. Each household was provided 
2 tons of wood pellets at the start of the pilot but did not know where to purchase more when they ran out. A few  
users tried using other types of biomass, but these were of different quality and produced smoke, coking, and 
moisture build-up.

After the pilot period, only three households chose to continue using the biomass boilers. The majority shifted to 
gas heating. The uncertainty in feedstock supply, frequent stove failures, and the low heating temperatures were 
their main reasons for shifting to gas, which they found easier to run.

Cost of Heating
The unsubsidized cost of owning and operating clean heating equipment was plotted against heating demand 
(Figure 18). AAHP has the least EAC because of its efficient conversion of energy to heat, flexibility of usage, 
and low equipment cost. Users can easily control usage and consequently manage energy expenses. AWHP, 
while using the same heating mechanism, is less flexible. It must constantly run throughout the winter season 
to keep the pipes from freezing. Its operating cost varies slightly with increasing heating demand because it will 
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Figure 18. Unsubsidized Equivalent Annual Cost of Heating versus Heating Demand

AAHP = air-to-air heat pump, AWHP = air-to-water heat pump, CNY = yuan, EAC = equivalent annual cost, GJ = gigajoule.
Notes:
1. The operating cost of electric-based devices reflects the electricity consumed by appropriate and available sizes of 

equipment to deliver the heating demand. Electricity rate = CNY0.51/kilowatt-hour and feedstock rate = CNY1,200/ton. 
Equipment costs are based on prices of suppliers to the pilot. Biomass-low refers to a lower feedstock rate of CNY800/ton.

2. The calculation of the EAC is based on the formula described in Chapter 3.
Source: Asian Development Bank.
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produce more heat as it needs to run for 24 hours. It is, therefore, appropriate for households that have higher  
heating requirements.

The EAC of biomass increases linearly across the range of heating demand, driven by the increase in feedstock 
needed to produce the heat. Reducing the cost of feedstock drops the EAC and makes it slightly more affordable 
than AAHP in providing high heat levels. The national average cost of feedstock is around CNY800/ton. The price 
can be reduced to this level by setting up factories within the county to minimize transportation and storage costs.

Graphene’s operating cost increases linearly at a steeper slope with increasing heating demand. Its heating 
mechanism requires large amounts of energy input that drives the cost upwards. However, graphene can be an 
appropriate solution for households with low heating demand, especially if heating is required only for limited 
hours a day.

The equipment costs of these clean heating technologies are higher than the traditionally used coal burners or 
stoves. Lower-income farming families could be hesitant and may not be able to bear this cost. Government 
subsidies facilitated the shift to clean heating devices, leading to lower the levelized cost of energy (LCOE) by 
27%–58% (Table 9). Once the grant expires, the private sector may need to play a more significant role in deploying 
clean heating devices through innovative business models. Or, the government may need to rationalize how it 
dispenses subsidies to optimize its funds.
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Environmental and Health Benefits
Replacing domestic coal-fired burners with clean heating technologies results in improvements in indoor and 
outdoor air quality. Table 12 compares the WHO-prescribed safe limits with Changzhi City’s 2018 emission levels. 
PM2.5 emissions in 2018 rose significantly beyond the safe limits. During winter months, all emissions are higher 
than the annual average, signifying heating’s substantial contribution to air quality. It can be surmised that the 
indoor levels will be higher, and potential health impacts magnified. These 2018 levels show that air quality still 
needs to be improved, despite clean heating efforts.

Table 12. Safe Emission Limits and 2018 Changzhi City Emissions 
(µg/m3)

Emissions

WHO Limits (µg/m3)  2018 Changzhi City Emissions (µg/m3)
Short-Term 

Limits
Longer-Term 

Limits
Annual  
Mean

Non-Winter 
Months Mean

Winter Monthsa 
Mean

PM2.5 24
(24-hour mean)

10
(annual mean)

70.9 51.3 142.6

PM10 50
(24-hour mean)

20
(annual mean)

13 7 25

NO2 200
(1-hour mean)

40
(annual mean)

 35.75 µg/m3 28.22 µg/m3 47 µg/m3 

SO2 500
(10-min mean)

20
(24-hour mean)

23.56 µg/m3

(1-hour mean)
18.32 µg/m3

(1-hour mean)
41.88 µg/m3

(1-hour mean)
Organic compounds 200 (8 hours) No data No data No data 

µg/m3 = microgram per cubic meter, min= minute, NO2 = nitrogen dioxide, PM = particulate matter, SO2 = sulfur dioxide.
a Winter months—January, February, November, December.
Source: World Health Organization. Ambient (Outdoor) Air Pollution. https://www.who.int/news-room/fact-sheets/detail/ambient-
(outdoor)-air-quality-and-health, (Agency for Toxic Substances and Diseases 2009).
Emissions Data Source: Calculated from Air Quality Index. https://aqicn.org/city/changzhi/.

Figure 19 compares CO2, NOx, and PM2.5 emissions of the four clean heating technologies and coal boiler when 
delivering the same heat output for a winter season in Zhangzi County. The emissions of direct combustion 
technologies depend on the efficiency of the device and the fuel, in this case—biomass and coal. Electric devices 
produce indirect emissions resulting from the grid’s efficiency and the power generation mix. The emissions were 
calculated using the emission factors specified in Table 4 and based on the energy consumed to heat a typical 
home (100 m2).

https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health
https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health
https://aqicn.org/city/changzhi/
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Particulate Matter 2.5

In 2018, the PM2.5 levels in Zhangzi and the rest of Changzhi City surged during the winter months to hazardous 
levels of up to 320 mg/m3.40 Particulate matter affects respiratory health and could penetrate the bloodstream. 
PM2.5 has been grossly attributed to industrial processes such as coking and diesel vehicles. Studies found that 
domestic coal combustion is second to industrial processes as the most significant contributor to PM emissions in 
the PRC.41

The adverse effects of PM2.5 on respiratory health are aggravated by the bound polycyclic aromatic hydrocarbons 
(PAHs) to particulate matter. These are known cancer-causing compounds. An analysis of PAHs in soot deposits 
from coal-burning stoves in Hunan Province found 32 individual PAHs, where 80% of the PAHs are bound to 
PM2.5 particles. Since PM2.5 can penetrate the bloodstream, it exacerbates the effects of PAHs. The prescribed 
exposure to PAH is only 0.2 mg/m3 for 8 hours a day.42

All four clean heating technologies emit significantly lower PM2.5 than coal burning. Electricity-powered 
technologies can displace coal PM2.5 emissions by 98%, and biomass by up to 80% (Figure 20). Combustion 
of pelletized feedstocks using efficient biomass stoves produces fewer airborne particles than raw fuelwood and 
other loose solid fuels.43

40 Air Quality Index. 2020. Changzhi Air Pollution: Real-time Air Quality Index (AQI). https://aqicn.org/city/changzhi/ (accessed August 2020).
41 Q. Ma et al. 2017. Impacts of Coal Burning on Ambient PM2.5 Pollution in China. Atmos Chem Phys. 4477–4491.
42 Agency for Toxic Substances and Diseases. 2009. Polycyclic Aromatic Hydrocarbons (PAHs): What Are the Standards and Regulations for PAH 

Exposure. https://www.atsdr.cdc.gov/csem/csem.asp?csem=13&po=8.
43 S. Amaral et al. 2016. Particulate Matter Emission Factors for Biomass Combustion. Atmosphere. 141.

Figure 19. Emissions of Domestic Heating Technologies  
for a Typical Household per Winter Season

AAHP = air-to-air heat pump, AWHP = air-to-water heat pump, CO2 = carbon dioxide, g = gram, NO2 = nitrogen dioxide,  
PM = particulate matter, SO2 = sulfur dioxide.
Source: Asian Development Bank.

12,000

10,000

8,000

6,000

4,000

2,000

0
Coal
9,623
4,592
5,289

6.44

151
706
674

2.96

181
847
809
3.55

1,938
478

10,647
0.283

577
2,701
2,580
11.32

AAHP AWHP Biomass Graphene

12

10

8

6

4

2

0

PM
2.

