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Abstract 

This paper presents a review of the environmental impacts of most heating systems drawing 

together published literature on the subject, not previously available. Here, a comparison 

between the different systems such as coal, wood, oil, natural gas, heat pump, geothermal 

and solar energy is provided in terms of their environmental impact. The most important 

parameters considered are the emission rate and toxicity. This places the coal-fired system 

as the worst among all heating systems regarding the impacts on the environment. On the 

other hand, renewable energy sources are the most preferred sources decreasing total 

emissions and air pollution. In order to make a comparison between the different systems, 

the emissions that must be taken into consideration are CO, CO2, NOx, SO2, PMs, N2O, 

CH4, volatile organic compounds, polycyclic aromatic hydrocarbons and aldehydes. 

Nomenclature 

ASHP air source heat pump 

ATES aquifer thermal energy storage 

BTES  borehole thermal energy storage 

CCHP combined cooling, heating and power 
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CHP combined heat and power 

DH district heating 

DHC district heating and cooling 

DS district system 

EF emission factor 

GE  geothermal energy 

GHG greenhouse gas 

GSHP ground source heat pump 

HEPA high efficiency particulate air 

HP heat pump 

IWH industrial waste heat 

LPG liquefied petroleum gas 

NG natural gas 

PAH polycyclic aromatic hydrocarbons 

PM particulate matter 

SNG synthetic natural gas 

SPF seasonal performance factor 

VOC volatile organic compounds 

WHR waste heat recovery 

Subscripts 

2.5 particles with diameter less than 2.5 micrometres 

10 particles with diameter less than 10 micrometres 

 

1. Introduction 

In air conditioning systems, the priority is ensuring convenient and comfortable indoor 

conditions due to their direct effect on human health and well-being. The issue stands 

behind the techniques that are responsible for providing the indoor environment with the 

needed thermal quality while being economically feasible [1]. Unfortunately, in winter, 

heating systems depend almost on fossil fuel energy [2] such as coal [3], oil [4], and natural 

gas [5]. This is accompanied by severe environmental risks such as gas emissions [6], 

global warming [7] and noise pollution [8]. Due to these serious negative impacts, it is 

utmost necessary first to focus on the large heating systems which is the case of district 

heating [9, 10]. This is also very crucial because of its rapid growth and spreading. Thus, 
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endeavors have been recently encouraging to use alternative heating systems based on 

renewable energy sources such as solar [11] and geothermal [12]. Heating systems have 

huge impacts on the environment especially because of some common usages, for instance; 

central heating is most frequently used depending on coal-fired boilers followed by thermal 

power plants then by gas-fired boilers [13]. There are some other factors that are involved 

in air pollution in big cities and these are mainly the topography and meteorology [14]. 

In north China, 40 - 60 % of the total deaths are caused by emissions of heating systems 

regardless of other health injuries [15]. This is due to the high dependency in rural China 

on solid-fuel heating systems [16] that have high pollutant emissions and mainly PM2.5 [17, 

18] and polycyclic aromatic hydrocarbons (PAH) [19] that lead to an increase in cancer 

risk [20]. Recent research studies tend to focus on investigation of heating system 

emissions using modern accurate techniques and the corresponding impacts on the 

environment [21]. These effects cannot be estimated easily based on the energy sources 

used because it is just one of various factors influenced [22] such as emissions’ losses and 

efficiency [23] that are directly related to the thermal environmental comfort [24-26]. In 

[27], a new method was proposed and compared to a base case for estimating residential 

heating impact. The results showed that the percentage error of the estimated 

environmental impact with respect to the real observations could be reduced from 35.1% 

to 4.16% as an average percentage. Usually, the considered pollutant emissions are CO, 

CO2, NOx, SO2, PMs, N2O, CH4, volatile organic compounds (VOC), PAH and aldehydes. 

Moreover, the authors in [28] have used “immissions” as a new term to represent the impact 

of emissions on health depending not just on the rate of pollutants but stack height such 

that, at constant emission rate, as the stack height increases, the immissions will decrease. 
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The concentrations of the toxic substances could vary in the same region according to the 

specific local elevation [29]. Hosseini et al. [30] investigated the effect of thermal 

buoyancy force on the air pollution in canyons. The authors deduced that the type of canyon 

affects the airflow which is responsible for controlling the pollutants’ flow. Therefore, 

canyons are categorized into three types depending on the height to width ratio: broad, 

regular, and deep. 

Besides that, it is necessary to make sure at first that the indoor environment is healthy for 

living. The indoor air quality is almost monitored by measuring the temperature, relative 

humidity, CO, CO2, PM2.5 and PM10. Several studies were performed to show that during 

winter, people are almost living in unhealthy mediums because of the disruption and high 

pollutants that are able to cause asthma [31]. This is usually due to the insufficient amount 

of ventilation which must be treated in a way to cope with the indoor thermal and pollution 

aspects. The ventilation process and its duration relies on the indoor thermal distribution 

such that in the case of floor heating, it is inversely proportional to the floor temperature 

[32]. The supply conditions of heating need to be selected taking into consideration the 

thermal comfort [33, 34] and its effect on physical health and especially on elderly people 

[35]. In other words, human health concerning physiological and psychological (sensation) 

responses directly depends on the thermal indoor conditions [36].  

The emissions vary from one system to the other according to the start, stop and operational 

duties [37]. Many previous studies have been performed to investigate this issue such as 

decreasing the supply temperature which is a very good technique to achieve a low 

temperature heating system for reducing the total emissions [38]. Monitoring emissions in 

heating and non-heating seasons is almost required in order to draw out the effect of heating 



5 

 

on emissions [39, 40]. The Nudging method was used to study SO2 and NO2 emissions 

based on an Ozone Monitoring Instrument [41]. This method presents a detailed map 

showing the sources of SO2 and NO2 emissions, allowing comparison of the difference 

between heating and non-heating seasons with respect to the meteorological conditions. 

CO is almost always produced due to the improper duty of burner cycling or if the load is 

less than the lowest rated combustion power. It could be decreased by optimizing the 

control and design parameters such as air exchange rate and ambient air quality. 

Electrochemical sensors are usually used to measure the indoor CO concentrations [42]. 

This measurement is necessary to make sure that pollution levels do not exceed World 

Health Organization guidelines. Polychlorinated dibenzo-p-dioxins and furans (PCDD/F) 

are toxic substances usually formed due to the addition of wastes to the combustion to 

perform a rapid start-up for instance. PCDD/F emissions do not have too many variations 

while using single stove or central heating in the case of wood and coal systems [43]. It is 

necessary to keep in mind that the environmental damage and climate change also could 

affect the heating demand in the coming years and especially due to global warming [44]. 