5 
SO

2 N
O

x (
g/

ye
ar

)

CO
2 (

to
n/

ye
ar

)

PM2.5
SO2

NOx

CO2

https://aqicn.org/city/changzhi/
https://www.atsdr.cdc.gov/csem/csem.asp?csem=13&po=8


Results of the Pilot Project 41

Sulfur Dioxide

Data shows that domestic coal combustion contributes 12% of annual national SO2 emissions (footnote 41). 
People with asthma and other respiratory conditions are sensitive to short-term exposures to SO2. High levels of 
SO2 and other sulfur oxides (SOx) can lead to a wide range of diseases, including destabilization of the heartbeat, 
skin cancer, asthma, cough, headache, throat, and nose irritations. Hospital admissions for cardiac disease and 
mortality increased on days with higher SO2 levels.44 Furthermore, SO2 with NOx, causes acid rain that can corrode 
infrastructure, affect flora, and cause deforestation. SO2 and NOx emissions are also the precursors of secondary 
PM2.5 pollutants in the PRC.45 The four clean heating technologies emit reduced levels of SO2 compared to 
coal-burning (Figure 21). Biomass (90%) and the heat pumps (84%) have the largest potential for displacing  
SO2 emissions.

44 WHO. 2018. Ambient (Outdoor) Air Pollution. https://www.who.int/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-
health. 2 May.

45 W. Lyu et al. 2016. Driving Forces of Chinese Primary Air Pollution Emissions: An Index Decomposition Analysis. Journal of Cleaner 
Production. Vol 133. Pages 136–144. 

Figure 20. Potential Particulate Matter 2.5 Emission Reduction  
from Displacing Domestic Coal Heating in Zhangzi County 

(ton/year)

AAHP = air-to-air heat pump, AWHP = air-to-water heat pump, PM = particulate matter.
Notes:
1. Emission reduction potential calculated from the displacement of domestic coal burning for 37,600 households in Zhangzi 

County who have not shifted to clean heating as of end of 2019.
2. Source for emission factor for coal and biomass: Shan et al. 2020. Comparison of economic and emission performances 

of different technologies from coal to clean energy in northern rural China. Environment and Sustainable Development. (3): 
43–49.

3. Emission factor of Shanxi grid used for AAHP and AWHP (China Electricity Council).
Source: Asian Development Bank.
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Nitrogen Oxides

NOx leads to acid rain. In addition, long-term exposure to NOx increases symptoms of bronchitis in asthmatic 
children and reduces lung function (footnote 44).

The NOx emissions of the electric devices, heat pumps and graphene, are significantly less than the emissions 
of coal (Figure 22). Air source heat pumps can displace almost 90% of the NOx emissions from domestic coal 
burning, while graphene displaces nearly 50%. NOx emissions from biomass combustion come from nitrogen 
bound to organic material. Studies have shown that NOx from biomass combustion can be reduced with the 
proper composition of raw materials to produce wood pellets and a staged combustion process.46 The DeNOx 
(i.e.,  process of NOx reduction) approaches of small-scale biomass boilers have made progress. One option is 
to mix raw materials with nutshells. Another emerging solution includes a flue gas recirculation system, which 
can lower NOx emissions by up to 50%.47 Biomass boilers in the pilot used a multi-phased combustion process, 
resulting in better combustion than traditional stoves. However, the stoves’ and pellets’ NOx emissions have not 
been thoroughly investigated yet.

46 B. Ciupek and K. Golos. 2020. Concentration of Nitrogen Oxides When Burning Wood Pellets of Various Origins. Journal of Ecological 
Engineering. 229–233.; R. Salzmann and T. Nussbaumer. 2001. Fuel Staging for NOx Reduction in Biomass Combustion:  Experiments and 
Modeling. Energy Fuels. 575–582.

47 H. Mao and Y. Li. 2019. Research Progress of Biomass Boiler Nitrogen Oxide Emission Control Technology. https://huanbao.bjx.com.cn/
news/20190715/992804.shtml.

Figure 21. Potential Sulfur Dioxide Emission Reduction from the Displacement  
of Domestic Coal Heating in Zhangzi County 

(ton/year)

AAHP = air-to-air heat pump, AWHP = air-to-water heat pump, SO2 = sulfur dioxide.
Notes:
1. Emission reduction potential calculated from the displacement of domestic coal burning for 37,600 households in Zhangzi 

County who have not shifted to clean heating as of end of 2019.
2. Source for emission factor for coal and biomass: Shan et al. 2020. Comparison of economic and emission performances 

of different technologies from coal to clean energy in northern rural China. Environment and Sustainable Development. (3): 
43–49.

3. Emission factor of Shanxi grid used for AAHP and AWHP (China Electricity Council).
Source: Asian Development Bank.
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Carbon Dioxide

The annual CO2 emissions attributed to domestic coal-fired heating reach up to 6.42 tons of CO2 for a typical 
household. For Zhangzi County alone, the remaining 37,600 homes using coal burners generate up to 242,200 tons 
of CO2 per winter season (Figure 23). This is equivalent to the CO2 emissions from generating 320 gigawatt-hours 
(GWh) of electricity from the Shanxi grid.

CO2 released during the combustion of biomass can be considered neutral if it is offset by the CO2 it absorbed during 
its life and then reabsorbed through sustainable replanting or plant regrowth. It must not lead to deforestation 
or land-use change that reduces the carbon sink. It is also necessary to consider the type and efficiency of the 
combustion device since incomplete combustion may lead to more CO2 emissions. It would be ideal to look at the 
feedstock lifecycle, including cultivation, transportation, and processing, as well as the type of combustion device 
used to make a more accurate estimate.48 However, setting the specific emission factor for the stove and pellets 
used in the pilot is beyond the scope of the study. Forest Research’s emission factor for wood pellet (10% moisture 
content) was used to estimate the emissions.49

48 IEA. 2012. Technology Roadmap Bioenergy for Heat and Power. Paris. IEA; J. Zhang et al. 2000. Greenhouse Gases and Other Airborne 
Pollutants from Household Stoves in China: A Database for Emission Factors. Atmospheric Environment. pp. 4537–4549.

49 Forest Research. Carbon Emissions of Different Fuels. https://www.forestresearch.gov.uk/tools-and-resources/biomass-energy-resources/
reference-biomass/facts-figures/carbon-emissions-of-different-fuels/.

Figure 22. Potential Nitrogen Oxide Emission Reduction from the Displacement  
of Domestic Coal Heating in Zhangzi County 

(ton/year)

AAHP = air-to-air heat pump, AWHP = air-to-water heat pump, NOx = nitrogen dioxide.
Notes:
1. Emission reduction potential calculated from the displacement of domestic coal burning for 37,600 households in Zhangzi 

County who have not shifted to clean heating as of 2019.
2. Source for emission factor for coal and biomass: Shan et al. 2020. Comparison of economic and emission performances 

of different technologies from coal to clean energy in northern rural China. Environment and Sustainable Development. (3): 
43–49.

3. Emission factor of Shanxi grid used for AAHP and AWHP (China Electricity Council).
Source: Asian Development Bank.
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The biomass stoves ran on pelletized forest and agricultural wastes. These stoves have the potential to displace 
almost all CO2 emissions from coal. Ensuring that the feedstock is produced sustainably using good agricultural 
and forestry management practices ensures positive impact. Further, local production of pellets mitigates 
transportation-related emissions. Using agricultural wastes and residues also prevents the release of methane from 
decomposition, displacing greater CO2 emissions (footnote 49).

 Heat pumps consume less energy per GJ of heat produced, resulting in lower CO2 emissions. For Zhangzi County, 
heat pumps have the potential to reduce CO2 emissions by 53% each year. On the other hand, graphene requires 
higher power input as the conversion from electricity to thermal output incurs losses. It draws power from 
the Shanxi grid, where fossil fuel makes up 89% of the generation mix. The grid’s emission factor is still high at  
746 g/kWh. The high electricity consumption combined with the fossil fuel-dominated Shanxi grid leads to higher 
CO2 emissions for graphene, even higher than coal burning.

Figure 23. Potential Carbon Dioxide Emission Reduction from the Displacement  
of Domestic Coal Heating in Zhangzi County 

(ton/year)

AAHP = air-to-air heat pump, AWHP = air-to-water heat pump, CO2 = carbon dioxide.
Notes:
1. Emission reduction potential calculated from the displacement of domestic coal burning for 37,600 households in Zhangzi 

County who have not shifted to clean heating as of end of 2019.
2. A 5.6% transmission and distribution grid loss was considered in the calculation for electric-powered devices  

(Source: World Bank. 2018. Electric Power Transmission and Distribution Losses (% of Output)—China. https://data.worldbank.
org/indicator/EG.ELC.LOSS.ZS?end=2014&locations=CN&start=2000).

3. The emission factor of wood pellets was used for biomass. It considered emissions from complete combustion, the pelleting 
process, but not the sourcing of the feedstock, other pre-processing (such as drying), and transportation (Source: Forest 
Research. Carbon Emissions of Different Fuels. https://www.forestresearch.gov.uk/tools-and-resources/biomass-energy-
resources/reference-biomass/facts-figures/carbon-emissions-of-different-fuels/).

Source: Asian Development Bank.

450

400

350

300

250

200

150

100

50

0
AAHP AWHP Biomass GrapheneCoal

to
n/

ye
ar

 (’
00

0)

CO2 Emissions CO2 Emission Reduction

https://data.worldbank.org/indicator/EG.ELC.LOSS.ZS?end=2014&locations=CN&start=2000
https://data.worldbank.org/indicator/EG.ELC.LOSS.ZS?end=2014&locations=CN&start=2000
https://www.forestresearch.gov.uk/tools-and-resources/biomass-energy-resources/reference-biomass/facts-figures/carbon-emissions-of-different-fuels/
https://www.forestresearch.gov.uk/tools-and-resources/biomass-energy-resources/reference-biomass/facts-figures/carbon-emissions-of-different-fuels/


Results of the Pilot Project 45

Key Findings
 • On heating demand. In addition to the size of the heating space, user behavior and lifestyle are also 

significant determinants of heating requirement. Therefore, deployment of a single solution will not 
cater to the diverse heating needs and habits of end users in rural and peri-urban areas. Flexibility  
(on-demand heating feature) was important among users because it allowed them to manage costs. All 
users, including higher-income households, were conscious of their energy consumption. The subsidy cap 
on operating costs may have contributed to this behavior.

 • On equipment performance. Among the four technologies, households were most satisfied with the heat 
pumps’ (AWHP and AAHP) heating effect and performance. Both can maintain a constant temperature, 
are convenient to use, and did not have any major malfunctions during the pilot. Because of their high 
efficiency, they consume less energy than graphene and biomass boilers when delivering the same amount 
of heat. Graphene is less effective in extremely low temperatures and could heat only the immediate space 
around it. This may also be due to the poor insulation of the room.

 The biomass boiler used in the pilot is more efficient compared to other traditional biomass stoves. 
Compared to the other three technologies, the biomass boilers experienced more breakdowns. Some 
issues can be attributed to improper (i.e., not optimal) installation, lack of regular maintenance, and users’ 
lack of know-how in solving simple technical problems. The limited availability of technical support and 
the intermittent biomass feedstock supply led some users to abandon the stoves. This highlights the need 
to ensure access to after-sales support for less mature technologies, such as new biomass boiler models. 
It is important to build users’ confidence in emerging technologies to increase uptake, especially when the 
subsidy program expires. Biomass has great potential because feedstock is abundant in the county, but its 
benefits may not be maximized if proper support and feedstock supply chain is not established.

 Most of the pilot homes were poorly insulated, which contributed to higher energy consumption and poor 
heating. Improving home insulation will increase the efficiency of the equipment, reduce energy costs, and 
result in more comfortable heating.

 The need for equipment labeling on energy efficiency and quality could become necessary to raise the 
standard of equipment in the market. The online clean heating platform may be able to support this by 
tracking performance.

 • On energy resources and infrastructure. Available renewable energy resources and the existing power 
system infrastructure must be well understood before clean heating equipment can be deployed at scale. 
In the pilot, the deployment of AWHP was limited by the capacity of the power transformers because 
using numerous AWHPs will add significant load. An established supply chain for feedstock is vital to keep 
biomass boilers running. Locally producing biomass pellets will reduce its costs and address waste issues. 
Other available renewable energy resources, such as geothermal energy, must be assessed before they can 
be used.

 • On clean heating costs. Since Changzhi City is a major coal producer, coal is readily accessible and 
affordable to all users. The government subsidies on equipment and operating cost played a critical role in 
enforcing the shift among households, especially for low-income families. The subsidies reduced LCOE by 
27%–58%. The four clean heating devices cost more than the traditional coal boilers, which low-income 
households may not afford upfront. Energy costs to run these will also be higher than coal, mainly for 
graphene and AWHP. The cost of owning and operating AAHP can be competitive with coal boilers given 
its high efficiency and flexibility. The feedstock cost of biomass can still be reduced once local supply is 
established. Using energy efficient technologies and improving home insulation can bring down operating 
costs and subsidies on energy consumption. Simple home renovation can be the least-cost strategy to 
enhance efficiency as explained (Chapter 3). 
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 More innovative business models are needed to help households pay for their heating costs after the 
current subsidy policy. The government may extend the subsidies, and it can look at rationalizing the 
incentives to optimize the funds.

 • On local capability. End users need information to enable them to select which clean heating equipment 
is appropriate for their heating needs. The local government can develop awareness campaigns, especially 
for sites with renewable energy resources that can be tapped for heat.

 In deploying individual or decentralized clean heating equipment, it is also necessary to ensure accessible 
technical support. Users must know basic maintenance for their equipment’s upkeep. Technical  
after-sales services must also be available to them for more serious issues. In peri-urban and urban areas, 
it will be necessary to build this technical capability to enhance access to support.

 • On air quality and CO2 emissions. The energy efficient AAHP and the AWHP significantly reduced 
emissions, particularly PM2.5. Biomass, if it is sustainably sourced and locally produced, results in the highest 
reduction of CO2 emissions reduction. However, biomass can generate significant NOx if the combustion 
is not complete. Pelletized biomass and efficient stoves, such as those used in this demonstration project, 
generate lower NOx emissions.

 Graphene heaters are not as effective as heat pumps in reducing emissions because its heating mechanism 
is relatively energy-intensive, and it draws from the Shanxi grid that is still dominated by fossil fuels. Its 
CO2 emissions are even higher than those emitted in coal burning. Therefore, to maximize the benefits of 
clean heating technologies, it is essential to also shift to cleaner power generation. Notably, all potential 
emission reductions can be achieved only if coal is entirely displaced by the clean heating technologies and 
not mined or used for other purposes. Otherwise, emissions are added instead of mitigated.
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Design
In line with the national government’s emphasis on environmental protection through the adoption of innovative 
strategies and the integration of traditional industries with smart technologies (e.g., the Internet of Things, big  
data, and artificial intelligence), the Clean Heating Online Platform is designed as one component of the clean 
heating pilot. It aims to promote clean heating renovation in Changzhi City through remote monitoring of the 
operation of various types of heating technologies and keeping track of its progress. The online platform will also 
demonstrate a replicable, smart, and convenient solution to implement policies and create an enabling environment 
toward a clean energy transition. It is intended to

 • monitor deployment of clean heating technologies by tracking the installation and use of equipment 
among households,

 • monitor equipment performance by collecting technical data from all administrative districts up to the 
household levels,

 • alert service providers for underperforming or broken units,
 • monitor financial subsidies, and
 • collect feedback from users.