This is more significant at high elevations, while taking into consideration that the future 

heating demand is also influenced by the development of population [45]. 

The current paper presents a review of all heating systems including their impacts on the 

environment. This will be based mainly on the energy sources used. These energy sources 

are solid fuels (coal and wood), oil, natural gas, and renewable energy (solar and 

geothermal). In addition, the effects of the different heating systems’ technologies will be 

also investigated such as heat pumps, district heating, waste heat recovery and poly-

generation plants. 
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2. Heating Systems 

The main factor affecting the environment in a heating system is the type of heating source 

used which can be found in the form of coal, natural gas (NG), solar, bioenergy, geothermal 

and diesel oil. 

2.1 Solid-Fuels 

Amongst all heating systems, wood and coal burning has the highest amount of CO 

emissions. According to [46], the PM2.5 emissions is the highest when using coal (1.56 

kg/tce) followed by oil (0.4044 kg/tce) then by NG (0.08 kg/tce) if considering a constant 

heating load. 

2.1.1 Coal-Fired Boiler 

Burning coal as a source for residential heating has a very low efficiency as well as high 

impacts on the indoor and outdoor air quality. Globally, use of coal-fired heating systems 

is decreasing, however, it is still very hard to find attractive alternatives due to coal 

abundancy and low price [47]. CO emissions depend on the amount of carbon in the fuel. 

CO emissions and burning rates are linearly related when the carbon content is stable [48]. 

VOC [49, 50] significantly increase in the flue gas when the temperature in the drop-tube 

furnace is high. In addition to the effect of temperature, the condensation rate and VOC 

rates are inversely proportional [51]. The incomplete combustion of coal and low efficiency 

in residential heating stoves cause huge haze pollution. In order to decrease this pollution, 

it is better to use semi-coke coal rather than the raw coal, but the remaining problem is that 

stoves using these low emissions fuels will lead to extra fuel consumption [52] (see Table 

1). 
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Table 1: Difference between semi-coke and raw coal according to proximate and ultimate 

analyses [52] 

Coal 
HV 

(MJ/kg) 

Proximate Analysis (%) Ultimate Analysis (%) 

Moisture Ash 
Volatile 

Matter 

Fixed 

Carbon 
Carbon Hydrogen Nitrogen Sulphur 

Raw 

Coal 
20.413 8.95 17.02 58.80 24.18 56.95 3.34 0.59 0.20 

Semi-

Coke 
28.936 5.66 6.52 11.98 81.50 77.68 1.18 0.71 0.30 

 

2.1.2 Biomass and Wood 

Gebremedhin [53] reported that in Norway, the potential of biomass is much higher than 

that currently used while knowing that burning stoves are causing 60 % of the total PM 

emissions. Wood is better than oil regarding the PM emissions’ DNA damaging and short-

term cytotoxicity [54]. Wood burning [55, 56] methods are widely used for residential 

heating while they still have significant emissions of PM, organic aerosol, black carbon 

[57] and other pollutant compounds [58]. This is mainly due to the cleaning processes of 

ash that result in releasing fine and coarse particles. Even though ash removal duration is 

not too long, but there is a need for using filters such as HEPA (High Efficiency Particulate 

Air) [59]. Introducing biofuel to the existing district systems (DSs) contributes in 

decreasing the greenhouse gas (GHG) emissions. Therefore, it could be an effective 

solution just if biomass is an unlimited source in the heating region [60]. There are different 

types of wood used in these stoves such as old logwood, modern logwood, automated 

pellet, and others. The Pellet (natural wood) stove has the lowest pollutant emissions as 

compared with other old wood stoves [61]. While, among all biomass fuels, charcoal is the 

best choice to be used for space heating that produces very few amount of smoke and has 

a thermal efficiency of 46 % [62] (see Table 2).  
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Table 2: Emissions of some biomass fuels [62] 

Fuels Carbon monoxide 

(mg/MJ) 

Nitrogen oxides 

(mg/MJ) 

Sulfur dioxide 

(mg/MJ) 

Firewood 1489 12.54 19.00 

W. shavings 1403 9.72 17.89 

H. shell 1667 5.65 20.52 

W. shell 2445 8.78 31.65 

P. shell 2422 18.32 37.72 

S. shell (sweet) 1405 4.52 23.26 

S. shell (hot) 1449 4.77 21.49 

Corncob 3276 0.75 3.75 

Charcoal 2095 2.62 0 

 

Old heating stoves can cause hazardous respiratory diseases, for this reason, improvements 

are needed. According to [63], some modern technologies are having more negative effects 

on lungs’ inflammations compared to the old technologies. This shows that the degree of 

toxicity needs to be taken into consideration and not only the amount of emissions. The 

culture has a great influence on these improvements in order to encourage and give 

motivations for the users. It is also necessary to note that, the environmental solution is 

economically feasible because one of the main goals is to decrease fuel consumption [64]. 

The wood burning process is divided into two phases: initial and stable. The highest amount 

of emissions are usually produced during the initial phase except the fine particles in which 
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they are more in the stable one [65]. Figure 1 shows the difference between the emissions 

of different biomass fuels burning with respect to the time after ignition. 

 

Figure 1: Carbon monoxide emissions of selected biomass fuels with respect to the time 

after ignition [62] 

Biomass and bio-char preheating is a good technique to improve the system’s performance, 

while it obviously causes extra PM emissions. The temperature is a significant factor that 

affects the size and amount of PM produced. This relation cannot be considered 

proportional because in fact these emissions have specific peak temperatures. In [66], it 

was noticed that PM1.0 emissions could reach its peak at 500˚C while it starts to decrease 

again after exceeding this temperature. Some sources and systems cannot be easily 

compared because one may have less CO emissions while higher NOx than the other for 
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instance. In Italy, open field burning of vine residues is very frequently used for heating 

due to the high abundance of vine. High environmental impacts are recognized because of 

this usage which imposes to find alternative techniques. Figure 2 presents a comparison 

between burning vine residues and pellet wood boilers [67]. 

 

Figure 2: Yearly emissions due to burning pruning vine residues in open field and pellet 

boilers [67] 

2.2 Oil 

In some countries and regions, oil is the main heating source such as diesel due to the low 

price of this heating system, burner, and fuel. PAH and formaldehyde are substances that 

present the toxicity of PMs. The PAH toxicity resulting from biodiesel is 13 times less 

while formaldehyde is twice more than that of oil. For this reason, biodiesel is preferred 
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[68]. Austria is one of the countries that depends on oil-fired boilers for heating. Recently, 

pellet boilers and oil condensing boilers are found to be good alternatives to the old oil-

fired boilers. The demand of pellet boilers has been increasing significantly due to its low 

GHG emissions compared to oil and to decrease the demand of fossil fuels. However, pellet 

boilers have other negative effects on the environment such as the Tropospheric Ozone 

Precursor Potential and Human Toxicity [69]. Eric [70] compared between oil heating 

systems with that of liquefied petroleum gas (LPG). The author deduced that using LPG 

instead of oil in Europe could serve in reducing the carbon footprint by 50%. 

2.3 Natural Gas 

From the environmental point of view, it is better to replace solid-fuel heating systems with 

natural gas (NG) boilers in order to decrease the amount of CO2 emissions [71]. Replacing 

wood burning stoves with compressed NG has also effects on PM2.5 emissions such that in 

Santiago (Chile) [72], 2.07 microg/m3
 has been reduced as an annual average value. 

However, it is necessary to be aware of potential NG leakage which is considered worse 

than CO2 in terms of global warming. Aste et al. [73] performed a study on national gas 

boilers and their effects on NOx emissions in Italy from 1999 to 2000. It was shown that 

there is a need for boilers' replacement in order to reduce these emissions by using 

condensing boilers (see Figure 3). Flue gas quenching has a major impact in decreasing 

CO and NO concentrations because of the formation of oxidation reactions [74]. Synthetic 

natural gas (SNG) causes less haze pollution (52 %) such as PM2.5 but higher GHGs (65 

%) compared to coal. On the contrary, the SNG has low efficiency which imposes to 

consume extra amount of energy. Thus, it should be adapted in a way to balance between 
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pollution in urban and SNG-producing areas because otherwise the pollutants will be 

indirectly transferred from urban to producing regions [75]. 

 

Figure 3: Natural gas condensing boiler 

 

2.4 Air Source Heat Pump 

Air source heat pumps (ASHPs) are driven by electric motors in order to supply the 

compressor with the required work. Indeed, the emissions of such systems are indirectly 

dependent on the energy sources and technologies supplying the grid with electricity. The 

performance of a heat pump (HP) relies mainly on the type of working fluid. In several 

recent studies, CO2 has been chosen as the working fluid because it is highly abundant. The 

COP of the CO2 heat pump depends on the outdoor temperature such that if the ambient 

temperature increases, the amount of emissions will decrease. It also relies on the seasonal 

performance factor (SPF), in which significant decrease in the emissions could be attained 

at SPF higher than 2.44 [76]. Usually, the CO2 HP is based on supercritical [77] and trans-
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critical [78, 79] cycles with R134a sub-cooling device which can help in achieving the 

optimal performance. The total cost reduction when using a CO2 HP is 120 % and 26 % 

compared to the coal and natural gas boilers respectively [80]. Even though, the CO2 HP 

emits slightly more amount of CO2 compared to gas boilers, but it is still very attractive as 

a replacement for coal and especially in those countries that are not rich with NG (see 

Figure 4). 

 

Figure 4: Comparison between coal, natural gas, and CO2 heat pump [73] 

2.5 Renewable Energy 

In [81], it was deduced that renewable energy could reduce CO2 emissions by 40 times 

compared to that of coal and lignite. Hybrid systems may also contribute in decreasing 

these emissions and especially if based on RESs [82]. This will furthermore help in 

overcoming the stochastic nature of most RESs. From this point of view, it is highly 

preferred to use energy storage systems (ESSs) to stabilize the whole energy system. The 

main disadvantage that must be taken into consideration is the long payback period in many 
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cases [83]. However, the priority is to focus on green ESSs from the environmental point 

of view such as fuel cell [84, 85]. 

2.5.1 Solar 

Solar energy could be used for direct utilization such as heating water or stored [86] by the 

help of an ESS (see Figure 5). It is necessary to store the heat supplied by the solar energy 

to be used at night otherwise an auxiliary system must be activated. Solar heating [87] 

systems are able to reduce 250.4 kg of CO2/year as an average value for specific units 

studied in Brazil [88]. This value depends on the climatic zone and the traditional systems 

used in the region. There may exist many systems that could help in decreasing CO2 

emissions such as the solar water heating but it is not preferred due to economic and cultural 

perspectives in some cases [89]. Therefore, prioritization is very important in order to focus 

at first on the environmental aspect. Usually, solar energy systems do not have direct 

impact on the environment, however, the pollution may occur during the manufacturing 

and maintenance processes [90]. 

 

Figure 5: Solar heating system coupled with a thermal storage tank 
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2.5.2 Geothermal 

Geothermal energy (GE) is a very attractive renewable energy source recently due to its 

independent and non-stochastic nature. It could be used to provide both heating and cooling 

by the help of the ground source heat pump (GSHP) (see Figure 6). This system takes 

advantage of high underground temperature in winter with respect to the ambient 

temperature. In comparison with the conventional ASHP, the GSHP requires less 

electricity to operate since the ground source compensates this energy difference. This 

occurs due to the ability of the ground to evaporate the working fluid at a higher 

temperature. In order to increase the potential of GE; seasonal storage need to be adopted 

leading to less carbon emissions such as borehole thermal energy storage (BTES) and 

aquifer thermal energy storage (ATES) [91]. The GSHP is one of the most preferred 

replacements to NG but still not developed totally to cover all aspects [92]. In [93], it was 

shown that replacing NG space heating boilers and fossil fuels for heating with efficient 

HPs such as GSHP and ASHP will decrease the primary energy required by 60 % and CO2 

emissions by 90 % in Europe. Chen et al. [94] found that using HPs for heating instead of 

coal DH systems could reduce the CO2 emissions by 43 %. On the other hand, condensing 

gas boilers could be also a better solution than ASHPs in places where solid fuel is the 

primary source of energy. 
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Figure 6: Ground source heat pump in heating mode 

3. District Systems 

The Emission Factor (EF) of district heating (DH) depends on fuel combustion, handling, 

and transportation of fuels per delivered unit. If the system is working at constant power, 

more CO2 emissions will be released because of the extra amount of energy consumption. 