The online platform was conceptualized to provide stakeholders with relevant information and data to accelerate 
the adoption of new clean heating technologies and facilitate the shift from coal to clean fuels. The information 
gathered is targeted to support the local government in identifying the most appropriate technologies, rationalizing 
subsidies, and designing better technical support mechanisms to the households. It also aims to help users, 
manufacturers and suppliers, and operation and maintenance (O&M) personnel through a WeChat-based mobile 
user service terminal to monitor energy consumption and performance.

 • Government. Changzhi City is piloting the online platform as part of its overall clean heating program. 
At the county level, human resources to collect data from households and track the program’s progress 
are limited. It is designed to improve household-level data quality and collection efficiency that will 
support policymaking. The online platform will provide real-time data on the progress of the construction 
of the clean heating transformation, information on the operation of the heating equipment installed 
in households—including issues and challenges encountered, monitoring the number of people who 
use or abandon the technologies, and tracking reduction of coal use. It likewise serves as an avenue for 
policymakers to become more aware and informed on how devices’ performance can be linked to the 
quality of work of its manufacturers and suppliers.

 • Manufacturers. The online platform is intended to monitor the progress of construction, maintenance, 
and user accounts. As such, manufacturers will be able to oversee and manage the performance of their 
devices—inspect, remotely repair, reduce the field service rate, reduce labor cost, and ensure operational 
safety. It provides information that manufacturers can use to improve equipment design, production, 
and operation, and to provide better maintenance service to the users. At present, 47 manufacturers are 
connected to the online platform.

 • Household users. With the online platform, device malfunction alerts are transmitted to manufacturers, 
thereby providing user convenience when dealing with equipment repair. Users will have access to 
real-time updates on the status of maintenance. Users can log on to the WeChat application to obtain 
said information and service. An online tutorial is also being developed for users on the proper use of 
the technology.
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Figure 24 illustrates the online platform structure and the data flow. All the monitored clean heating devices’ 
specifications and user information are entered into the platform manually. Each device should be equipped with 
sensors and a communication device, a general packet radio service (GPRS) cellular gateway device in the case 
of this pilot, to collect and transmit data to the online platform. Many heating devices available in the market 
in the PRC already have embedded sensors that measure various operational parameters, but gateways need to 
be installed separately. Using a SIM card inside the heating device, the gateway gains access to the internet and 
transmits the data.

Figure 24. Structure and Data Flow of the Online Platform

Source: Jiashu Consulting.
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Since the four piloted clean heating devices have unique operating mechanisms, each has its own set of parameters 
that the platform monitors. In total, there are 14 performance parameters that the online platform is designed 
to collect  (Table 13).
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Table 13. Performance Parameters to Be Monitored by the Online Platform

Parameter Description
Operating status Power-on, standby, and power-off status
Operation time of the day Length of time that the device is running during the day
Cumulative running time per winter Total number of hours that device is running each winter season
Indoor temperature Measured for all devices
Outdoor temperature Ambient temperature, measured for all devices
Outlet air temperature For air-to-air heat pump, output heat 
Return air temperature For air-to-air heat pump 
Water outlet temperature For biomass stove and air-to-water heat pump 
Return water temperature For biomass stove and air-to-water heat pump
Exhaust flue gas temperature For biomass stove
Recycled flue gas temperature For biomass stove 
Daily energy consumption, mainly electricitya For electricity-based devises
Cumulative energy consumption, mainly electricity Total electricity consumption in a given period
Equipment failure information For all devices

a The pellet consumption data of biomass stoves is estimated separately for now based on information provided by households.
Source: Jiashu Consulting.

Current Status and Achievements
The online platform is continuously being developed. It currently tracks which households are operating clean 
heating devices and monitors indoor temperature. Data collection of the other parameters is still being developed 
as data types and sensor compatibility issues are resolved. Remote O&M features that will support end users are 
also being developed and will continually be enhanced as more manufacturers connect their device to the platform. 
The government plans to include additional functions while manufacturers continue to improve the ability of their 
equipment to send more data.

Since 2019, the online platform was upgraded into a city-level clean heating platform. Its focus has shifted to 
track the overall progress of the city’s clean heating project and to analyze household-level data. It now oversees 
the overall process including the selection of villages and households, technology installation, and monitoring 
technology running status. The platform started connecting 66 households of the pilot in 2017. By 2020, 452,104 
(45%) out of 992,900 households in Changzhi City have been connected to the online platform. In Zhangzi 
County alone, 76,064 households (59%) out of the total 129,502 households have connected to the online 
platform for the same period. The connected households were all burning coal for heating and must shift to 
cleaner technologies. The government asked all households to connect to the online platform so it can track which 
households shifted to clean heating technologies. However, this does not mean that all households have already 
switched to clean heating technologies. Out of the 452,104 households in Changzhi City, 8,808 use at least one 
clean heating technology and are connected to the online platform, compared with 116 out of 76,064 households 
in Zhangzi County. This is mainly due to the economic constraints encountered by some households, as well as the 
lack of internet connectivity of most of the clean heating devices, which hinders connectivity and accessibility to 
the online platform.
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The online platform has gone through three versions of improvement and upgrade to provide the features that  
the government needs for the city-level clean heating program. Version 1, completed in December 2018, involved 
the resolution of data collection issues from different heating devices through installation of the extra gateway 
to match and analyze the Modbus RTU communication protocol of the heating technologies from different 
manufacturers and to transmit data to the online platform through GPRS. In January 2019, Version 2 provided 
the county and city governments with the function of tracking the status and process of the clean heating 
renovation, from device installation to communication debugging and device utilization. Completed in December 
2019, Version 3 extended the coverage of the online platform, including its redesign and redevelopment, to the 
City of Changzhi. Two additional functions were added—the supplier monitoring and the government project 
management functions. Supplier monitoring allows differentiation of running, standby, and newly added devices, 
as well as selection and search functions based on area, access mode, repair methods and the device manufacturer. 
Project management provides an overview of the citywide clean heating renovation. Figures 25–27 show several 
screen shots of the platform.

Figure 25. Detailed Information on Clean Heating Renovation Users

Source: Jiashu Consulting.
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Figure 26. Monitoring List of Clean Heating Devices

Source: Jiashu Consulting.

Figure 27. Device Status on User’s Mobile Phone

Source: Jiashu Consulting.
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Challenges and Lessons Learned in Setting Up the Online Platform
The online platform is continuously being upgraded and several issues are being resolved by various  
stakeholders.

Data compatibility. There is a lack of uniform data types, making it difficult to collate, sort, analyze, and 
transmit the data. Various types of heating devices from different suppliers offer varying operational parameters 
with incompatible sensors. Also, the different devices enable internet connectivity through diverse forms of 
telecommunication protocols. This has been the biggest challenge. The pilot determined the sensors and protocols 
of devices from the different manufacturers and decided to adopt a common Internet of Things gateway.

Data quality. Even if some parameters are available, the accuracy of data transmission cannot be guaranteed so 
far. For instance, the locations of some sensors and different computing methods still lead to low-quality data. 
As a result, inaccurate data is collected and transmitted to the platform. This requires necessary actions and 
measures from the manufacturers and subsequent initiatives in relation to improvements in industry standards.

Extra costs for data transmission. A few smart heating devices have the operational parameters available on their 
cloud that can be directly captured online. However, most heating devices do not have internet connectivity and 
will need to integrate a separate internet gateway. In the pilot, this incurs a connection fee of CNY300 ($42) per 
device for 3 years. The charge consists of (i) cost of the hardware, (ii) 3-year internet cost, and (iii) additional 
costs for engineering purposes. It was not clear who will cover these costs. The local government requires 
manufacturers to integrate the gateway and is exploring having them cover the costs. However, there is reluctance 
on the manufacturer’s part to cover said costs. The reasons are that (i) it will add to the cost of the equipment 
that may put off price-sensitive consumers; and (ii) the integration of a smart component to a heating device is 
not common practice and not yet demanded by the larger market—as such, manufacturers hesitate to make such  
an investment.

Technology privacy. The clean heating market is a relatively new and growing market in the PRC. Most 
manufacturers are not willing to share information, including operational parameters, except very basic ones 
such as indoor temperature, and the on/off status. The accuracy of data transmission cannot be guaranteed. The 
accuracy and completeness of data depends on sensor accuracy, sensor location, and internal programming of the 
heating technology. Legal, institutional, and administrative measures may be necessary to ensure conformity and 
security on planning, operation, pricing, and maintenance.

Technical reach and capacity. Concerns were also raised in relation to the different telecommunication 
protocols or lack of a gateway on most of the heating devices, which in turn creates complications in the  
transmission of data. This report recommends that the manufacturers integrate gateways and have them tested 
first rather than adding the gateway separately by third-party suppliers to lower the costs and avoid protocol 
compatibility issues. In addition, weak network signal in some areas have hindered in the proper and complete 
utilization of the functions of the platform by the users. As such, there is a need to further strengthen and broaden 
partnerships with telecommunications operators to improve network signal services and widen its reach to 
more households.

Knowledge gap in the capacity of users. This barrier relates to the differing knowledge capacity of users to  
operate the heating technology. Those from the older generation encountered more difficulties in operating 
the equipment and understanding the functions of the platform due to their lack of knowledge on new forms of 
technologies including online platforms. Additionally, they may resist the new technologies because they are more 
accustomed to traditional heating methods. This remains a major barrier to introducing and facilitating the use 
of innovative clean heating technologies and thereby limits the performance and intended use of the platform. 
It is important to continuously inform and educate all stakeholders on new developments in this new market and 
its technologies.
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Although the online platform encountered some issues, it provided an opportunity to assist the country in its clean 
energy transition via the integration of information and communication technology. It has greatly helped ease the 
burden for local government officials on data collection, subsidy allocation tracking, and reporting. By starting at 
the local county level, it is providing to launch and pilot at a larger-scale smart platforms at the provincial, and 
in the near future, national level. The piloting of the Clean Heating Online Platform paved the way for the city 
government to launch and integrate it into a bigger platform that included the monitoring of solar technologies. 
As a result, the provincial government is likewise considering introducing their own platform at the provincial 
level. It is still a work in progress but nonetheless a first step in achieving its goals toward the PRC’s clean heating 
transition. This platform was one of the pioneer remote monitoring platforms for clean heating in the PRC. In 
2019, Zhangzi County was selected as the Clean Heating Pilot Country Supported by Green Financing of the 
PRC’s central bank. The pilot is exploring how to leverage green finance support underpinned by data collected 
by the online platform.50

50 Jiashu Consulting. 2019. Clean Heating and Cooking Pilot County in Zhangzi County. Supported by ADB and The People’s Bank of China. 
Consultant’s Report. Manila.
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The proportion of clean heating in northern PRC increased from 34% in 2016 to 65% in 2020.51 Over 33 million 
households had switched to clean fuel for heating by October 2020, including 16 million households that 
transferred to gas, 12 million to electricity, and 4.6 million to renewables.52 This fuel switch at the residential level 
has helped cut an estimated 66 million tons of raw coal consumption, assuming on average that 2 tons of raw coal 
were consumed per household per winter. In terms of heating technologies, coal-to-gas and coal-to-electricity 
dominated the renovation in the first 2 years. However, heat pumps, biomass, geothermal and solar thermal, 
as well as wind power to heat have become popular during the recent 3 years, as coal-to-gas renovation has 
slowed down.53

Access to modern energy service has greatly improved. Use of straw and raw coal for heating and cooking has 
declined. This also led to significant improvement in indoor and outdoor air quality. For instance, the first batch 
of 12 pilot cities saw a 36% drop in PM2.5 during the heating seasons of 2016 to 2019, and the clean heating 
renovation contributed to one third of the reduction.54 Feng, et al. (2021)55 estimated that the total costs to the 
key 28 pilot cities from 2017 and 2018 increased to CNY43.1 billion, of which 44% is borne by the government, and 
56% by the residents. The huge spending brings to the corresponding region larger health economic benefits, about 
CNY109.85 billion, mainly saved by declining hospitalization for cardiovascular and respiratory diseases. The clean 
heating renovation demonstrated to provide net benefits.

Furthermore, as CNY112.8 billion were invested by national and local government in 43 pilot cities for the clean 
heating renovation from 2017–2019, roughly CNY600 billion has been leveraged to invest in the heating sector. 
Large subsidies also boosted the market of individual heating devices. Dozens of air-to-air heat pump (AAHP) 
manufacturers have emerged in the market.54 In addition, remote monitoring platforms for operation and 
maintenance (O&M) were developed.

Lessons Learned 
While much progress has been made in terms of strong policy implementation and development of new industry, 
challenges remain. The following insights from the pilot implementation reflect the issues in the sector.

Diversified heating demand and consumption patterns require science-based tailored solutions. Clean 
heating technology selection and business model are not yet optimized.55 The clean heating renovation 
starts with an ambitious time-bound target, largely driven by air pollution control. Since 2017, the local 
governments of piloted cities have been under huge pressure to achieve the renovation target on a very 
tight timeline. Local governments do not necessarily understand available energy resources for heating, 
and simply follows the switching-to-gas pathway. The clean heating renovation has largely met the target 
of switching to cleaner fuels, but lacks improvement on energy efficiency and thermal comfort. The overall 
exercise focused on top-down and supply-side changes, while neglecting demand. Several pilot cities in 
the beginning rushed to ban raw coals without considering long-term impact and financial sustainability. 

51 China Energy News. 2021. Northern China Is Planning to Reach 70% of Clean Heating Rate by This Year. http://paper.people.com.cn/zgnyb/
html/2021-03/08/content_2037292.htm.

52 NEA. 2020. The State Council Information Office Held Press Conference on Energy Sector Development for Poverty Alleviation. October. 
http://www.scio.gov.cn/xwfbh/xwbfbh/wqfbh/42311/43981/wz43983/Document/1689870/1689870.htm.

53 China Coal Cap Project. 2021. China Dispersed Coal Management Report 2020. Beijing: NRDC.
54 T. Feng et al. 2021. Clean Heating and Heating Poverty: A Perspective Based on Cost-Benefit Analysis. Energy Policy. 152(1). doi:10.1016/j.

enpol.2021.112205.
55 X. Yang. 2020. “Recommendations for the Energy Developing in 14FYP—Rural Energy Development.” Bejing Energy Club. http://www.china-

cer.com.cn/shisiwuguihua/202008247717.html.

http://paper.people.com.cn/zgnyb/html/2021-03/08/content_2037292.htm
http://paper.people.com.cn/zgnyb/html/2021-03/08/content_2037292.htm
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http://www.china-cer.com.cn/shisiwuguihua/202008247717.html
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According to a government household survey, around 8% of households returned to burning coal after clean  
heating renovation.56 

Households in peri-urban or rural areas, even from the same area, can have significantly different heating 
demands than urban dwellers. Variance in income levels, education background, energy use habits, and level 
of home insulation, enhance the differences in heating requirements. The centralized, single-fuel based 
district heating for high-density, multi-floor buildings in cities does not necessarily meet this demand. Instead,  
a site-specific, affordable, flexible, and on-demand heating services are more adequate. In addition, the heating 
sector is seeing a decrease in biomass consumption. Modern biomass is underutilized, which is considered as 
the only zero-carbon fuel available in peri-urban and rural areas for now. Moreover, there are yet to be proven 
business models. Utilities are hesitant to enter into the market, considering the low to moderate profit levels.