Figure 7 represents the concept of DH and its specifications. Recently, district systems 

(DSs) had jumped to the fifth generation which is based on supplying low temperatures 

and usually relying on renewable energy sources, and both aim to increase the systems’ 

efficiency, decrease losses and emissions [95, 96]. This generation is also known as 

bidirectional district heating and cooling system (DHC). In a study performed in Moscow 

[97], which is the largest city in the world using DH, where it was noticed that the CO2 
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emissions were directly proportional to the mean thermal emissions. Since these systems 

are very large, the network infrastructure construction will indeed have a major impact on 

the environment in addition to the operational phase. Poland is the country with greatest 

dependency on DH in Europe, but the problem is that it uses coal as a primary source. 

Thus, it was recommended to use municipal waste incineration in which it is considered as 

a better choice than individual systems because of the modern techniques and cleaning 

methods involved [98]. The expansion of DSs is accompanied by severe problems such as 

the increase in mass flow rate which may cause large vibrations in addition to the increase 

in CO2 emissions. Therefore, performing an optimal expansion is of major importance to 

solve the mentioned problems while being aware from exceeding technical limitations 

regarding velocities and pressures [99]. DSs’ pipes are usually formed from steel that can 

be subjected to corrosion over long periods. Chemicals could be a solution to decrease this 

effect. It was found that oxygen injection is an eco-friendly way in which it activates an 

oxidation reaction allowing an increase in the corrosions resistance of these pipes [100]. 

DH has a high environmental performance, but it is still not always preferred depending 

on the type of source supplying the main system. It is highly recommended to use solar 

energy and especially the 4-pipe network configuration, while on the other hand, NG is 

better to be used in individual boilers in each dwelling alone [101]. 
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Figure 7: District heating system concept and characteristics 

4. Waste Heat Recovery 

In most fossil fuel-based energy systems, there are huge amounts of heat wasted to the 

environment. This energy could be recovered otherwise in order to activate heating 

systems. This will indeed mitigate the emissions and their environmental effects because 

the temperature of flue gases is one of the major factors that control the impact of emissions 

on the environment. Waste incinerators can be used for DH in populated regions but also 

have significant effects on human health. Waste heat recovery (WHR) systems mainly 

contribute in decreasing fine PMs [102]. The highest amount of wasted heat could be found 

in the industrial sector known as industrial waste heat (IWH). Therefore, it is very crucial 

to study the feasibility of IWH in order to be recovered and utilized again in the form of 

combined heat and power [103] (see Figure 8). Several recent research studies have 

investigated techniques to improve the industrial sector via WHR systems. One of the most 
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important technologies is the heat pipe [104, 105]. This technology was not only valuable 

in the industrial sector; however, it was very beneficial in the different waste treatment 

systems such as municipal waste treatment [106]. Furthermore, this technology could also 

be used for thermal energy storage [107]. All these utilizations make the heat pipe one of 

the most promising technologies in WHR applications. 

 

Figure 8: District heating system supported with excess industrial heat 

5. Poly-generation and Hybrid Systems 

Poly-generation plants aim to supply different types of demands. They are found in two 

different forms: co-generation and tri-generation. The former is also known as combined 

heat and power (CHP) [108] while the latter as combined cooling, heating and power 

(CCHP) [109]. These systems have the ability to decrease the CO2 and NOx emissions 

[110]. In order to supply different forms of energy, it is necessary to use multi-energy 

sources as shown in Figure 9. In other words, the adoption of hybrid energy systems is 
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required. These hybrid systems are able to reduce the environmental impact compared to 

the traditional heating systems. This is due to the decrease in energy losses because they 

will be transferred to the required form rather than been lost. Hybridization has a great 

potential in increasing the penetration of renewable energy especially when the renewable 

source is incapable of standing alone. This is the case of solar energy because it is always 

absent at night. Hybrid geothermal systems [111] are also highly favorable knowing that 

GE is usually considered as a low-grade source. 

 

Figure 9: Poly-generation plant characteristics and hybrid energy systems 

6. Heating Systems’ Pollutant Emissions 

As presented in the literature, there are several types of pollutant substances produced by 

heating systems. There is a similarity between most heating systems in terms of emissions, 

however, they are different in their quantity and toxicity. For instance, CO2 is a greenhouse 

gas that is usually emitted from all heating sources. The result shown in Figure 10 can be 

deduced from the numerous reviewed studies to compare the effect of all heating systems. 

This pyramid presents a scale for the environmental impact of the different heating 

systems. Coal is placed at the top since it has the highest influence, while at the bottom the 

green color reflects the effect of RESs which is very nil. This does not mean that coal has 
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the highest amount of all emissions. As an example, wood produces more PM than coal, 

and natural gas boilers produce more CO2 in some cases. However, if the whole amount of 

emissions is taken into consideration at once in addition to their toxicity, coal will be the 

greatest pollutant heating source as mentioned. 

 

Figure 10: Comparison between the different heating systems according to their 

environmental impacts 

7. Discussion 

The environmental impact of heating systems is increasing as a matter of fact due to the 

increase in population. The importance of this effect is also rising which can be noticed 

from the studies reviewed in this paper such that most research studies are performed in 

the last three years and expected to develop more and more in the future. 
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Environmental effects of heating systems 

The impacts of each heating system can be detected by measuring and comparing the 

emissions of each source and their toxicity. From this point of view, solid fuels involving 

coal and wood can be considered as the most dangerous systems [42] while renewable 

energy such as solar and geothermal have the least environmental risks. As it was presented 

in this paper, it is not easy to compare and choose among all systems due to the interference 

of several factors. The comparison between the different heating systems is very important 

in order to choose the most suitable one for each specific case. Even though these 

differences can vary from one application to the other according to the operating 

conditions, there are some specifications that can characterize each system with respect to 

their common usage and frequent previous utilizations. Figure 11 shows the relation 

between heating systems and the environment. The total amount of emissions and their 

toxicity are the most important factors that need to be monitored as well as the size of 

emitted particles, stack height, highest temperature, and operational duties. It is necessary 

to avoid high flue gas temperatures, that’s why quenching is a good choice which is a 

method used to cool down the flue gases. In addition, the continuous operation is usually 

preferred to get rid of start and stop losses. DH can shave the negative effects of these 

operational strategies due to its continuous supply. 