Users’ low willingness to pay requires subsidies and fundamental income improvement. All the piloted clean 
heating technologies are more expensive than burning coals. For instance, coal-to-gas and coal-to-electricity 
require three to four times of inputs, taking into account large-scale infrastructure investment (footnote  56).  
Peri-urban and rural residents, particularly the elderly, are often price-conscious. Changes in energy choices 
can potentially increase heating costs, which made low-income households, who rely heavily on subsidies when 
switching to cleaner alternatives, more vulnerable. Taking Zhangzi County as an example, all the clean technologies 
in Table 5 except AAHP and GSHP will likely burden or stress households with average or below-average annual 
disposable income if operational subsidy is not provided (footnote 37). Households may go back to coal as 
subsidies scale down. The post-pilot survey reflected that some residents abandoned the clean heating devices 
once the operating cost subsidies stopped. In addition, most homes in the pilot site are poorly insulated, and energy 
efficient retrofits lag compared to city centers. This further increases the heating demand and eventually drives the 
costs higher.

Financial support will be needed. An important issue is to establish which expense should be subsidized to facilitate 
the renovation without burdening the government. The permanent shift to cleaner technologies depends on the 
ability of the households to shoulder the costs. Increasing income and living standards may be the essential driver. 
Innovative business models that promote easy payment schemes can also support greater uptake. This requires 
greater participation from the private sector, which requires an enabling business ecosystem. Some commercial 
banks provide loans to clean heating device manufacturers but rarely finance households in peri-urban or rural 
areas for clean heating renovation. There is a clean heating loan pilot dedicated to individual or decentralized clean 
heating equipment for domestic use, for instance. However, given the available public and subsidized funding, it 
is less attractive to private finance due to the small ticket size and an incomplete individual credit system, lack of 
credentials, and high transaction costs.

Clean heating ecosystem needs development. Before 2017, domestic coal boilers were the major heating devices. 
There was barely any government intervention, funding, utility services, or clean heating products for peri-urban or 
rural areas. Several components are missing to build the clean heating ecosystem. First, it is not yet a mature and 
well-regulated market. Some cities delayed payment of subsidies to device suppliers and construction contractors. 
Meanwhile, a few companies sacrificed project quality to offer lower bidding prices and avoid financial harm, 
leaving safety risks. Second, supporting infrastructure and O&M services are not in place. Massive adoption of  
electricity-based devices, such as heat pumps, may require upgrading of power systems in advance. Similarly, to 
encourage the continuous use of biomass pellet boilers, a firm supply chain of feedstock must be established 
for users’ convenience, whereas many peri-urban or rural areas in the PRC face population outflow during the 
urbanization process. Government faces a dilemma regarding whether to roll out large-scale infrastructure projects 
in these regions. Utilities may find it difficult to recover their investment. For instance, some newly upgraded 
power grids encounter low utilization in the nonheating season. Besides, emerging heating devices still require 
improvement. Frequent malfunctioning and poor O&M services may lead customers to abandon them.

56 J. M. Zhang. 2021. The Resurgence Rate of Scattered Coal in Individual Areas Is as High as 40%. How to Clean and Heat During the  
“14th Five-Year Plan” Period? https://huanbao.bjx.com.cn/news/20210202/1133821.shtml
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Policy Recommendations
The accelerated and scaled deployment of clean heating technologies (i.e., the modernization of the sector) should 
be pursued in earnest considering the numerous environmental and health benefits that result from the transition 
to clean heating. An enabling policy environment for clean heating that encourages private sector participation 
can facilitate a widespread shift away from traditional coal boilers. The following are recommendations for 
implementing a sustainable clean heating program.

Set up an overarching plan. Clean heating renovation now needs to be decarbonized to meet the carbon neutrality 
target. After the announcement of carbon peaking and neutrality targets by the government in September 2020, 
clean heating renovation is again at the center of the PRC’s development strategy, which indicates continuous 
efforts in the coming 5 years during the 14th Five-Year Plan. Initiated due to air pollution, the heating sector needs 
to prioritize reducing carbon emissions in addition to improving cleanliness, health, and affordability.

A well-studied and concrete transformation plan is necessary at the local level to optimize local resources, 
increase energy efficiency, reduce costs, and achieve sustainability. The existing Clean Winter Heating Plan in 
Northern China 2017–2021 is due in 2021 and the next plan is under development. This is likely to extend the 
subsidies to replicate pilots to more cities and peri-urban and rural areas, although most existing pilot cities have 
not launched a new round of policies and subsidies. The clean heating renovation will need to scale up beyond the 
43 pilot cities and secure a warm winter for southern PRC, which also relies on electricity and coal.

The new plan should prioritize the provision of sufficient heating services while shifting to cleaner fuels, underpinned 
by a robust understanding of available local energy resources and households’ heating needs and situations. It 
also requires finer regulation by local government to take overall management of various heating resources, such 
as gas, coal, power, renewables, and waste heat, and coordinate among different departments and utilities who 
manage these resources separately. In peri-urban and rural areas with lower population density than city centers, 
decentralized or individual heating solution should be explored, rather than copying the district heating policy 
framework of city centers.

Encourage utilization of locally available resources and suitable technology.

 • Clear and transparent technology selection. Local government should be given greater freedom in 
choosing suitable technologies based on local conditions. A multi-tier framework (MTF) is proposed 
for classifying clean heating technologies that can be applied when prioritizing which clean heating 
technologies to promote (Box 1). This study looked at only 10 clean heating technologies and piloted 4, but 
emerging clean heating technologies are increasing, with many tapping into renewable energy resources. 
Moreover, households must have access to information on technologies so they can make more informed 
decisions. Understanding local renewable energy resources and infrastructure can also support technology 
selection and ensure its sustainable operation.

 • Technology standards and guidelines. Subsidies can sometimes lead to distorted market competition 
and the proliferation of substandard or low-quality devices. To protect the market, the central government 
shall facilitate the development of guidelines and technology standards on efficiency, emissions standards, 
etc., to ensure quality and performance, leading to greater market confidence. An accreditation scheme 
can be considered for manufacturers and suppliers where only qualified enterprises will be eligible to 
incentives. Further, a technology catalog capturing the technological development trend and adaptability 
can be developed and revised regularly at the national or provincial level to guide policymakers.

Rationalize subsidies and incentives. Governments should rationalize subsidies to ensure that incentives are 
provided to more efficient technologies rather than covering both capital and operation expenses regardless of 
performance. The MTF for clean heating may be able to support the rationalizing of subsidies to optimize public 
funds while providing a safety net for low-income households. Financial support should also be provided to clean 
heating technology research and development as well as piloting (Box 1).
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Box 1. Multi-Tier Framework for Classifying Clean Heating Devices

A multi-tier framework (MTF) is proposed as a system for classifying or defining the numerous emerging and commercial 
clean heating technologies. It can help in matching the appropriate technology for the given conditions and clean heating 
program priorities. It uses eight attributes that consider technical performance, consumer needs, and resiliency. The 
attributes were determined based on the information gathered and results of the pilot project in northern PRC, and were 
also drawn from the MTF for electricity access and modern cooking, as clean space heating lies within the realm of both 
these energy services.

The attributes and the tiers are described below. The tiers here could be a starting point and then expanded after 
investigation of a wider range of clean heating technologies.

Technology maturity. Refers to the level of development of a technology or device. Many heating devices are emerging 
while others are commercially established. More mature technologies have undergone iterations of improvement and 
experience less problems.

Tier 1: New devices, still low adoption, high incidence of breakdown.
Tier 2: Relatively new, commercially available, low incidence of breakdown.
Tier 3: Commercially available devices, high adoption, low incidence of breakdown.

Efficiency. Refers to the conversion efficiency from energy source to heat.

Tier 1: Lower energy efficiency than coal boilers.
Tier 2: Moderate efficiency, same level of efficiency as coal boilers.
Tier 3: Energy-efficient devices.

Affordability. Refers to the share of heating cost to the annual household income. The equivalent annual cost for owning 
and operating the heating device can be used as an indicator.

Tier 1:   Equivalent annual cost of equipment and operation and maintenance (O&M) is greater than 15% of the annual 
household income.

Tier 2: Equivalent annual cost is around 10% of the annual household income.
Tier 3: Equivalent annual cost of equipment and O&M is less than 10% of the annual household income.

Ease of Use/Convenience. Refers to the ease of operating the device by all types of users.