Recommendations 

It is most essential to increase the penetration of renewable energy and waste heat recovery 

systems in order to minimize both toxic and global warming gas emissions. This can be 

performed by constructing new plants or by retrofitting existing ones. In addition, 

enhancements can be done by supplying different types of loads from the same plant such 
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as co-generation and tri-generation plants. Furthermore, using different heating sources 

will ensure stability, especially in the case of renewable energy-based systems. Thus, it is 

highly recommended to use hybrid systems and poly-generation plants that can shave high 

peak loads [112]. Providing filters such as HEPA [59], modern ash removal techniques and 

electrostatic precipitators [113] is a must in all types of heating systems to reduce their 

emissions and toxicity. This will contribute in decreasing both indoor and outdoor air 

pollution. The governments should increase pollutants’ taxes according to their toxicity in 

order to decrease the total emissions and their effects [114]. This will indeed enforce all 

consumers to use new eco-friendly heating systems and encourage the people to replace 

the old boilers with modern types [115].  

 

Figure 11: The impacts of heating systems on the environment; factors and barriers 
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Key elements for future work 

• Investigating the environmental impacts for the other types of loads (cooling and 

electricity). 

• Parametric study to choose the best source for specific supply conditions such as the 

temperature and humidity. 

• Designing new hybrid systems with the lowest possible environmental risks taking into 

consideration the economic feasibility. 

8. Conclusion 

Environmental pollution has been shown to be significantly different between seasons such 

that it is very high during winter due to the critical impact of heating systems. The 

pollutants that are usually monitored to study the heating effects are CO, CO2, NOx, SO2, 

PMs, N2O, CH4, volatile organic compounds, polycyclic aromatic hydrocarbons, and 

aldehydes. There are several types of heating systems commonly used such as coal, wood, 

oil, NG, DH, HPs (air source and ground source), solar and WHR. Among all mentioned 

types, the coal-fired boiler has the highest amount of pollutant emissions followed by wood 

and then by oil, while the RESs such as solar and geothermal have the least environmental 

impact. This result was not deduced from measuring only the concentration of emitted 

substances, it is also based on their toxicity as well. There are several factors that affect the 

impact of emissions such as the size of particles, temperature, stack height and operational 

duties. Thus, in many cases flue gas quenching must be applied to decrease the temperature 

of these emissions. This will indeed help in capturing toxic substances easily such as in 

condensing natural gas boilers. According to the studies reviewed, it is highly 

recommended to use renewable sources in order to provide heating and to benefit from 
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wasted energy by recovering heat from existing plants. WHR has showed a significant 

influence on the enhancement of conventional heating systems due to the huge amount of 

wasted heat. This technology could be applied to the industrial sector, waste treatment and 

individual energy systems. Furthermore, it is necessary to retrofit old heating systems by 

introducing modern types of filters and ash removal techniques. There is still a major 

problem which is the abundance and economic attractiveness of some heating fuel sources 

that are environmentally damaging such as coal which is the most commonly used type. 

For this reason, it will be a very attractive solution if the government would increase the 

pollutant taxes which will impose on the users to replace these systems by new eco-friendly 

systems. 

References 

[1]  Sayyad Nojavan; Majid Majidi; Kazem Zare, Optimal scheduling of heating and 

power hubs under economic and environment issues in the presence of peak load 

management, Energy Conversion and Management, 156 (2018) 34-44. 

doi:10.1016/j.enconman.2017.11.007.  

[2]  Gero Rueter, Climate-friendly heating: How to stay warm without fossil fuels, 

https://p.dw.com/p/3WUMI.  

[3]  Jinxi Hua, Yuanxun Zhang, Benjamin de Foy, Xiaodong Mei, Jing Shang, Chuan 

Feng, Competing PM2.5 and NO2 holiday effects in the Beijing area vary locally 

due to differences in residential coal burning and traffic patterns, Science of The 

Total Environment, Volume 750, 2021, 141575, ISSN 0048-9697, 

https://doi.org/10.1016/j.scitotenv.2020.141575.  

[4]  Ali Motalebi Damuchali, Huiqing Guo, Evaluation of odour properties, their 

relationships, and impact of an oil refinery plant on the surrounding environment 

using field measurements, Atmospheric Environment, Volume 230, 2020, 117480, 

ISSN 1352-2310, https://doi.org/10.1016/j.atmosenv.2020.117480.  

[5]  Jasmin Cooper, Adam Hawkes, Paul Balcombe, Life cycle environmental impacts 

of natural gas drivetrains used in UK road freighting and impacts to UK emission 



26 

 

targets, Science of The Total Environment, Volume 674, 2019, Pages 482-493, 

ISSN 0048-9697, https://doi.org/10.1016/j.scitotenv.2019.04.091.  

[6]  Bismark Ameyaw, Li Yao, Amos Oppong, Joy Korang Agyeman, Investigating, 

forecasting and proposing emission mitigation pathways for CO2 emissions from 

fossil fuel combustion only: A case study of selected countries, Energy Policy, 

Volume 130, 2019, Pages 7-21, ISSN 0301-4215, 

https://doi.org/10.1016/j.enpol.2019.03.056.  

[7]  Tasneem Abbasi, S.A. Abbasi, Decarbonization of fossil fuels as a strategy to 

control global warming, Renewable and Sustainable Energy Reviews, Volume 15, 

Issue 4, 2011, Pages 1828-1834, ISSN 1364-0321, 

https://doi.org/10.1016/j.rser.2010.11.049.  

[8]  Jiguo Tang; Guo Xie; Jingjing Bao; Zhengyu Mo; Hongtao Liu; Min Du, 

Experimental study of sound emission in subcooled pool boiling on a small 

heating surface, Chemical Engineering Science, 188 (2018) 179-191. 

doi:10.1016/j.ces.2018.05.002.  

[9]  M.A. Sayegh, J. Danielewicz, T. Nannou, M. Miniewicz, P. Jadwiszczak, K. 

Piekarska, H. Jouhara, Trends of European research and development in district 

heating technologies, Renewable and Sustainable Energy Reviews, Volume 68, 

Part 2, 2017, Pages 1183-1192, ISSN 1364-0321, 

https://doi.org/10.1016/j.rser.2016.02.023.  

[10]  M.A. Sayegh, P. Jadwiszczak, B.P. Axcell, E. Niemierka, K. Bryś, H. Jouhara, 

Heat pump placement, connection and operational modes in European district 

heating, Energy and Buildings, Volume 166, 2018, Pages 122-144, ISSN 0378-

7788, https://doi.org/10.1016/j.enbuild.2018.02.006.  

[11]  Malek Kamal Hussien Rabaia, Mohammad Ali Abdelkareem, Enas Taha Sayed, 

Khaled Elsaid, Kyu-Jung Chae, Tabbi Wilberforce, A.G. Olabi, Environmental 

impacts of solar energy systems: A review, Science of The Total Environment, 

2020, 141989, ISSN 0048-9697, https://doi.org/10.1016/j.scitotenv.2020.141989.  

[12]  Tabbi Wilberforce, A. Baroutaji, Zaki El Hassan, J. Thompson, Bassel Soudan, 

A.G. Olabi, Prospects and challenges of concentrated solar photovoltaics and 

enhanced geothermal energy technologies, Science of The Total Environment, 

Volume 659, 2019, Pages 851-861, ISSN 0048-9697, 

https://doi.org/10.1016/j.scitotenv.2018.12.257.  

[13]  Mingxi Du; Xiaoge Wang; Changhui Peng; Yuli Shan; Huai Chen; Meng Wang; 

Qiuan Zhu, Quantification and scenario analysis of CO2 emissions from the 



27 

 

central heating supply system in China from 2006 to 2025, Applied Energy, 225 

(2018) 869-875. doi:10.1016/j.apenergy.2018.05.064.  

[14]  Deniz Sari; Abdurrahman Bayram, Quantification of emissions from domestic 

heating in residential areas of İzmir, Turkey and assessment of the impact on 

local/regional air-quality, Science of the Total Environment, 

doi:10.1016/j.scitotenv.2013.11.033.  

[15]  Han Li; Shijun You; Huan Zhang; Wandong Zheng; Lanjun Zou, Analysis of the 

impacts of heating emissions on the environment and human health in North 

China, Journal of Cleaner Production, doi:10.1016/j.jclepro.2018.10.013.  

[16]  Shaobin Wang; Kunli Luo, Life expectancy impacts due to heating energy 

utilization in China: Distribution, relations, and policy implications, Science of the 

Total Environment, 610-611 (2017) 1047-1056. 

doi:10.1016/j.scitotenv.2017.08.195.  

[17]  Yilin Chen; Huizhong Shen; Kirk R. Smith; Dabo Guan; Yuanchen Chen; 

Guofeng Shen; Junfeng Liu; Hefa Cheng; Eddy Y. Zeng; Shu Tao, Estimating 

household air pollution exposures and health impacts from space heating in rural 

China, Environment International, 119 (2018) 117-124. 

doi:10.1016/j.envint.2018.04.054.  

[18]  Bolong Liang; Xi-liang Li; Ke Ma; Shu-xuan Liang, Pollution characteristics of 

metal pollutants in PM2.5 and comparison of risk on human health in heating and 

non-heating seasons in Baoding, China, Ecotoxicology and Environmental Safety, 

170 (2019) 166-171. doi:10.1016/j.ecoenv.2018.11.075.  

[19]  Chun-Yan Huo; Yu Sun; Li-Yan Liu; Ed Sverko; Yi-Fan Li; Wen-Long Li; Wan-

Li Ma; Zi-Feng Zhang; Wei-Wei Song, Assessment of human indoor exposure to 

PAHs during the heating and non-heating season: Role of window films as passive 

air samplers, Science of the Total Environment, 659 (2018) -. 

doi:10.1016/j.scitotenv.2018.12.382.  

[20]  Junrui Chang; Jianing Shen; Jing Tao; Na Li; Chunyu Xu; Yunpu Li; Zhe Liu; Qin 

Wang, The impact of heating season factors on eight PM2.5-bound polycyclic 

aromatic hydrocarbon (PAH) concentrations and cancer risk in Beijing, Science of 

the Total Environment, 688 (2019) 1413-1421. 

doi:10.1016/j.scitotenv.2019.06.149.  

[21]  Han Li; Shijun You; Huan Zhang; Wandong Zheng; Wai-ling Lee; Tianzhen Ye; 

Lanjun Zou, Analyzing the impact of heating emissions on air quality index based 

on principal component regression, Journal of Cleaner Production, Accepted 

manuscript. 10.1016/j.jclepro.2017.10.106.  



28 

 

[22]  Han Li; Shijun You; Huan Zhang; Wandong Zheng; Lanjun Zou, Investigating the 

environmental quality deterioration and human health hazard caused by heating 

emissions, Science of the Total Environment, 628-629 (2018) -. 

doi:10.1016/j.scitotenv.2018.02.133.  

[23]  Mikk Maivel; Jarek Kurnitski, Low Temperature Radiator Heating Distribution 

and Emission Efficiency in Residential Buildings, Energy & Buildings, 

doi:10.1016/j.enbuild.2013.10.030.  

[24]  Mikk Maivel; Jarek Kurnitski, Radiator and floor heating operative temperature 

and temperature variation corrections for EN 15316-2 heat emission standard, 

Energy & Buildings, 99 (2015) 204-213. doi:10.1016/j.enbuild.2015.04.021.  

[25]  Mikk Maivel; Andrea Ferrantelli; Jarek Kurnitski, Experimental determination of 

radiator, underfloor and air heating emission losses due to stratification and 

operative temperature variations, Energy & Buildings, 

doi:10.1016/j.enbuild.2018.01.061.  

[26]  D.W.U. Perera; D. Winkler; N.-O. Skeie, Multi-floor building heating models in 

MATLAB and Modelica environments, Applied Energy, 171 (2016) 46-57. 

doi:10.1016/j.apenergy.2016.02.143.  

[27]  Metin Baykara; Ulas Im; Alper Unal, Evaluation of impact of residential heating 

on air quality of megacity Istanbul by CMAQ, Science of the Total Environment, 

651 (2018) -. doi:10.1016/j.scitotenv.2018.10.091.  

[28]  Friederike Fachinger; Frank Drewnick; Reto Gieré; Stephan Borrmann, 

Communal biofuel burning for district heating: Emissions and immissions from 

medium-sized (0.4 and 1.5 MW) facilities, Atmospheric Environment, 

doi:10.1016/j.atmosenv.2018.03.014.  

[29]  Hong Wu; Yu-fen Zhang; Su-qin Han; Jian-hui Wu; Xiao-hui Bi; Guo-liang Shi; 

Jiao Wang; Qing Yao; Zi-ying Cai; Jing-le Liu; Yin-chang Feng, Vertical 

characteristics of PM2.5 during the heating season in Tianjin, China, Science of 

the Total Environment, doi:10.1016/j.scitotenv.2015.03.119.  