Tier 1: Complicated installation, O&M, particularly for elders.
Tier 2:  Manageable installation, maintenance and operations but would still require technical assistance from the 

manufacturer/supplier.
Tier 3: Easy-to-use, plug-and-play systems, remote monitoring systems to facilitate maintenance, simple and easy to 
follow maintenance procedures that can be done by the user.

Reliability. Refers to the ability of the device to produce heat on-demand and the availability of its energy source/fuel.

Tier 1: Slow heat production, energy source may be unreliable.
Tier 2:  On-demand heat production; energy supply may be sufficient for the time being but could easily deteriorate 

due to changing demand or supply situation.
Tier 3: On-demand heat production, abundant energy supply available.

Formality. Refers to the established structures that support the provision of clean heating. An indication could be 
that bills are paid for the delivery of heat or the energy source that supports heat generation. Another indication is the 
availability of after-sales service.

Tier 1: No support structures available; fuel is sourced by the user.
Tier 2: Energy source, such as electricity, is provided by the utility; after-sales are available.
Tier 3: Heat is provided by a utility, after-sales services are available.

continued on next page



58 Clean Heating Technologies

Environment and health. Refers to the level of emissions (particulate matter, nitrogen oxide, sulfur dioxide, etc.) that 
are generated from operating a device. The emissions are directly correlated to the possible adverse impacts on health.

Tier 1: Some air pollutants are higher than from coal burning.
Tier 2: Direct emissions of all air pollutant types are within World Health Organization safe limits.
Tier 3: No direct emissions, Low or no indirect emissions of all air pollutant types.

Carbon dioxide emission reduction. Refers to the ability of the device to displace carbon dioxide (CO2) emission from 
the displaced heating method (e.g., coal-burning or firewood).

 Tier 1: Similar (or higher) CO2 emissions than displaced heating method.
 Tier 2: Mitigates CO2 emissions by half of the displaced heating method.
 Tier 3: Mitigates CO2 emissions by 80–90% of the displaced heating method.

The MTF provides policymakers with a guide when designing long-term plans for displacing domestic coal-based 
heaters. It provides a set of metrics for matching appropriate clean heating technologies to the needs of the people 
and the energy availability situation at the local level, even at the household level. Some attributes of the MTF are  
site-specific (reliability, formality) and the tiers will vary for the same technology in different locations. It will also vary in 
time as technologies improve.

An online monitoring platform can support this detailed level of tracking by monitoring the operation and performance 
of the various types of technologies and keeping track of their progress in real-time, providing more targeted support and 
approach to accelerating the adoption of new clean heating technologies and facilitating the shift from coal to clean fuels.

Using these metrics and Zhangzi County as the baseline scenario, the technologies featured in the report will have the 
following tier levels:

Clean 
Heating 
Device

Attributes
Technical Performance Consumer Needs Resilience

Technology 
Maturity Efficiency

Ease-of-Use/
Convenience Affordability Reliability Formality

Environment 
and Health

CO2
Emission 

Reduction
AAHP Tier 3 Tier 3 Tier 3 Tier 3 Tier 3 Tier 2 Tier 3 Tier 2

Biomass Tier 2 Tier 2 Tier 2 Tier 3 Tier 2 Tier 1 Tier 1 Tier 3

AWHP Tier 3 Tier 3 Tier 3 Tier 3 Tier 2 Tier 2 Tier 3 Tier 2

Graphene Tier 2 Tier 2  Tier 2 Tier 2 Tier 3 Tier 2 Tier 3 Tier 1

HH CST + 
Biomass

Tier 2 Tier 3 Tier 1 Tier 1 Tier 2 Tier 1 Tier 1 Tier 3

Electric 
kang bed

Tier 3 Tier 2 Tier 1 Tier 2 Tier 3 Tier 2 Tier 3 Tier 2

GSHP Tier 3 Tier 3 Tier 3 Tier 3 Tier 2 Tier 2 Tier 3 Tier 3

Centralized
biogas

Tier 3 Tier 3 Tier 3 Tier 2 Tier 2 Tier 3 Tier 3 Tier 3

Centralized
geothermal

Tier 3 Tier 3 Tier 3 Tier 1 Tier 3 Tier 3 Tier 3 Tier 3

Centralized 
district gas 
heating

Tier 3 Tier 2 Tier 3 Tier 1 Tier 2 Tier 3 Tier 1 Tier 1

AAHP = air-to-air heat pump, AWHP = air-to-water heat pump, CST = concentrating solar thermal, GSHP = ground-source 
heat pump, HH = household.
Source: Asian Development Bank; World Bank. 2020. Multi-Tier Framework for Cooking: A Comprehensive Assessment Method to 
Measure Access to Modern Energy Cooking Services; Energy Sector Management Assistance Program. 2015. Multi-Tier Framework 
for Access to Electricity.

Box 1 continued
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Strengthening the clean heating market. An active market will encourage healthy competition, stimulate 
technology development, and motivate all parties to participate. Box 2 shows the experiences of other countries in 
developing policies for decentralized clean heating equipment.

 • Government agencies shall establish market regulations such as introducing third-party evaluation 
mechanisms. Labeling programs may be initiated to maintain the quality and efficiency of products 
entering the market.

 • The participation of financial institutions and adoption of new business models may help reduce 
dependence on subsidies to make the clean transition in heating. Rural and peri-urban households, mostly 
farmers, may not have the income to pay for the upfront and O&M costs of clean heating technologies. 
To deploy stand-alone systems at scale, new business models are necessary to make them affordable, 
where companies or enterprises can take the lead. Companies seeking financing for revenue-generating 
purposes are more bankable compared to individual households. Business models that allow them to 
cover the first cost and pass them on to households at easier payment terms can support deployment and 
reduce dependence on subsidies. Suppliers or manufacturers can work with microfinance institutions to 
provide extended end-user financing.

 Another option could be a franchising model, wherein companies bid for and lead the renovation in 
peri-urban and rural areas for a fixed period as heating service providers, similar to district heating 
utilities in urban areas. In this way, service providers can be motivated to provide efficient O&M services 
that are currently missing. Service providers can be incentivized to encourage more technical and  
business model innovations.

 Companies may also implement community-based systems such as biogas or geothermal systems. These 
are commercial undertakings that could be applicable in some peri-urban sites where resource is available.

 • The heating market should have social protection instruments in place to ensure equal access to heating 
services, including low-income households.

Promoting energy efficiency. Energy efficient heating can be enhanced in two ways: improving insulation of 
the heating space and enhancing device efficiency by upgrading the technology. Devices’ heating effects can be 
enhanced by home insulations such as window shields and structure envelopes that effectively keep the heat in. 
These simple and often low-cost solutions can be widely and easily adapted, leading to lower energy costs. The 
home insulation guidelines presented in Chapter 3 can be used by households to enhance their home envelopes. 
For clean heating equipment, setting efficiency standards and labeling can ensure that only equipment with high 
efficiency and quality can penetrate the market. This becomes more relevant in the era of carbon neutrality.

Local capacity building. Building local capabilities for technical services will also contribute to the sustainable 
operation of the devices. Clean heating programs can include training to build the skills of local technicians on 
repair and maintenance. Best practices and installation guidelines could also be developed to ensure that units are 
installed safely and in configurations that promote efficient performance. O&M handbooks or tutorials can also 
instill proper use and care among users. Industry associations can play an important role. One proposal is to partner 
with training institutes to (i) demonstrate clean heating solutions at their buildings, and (ii) create vocational 
training and certified programs to build the skills of local technicians on repair and maintenance. This can also help 
shift the behavior of the whole community to prefer clean heating technologies.