[30]  Seyyed Hossein Hosseini; Parisa Ghobadi; Toran Ahmadi; John Kaiser Calautit, 

Numerical investigation of roof heating impacts on thermal comfort and air quality 

in urban canyons, Applied Thermal Engineering, 

doi:10.1016/j.applthermaleng.2017.05.095.  

[31]  Nick Preval; Ralph Chapman; Nevil Pierse; Philippa Howden-Chapman; The 

Housing, Heating and Health Group, Evaluating energy, health and carbon co-

benefits from improved domestic space heating A randomised community trial, 

Energy Policy38(2010)3965–3972, doi:10.1016/j.enpol.2010.03.020.  



29 

 

[32]  Yu Zhou; Yelin Deng; Peng Wu; Shi-Jie Cao, The effects of ventilation and floor 

heating systems on the dispersion and deposition of fine particles in an enclosed 

environment, Building and Environment, doi:10.1016/j.buildenv.2017.08.049.  

[33]  Borong Lin; Zhe Wang; Yanchen Liu; Yingxin Zhu; Qin Ouyang, Investigation of 

Winter Indoor Thermal Environment and Heating Demand of Urban Residential 

Buildings in China’s Hot Summer – Cold Winter Climate Region, Building and 

Environment, doi:10.1016/j.buildenv.2016.02.022.  

[34]  Jinping Li; Xiuzhen Li; Na Wang; Yingying Hu; Rong Feng, Experimental 

research on indoor thermal environment of new rural residence with active solar 

water heating system and external wall insulation, Applied Thermal Engineering, 

doi:10.1016/j.applthermaleng.2015.11.013.  

[35]  Guangtao Fan; Jingchao Xie; Hiroshi Yoshino; U. Yanagi; Kenichi Hasegawa; 

Chunyu Wang; Xiaojing Zhang; Jiaping Liu, Investigation of indoor thermal 

environment in the homes with elderly people during heating season in Beijing, 

China, Building and Environment, doi:10.1016/j.buildenv.2017.09.031.  

[36]  Zhaojun Wang; Haoran Ning; Yuchen Ji; Juan Hou; Yanan He, Human thermal 

physiological and psychological responses under different heating environments, 

Journal of Thermal Biology, 52 + (2015) 177-186. 

doi:10.1016/j.jtherbio.2015.06.008.  

[37]  Frank Fiedler, Tomas Persson, Carbon monoxide emissions of combined pellet 

and solar heating systems, Applied Energy 86 (2009) 135–143, 

doi:10.1016/j.apenergy.2008.05.008.  

[38]  Zoltan Nagy; Dino Rossi; Christian Hersberger; Silvia Domingo Irigoyen; Clayton 

Miller; Arno Schlueter, Balancing envelope and heating system parameters for 

zero emissions retrofit using building sensor data, Applied Energy, 131 (2014) 56-

66. doi:10.1016/j.apenergy.2014.06.024.  

[39]  Lei Wang; Qingyu Guan; Feifei Wang; Liqin Yang; Zeyu Liu, Association 

between heating seasons and criteria air pollutants in three provincial capitals in 

northern China: Spatiotemporal variation and sources contribution, Building and 

Environment, doi:10.1016/j.buildenv.2018.01.034.  

[40]  Yang Liu; WeiJian Liu; YunSong Xu; YongZhi Zhao; Pei Wang; ShuangYu Yu; 

JiaoDi Zhang; Yi Tang; GuanNan Xiong; Shu Tao; WenXin Liu, Characteristics 

and human inhalation exposure of ionic per- and polyfluoroalkyl substances 

(PFASs) in PM10 of cities around the Bohai Sea: Diurnal variation and effects of 

heating activity, Science of the Total Environment, 687 (2019) -. 

doi:10.1016/j.scitotenv.2019.06.103.  



30 

 

[41]  Kai Meng; Xiangde Xu; Xinghong Cheng; Xiaobin Xu; Xiaoli Qu; Wenhui Zhu; 

Cuiping Ma; Yuling Yang; Yuguang Zhao, Spatio-temporal variations in SO2 and 

NO2 emissions caused by heating over the Beijing-Tianjin-Hebei Region 

constrained by an adaptive nudging method with OMI data, Science of the Total 

Environment, 642 (2018) -. doi:10.1016/j.scitotenv.2018.06.021.  

[42]  Joanna Gordon Casey; John Ortega; Evan Coffey; Michael Hannigan, Low-cost 

measurement techniques to characterize the influence of home heating fuel on 

carbon monoxide in Navajo homes, Science of the Total Environment, 625 (2017). 

doi:10.1016/j.scitotenv.2017.12.312.  

[43]  C. Hubner, R. Boos, T. Prey, In-field measurements of PCDD/F emissions from 

domestic heating appliances for solid fuels, Chemosphere 58 (2005) 367–372, 

doi:10.1016/S0045-6535(03)00702-1.  

[44]  I. Andrić; J. Fournier; B. Lacarriere; O. Le Corre; P. Ferrao, The impact of global 

warming and building renovation measures on district heating system techno-

economic parameters, Energy, doi:10.1016/j.energy.2018.03.027.  

[45]  Ying Shi; Dong-Feng Zhang; Ying Xu; Bo-Tao Zhou, Changes of heating and 

cooling degree days over China in response to global warming of 1.5°C, 2°C, 3°C 

and 4°C, Advances in Climate Change Research, doi:10.1016/j.accre.2018.06.003.  

[46]  Shanshan Yuan; Wei Xu; Zhijian Liu, A Study on the Model for Heating 

Influence on PM2.5 Emission in Beijing China, Procedia Engineering, 121 (2015) 

612-620. doi:10.1016/j.proeng.2015.08.1048.  

[47]  Aiymgul Kerimray; Luis Rojas-Solórzano; Mehdi Amouei Torkmahalleh; Philip 

K. Hopke; Brian P. Ó Gallachóir, Coal use for residential heating: Patterns, health 

implications and lessons learned, Energy for Sustainable Development, 40 (2017) 

19-30. doi:10.1016/j.esd.2017.05.005.  

[48]  Mengsi Deng; Jiarong Li; Shuangqi Zhang; Ming Shan; Jill Baumgartner; Ellison 

Carter; Xudong Yang, Real-time combustion rate of wood charcoal in the heating 

fire basin: Direct measurement and its correlation to CO emissions, Environmental 

Pollution, doi:10.1016/j.envpol.2018.10.099.  