Maintain and support an intelligent monitoring platform. An online platform combined with Internet of Things 
technology monitors clean heating devices in real-time and tracks the progress of a clean heating program. It enables 
understanding of clean heating devices’ energy consumption, as well as their advantages and disadvantages from 
household-level data. Initiating the pilot’s online platform revealed gaps and challenges such as sensor and data 
incompatibilities, technology privacy concerns, and limitations in the telecommunication infrastructure that must 
be addressed. Standards can help address issues related to compatibility of sensors and data type. Some legal and 
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Box 2. Decentralized Clean Heating Policy Models

Sweden and Switzerland implemented policies to establish markets for decentralized clean heating technologies, 
particularly for heat pumps. Initially, both countries introduced broad-ranging policy programs that focused on research 
and development. Such programs were complemented with subsidies, favorable loan terms, trainings, capacity building 
initiatives, and product testing. These proved effective as they attracted new heat pump manufacturers in the market, 
resulting in the rapid increase of heat pump installations. Over the years, these research activities were then harmonized 
with other instruments to improve the market.

Sweden

In the 1990s, a technology-procurement program for ground-source heat pumps was implemented that aimed to 
stimulate the development and commercialization of innovative and high-quality heat pumps. It aimed to provide 
more technology options for consumers and to reduce the associated risks in product development for manufacturers. 
End users were looking for heat pumps that were at least 30% more efficient and 30% cheaper than existing models 
on the market. A competition was launched for manufacturers, with the buyers’ group guaranteeing purchase of 
at least 2,000 units of the winning model. Third-party testing of the prototypes and the whole heating system was  
performed to ensure credibility.

Additional policy incentives including investment subsidies, awareness campaigns, and evaluations were added to 
the procurement program. Specifically, 25% of the procurement budget was set aside for a testing and certification 
program for heat pumps. Another 50% of the budget was then allocated to awareness raising activities. It also 
introduced subsidies and loans for households to convert from electric heating systems to other energy sources. 
A quality label for heat pumps (P-label) was developed. Standards on the installation of a geothermal system 
(Normbrunn-97), including requirements for the borehole, equipment, and competence of the drillers that included a  
voluntary certification scheme and new certification courses for installers, were also established.

Market development was supported through subsidies, but uncertainties regarding the duration and magnitude of 
these subsidies weakened the manufacturers’ long-term investments in the development of the technology, which  
eventually resulted in some defects in the equipment.

Switzerland

Energy 2000, followed by the SwissEnergy program, were implemented to increase the use of renewable energy and 
improve energy efficiency. It included the use of heat pumps as one of its pillars to meet its goals. 

Institutional reforms were introduced to coordinate the initiatives on heat pumps. New positions were created 
specific for the research, development, technology transfer, and market development of heat pumps. The Swiss Heat 
Pump Promotion Group (FWS) was created to coordinate market activities. FWS comprised of heat pump producers, 
distributors, installers, leading electricity utilities, sector authorities, and professional marketing companies.

While there was reluctance from the heat pump companies, a test center was established to evaluate products, 
which resulted in increased confidence in the technology. It was then followed by a public subsidy program for  
investing in heat pumps for existing buildings. This resulted in the increase of sales. However, once the subsidy period 
ended, sales declined. Nonetheless, the subsidy helped to build trust in heat pump technology and was seen as a 
catalyst to further market development. After a number of years, subsidy programs were again introduced, and a special 
electricity tariff was launched. Professional education and training programs were also improved. A retrofit heat pump 
competition program was launched to help develop highly efficient and competitive heat pumps for heating domestic 
water by bringing together manufacturers, the academe, and other stakeholders in developing the technology.

The market development of heat pumps was driven by regulation and through voluntary standards. The share of 
nonrenewable energies for heating and hot water purposes in new buildings was legally restricted to 80% of the allowed 
useful energy demand per square meter. The requirement could be fulfilled by additional insulation, the use of wood 
or solar energy, or through heat pumps. This legal measure represented a strong policy push for the deployment of 

continued on next page
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heat pump technology as electrically driven heat pumps were a cost-effective option. At the same time, the concept 
of “Minergie house” was introduced to support energy efficiency and renewable energy in residential buildings. It is 
a voluntary standard whereby requirements can also be met through heat pumps. Furthermore, the DACH label was 
launched to support product quality for heat pumps.

During its early years, policy initiatives in both countries supported technology and knowledge development,  
involvement of relevant stakeholders and market formation, but they were poorly coordinated. Later, reforms 
were made wherein more strategic, coordinated, and flexible policy incentives were introduced with additional 
focus on quality control, credibility, flexibility, and legitimacy. Additional strategic market initiatives, research and  
development, testing, and certification were likewise further developed. Policies were amended through the years to 
adapt to the experiences and the evolving changes and needs of the consumers and its demand.

The difference lies in the subsidies applied. Subsidies applied in Sweden have contributed to large government 
expenditures  in comparison to the use of mandatory and voluntary standards to direct industry expenditure in 
Switzerland. In terms of cost development, the policy programs introduced and their effect on increased production 
and sales have provided opportunities for cost reductions over time. However, it is worth noting in the case of Sweden 
that consumer price only slightly decreased due in part to the limited competition of contractors and the fragmented 
and uncertain subsidies. Another reason can be that the components of Swedish heat pumps are all manufactured in 
Sweden. In Switzerland, important drivers of cost reduction have been the lower cost of mass-produced imported heat 
pump components, and continuous technology development.

Source: B. Kiss, L. Neiji, and M. Jakob. 2011.Heat Pumps: A Comparative Assessment of Innovation and Diffusion Policies in 
Sweden and Switzerland. Energy Technology Innovation. pp. 118–132. https://www.researchgate.net/publication/297707438_
Heat_Pumps_A_Comparative_Assessment_of_Innovation_and_Diffusion_Policies_in_Sweden_and_Switzerland. 

institutional measures are necessary to ensure that technology secrets are respected and to maintain data privacy. 
Further strengthening and broadening partnerships with telecommunications operators can improve network 
signal services and widen its reach to more households.

Online monitoring enables evidence-based decision and policymaking through efficient data collection.  
It supports a plan-do-check-act cycle by providing real-time data at the household level of actual heating 
consumption patterns, technology performance, and environmental impacts. Therefore, if the challenges 
mentioned in the pilot are addressed and the online platform is further strengthened and fully implemented,  
it has the potential to become a dynamic and innovative tool for decentralized heating planning and design, 
and policymaking. As such, a follow up study can be conducted to serve as a guide to illustrate and analyze how  
the Internet of Things can inform policymaking, optimize heating systems, and make heating technologies more 
efficient. It can serve as a model that can be used by other local governments and developing member countries in 
implementing an online platform as a component of their decentralized heating strategies.

Maximize environmental impacts by greening the grid. Electricity-based clean heating technologies are 
among the easiest to adopt and the most commercially available option to replace coal burners. Operating  
these technologies does not generate direct emissions but do lead to indirect emissions from the grid they draw 
power from. Even efficient technologies could lead to higher CO2 emissions if the grid is dominated by fossil fuels 
because these devices are additional loads. A green grid dominated by renewable energy will result in greater 
emission reductions, supporting both air quality and climate goals. Greening the grid and deploying energy efficient 
electric-based heaters will also contribute to the PRC’s commitment to reach carbon neutrality before 2060. 
The PRC’s goals to reduce local air pollution is one of the drivers of its carbon neutrality commitment, in addition 
to other economic advantages of stronger climate polices.

Box 2 continued
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Scaling up decentralized energy systems. In the long term, peri-urban and rural areas have great potential to be 
energy self-sufficient and even become energy production bases, as suggested during the 17th Building Energy 
Conservation Week of Tsinghua University in April 2021. Endowed by abundant biomass resources, land, and 
rooftop capacity, these regions have great potential to create a decentralized zero-carbon energy system with 
microgrid through solar PV, modern biomass combined with energy storage, and electrical vehicles. Direct current 
appliances shall be promoted to avoid DC–AC conversion losses. Rather than purchasing electricity and gas  
from the centralized power plants and gas pipelines, surplus solar- or biogas-generated power and bio-methane 
can be sold back to cities as energy commodities. The future transformation is beyond the heating sector  
but also encompasses decarbonization of the building sector and diversification of the energy mix as green 
economic development.
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