[49]  Dong Hwa Kang; Dong Hee Choi; Yoon-Bok Seong; Myoung Souk Yeo; Kwang 

Woo Kim, A numerical simulation of VOC emission and sorption behaviors 

of&nbsp;adhesive-bonded materials under floor heating condition, Building and 

Environment, 68 (2013) 193-201. doi:10.1016/j.buildenv.2013.06.013.  

[50]  Jianwu Shi; Hao Deng; Zhipeng Bai; Shaofei Kong; Xiuyan Wang; Jiming Hao; 

Xinyu Han; Ping Ning, Emission and profile characteristic of volatile organic 

compounds emitted from coke production, iron smelt, heating station and power 



31 

 

plant in Liaoning Province, China, Science of the Total Environment, 

doi:10.1016/j.scitotenv.2015.02.034.  

[51]  Jie Cheng; Yongsheng Zhang; Tao Wang; Hong Xu; Pauline Norris; Wei-Ping 

Pan, Emission of volatile organic compounds (VOCs) during coal combustion at 

different heating rates, Fuel, 225 (2018) 554-562. doi:10.1016/j.fuel.2018.03.185.  

[52]  Yafei Liu; You Zhang; Chuang Li; Yun Bai; Daoming Zhang; Chunyu Xue; 

Guangqing Liu, Air pollutant emissions and mitigation potential through the 

adoption of semi-coke coals and improved heating stoves: Field evaluation of a 

pilot intervention program in rural China, Environmental Pollution, 240 (2018) 

661-669. doi:10.1016/j.envpol.2018.04.110.  

[53]  Alemayehu Gebremedhin, Introducing District Heating in a Norwegian town â€“ 

Potential for reduced Local and Global Emissions, Applied Energy, 95 (2012) 

300-304. doi:10.1016/j.apenergy.2012.02.067.  

[54]  Stefanie Kasurinen; Pasi I. Jalava; Maija Tapanainen; Oskari Uski; Mikko S. 

Happo; Jorma Mäki-Paakkanen; Heikki Lamberg; Hanna Koponen; Ilpo 

Nuutinen; Miika Kortelainen; Jorma Jokiniemi; Maija-Riitta Hirvonen, 

Toxicological effects of particulate emissions – a comparison of oil and wood 

fuels in small- and medium-scale heating systems, Atmospheric Environment, 

doi:10.1016/j.atmosenv.2014.12.055.  

[55]  R.J. Olave; E.G.A. Forbes; C.R. Johnston; J. Relf, Particulate and gaseous 

emissions from different wood fuels during combustion in a small-scale biomass 

heating system, Atmospheric Environment, 157 (2017) 49-58. 

doi:10.1016/j.atmosenv.2017.03.003.  

[56]  Christian Wolf; Daniel Klein; Klaus Richter; Gabriele Weber-Blaschke, 

Mitigating environmental impacts through the energetic use of wood: Regional 

displacement factors generated by means of substituting non-wood heating 

systems, Science of the Total Environment, 569-570 (2016) 395-403. 

doi:10.1016/j.scitotenv.2016.06.021.  

[57]  Amelie Bertrand; Giulia Stefenelli; Emily A. Bruns; Simone Maria Pieber; Brice 

Temime-Roussel; Jay G. Slowik; Andre S.H. Prevôt; Henri Wortham; Imad E.I. 

Haddad; Nicolas Marchand, Primary emissions and secondary aerosol production 

potential from woodstoves for residential heating: Influence of the stove 

technology and combustion efficiency, Atmospheric Environment, 

doi:10.1016/j.atmosenv.2017.09.005.  

[58]  Susana López-Aparicio; Matthias Vogt; Philipp Schneider; Maarit Kahila-Tani; 

Anna Broberg, Public participation GIS for improving wood burning emissions 

from residential heating and urban environmental management, Journal of 



32 

 

Environmental Management , 191 (2017) 179-188. 

doi:10.1016/j.jenvman.2017.01.018.  

[59]  Daniele Frasca; Melissa Marcoccia; Luca Tofful; Giulia Simonetti; Cinzia Perrino; 

Silvia Canepari, Influence of advanced wood-fired appliances for residential 

heating on indoor air quality, Chemosphere, 

doi:10.1016/j.chemosphere.2018.07.102.  

[60]  Danica Djuric Ilic; Erik Dotzauer; Louise Trygg; Göran Broman, Introduction of 

large-scale biofuel production in a district heating system - an opportunity for 

reduction of global greenhouse gas emissions, Journal of Cleaner Production, 64 

(2014) 552-561. doi:10.1016/j.jclepro.2013.08.029.  

[61]  Jian Sun; Zhenxing Shen; Junji Cao; Leiming Zhang; Tingting Wu; Qian Zhang; 

Xiuli Yin; Yali Lei; Yu Huang; R-J Huang; Suixin Liu; Yongming Han; Hongmei 

Xu; Chunli Zheng; Pingping Liu, Particulate matters emitted from maize straw 

burning for winter heating in rural areas in Guanzhong Plain, China: Current 

emission and future reduction, Atmospheric Research, 

doi:10.1016/j.atmosres.2016.10.006.  

[62]  T. Koyuncu, Y. Pinar, The emissions from a space-heating biomass stove, 

Biomass and Bioenergy 31 (2007) 73–79, doi:10.1016/j.biombioe.2006.06.014.  

[63]  Mikko S. Happo; Oskari Uski; Pasi I. Jalava; Joachim Kelz; Thomas Brunner; 

Pasi Hakulinen; Jorma Mäki-Paakkanen; Veli-Matti Kosma; Jorma Jokiniemi; 

Ingwald Obernberger; Maija-Riitta Hirvonen, Pulmonary inflammation and tissue 

damage in the mouse lung after exposure to PM samples from biomass heating 

appliances of old and modern technologies, Science of the Total Environment, 443 

(2013) 256-266. doi:10.1016/j.scitotenv.2012.11.004.  

[64]  W.M. Champion; P.H. Charley; B. Klein; K. Stewart; P.A. Solomon; L.D. 

Montoya, Perception, culture, and science: A framework to identify in-home 

heating options to improve indoor air quality in the Navajo Nation, Science of the 

Total Environment, doi:10.1016/j.scitotenv.2016.11.053.  

[65]  Yuanchen Chen; Guofeng Shen; Weijian Liu; Wei Du; Shu Su; Yonghong Duan; 

Nan Lin; Shaojie Zhuo; Xilong Wang; Baoshan Xing; Shu Tao, Field 

measurement and estimate of gaseous and particle pollutant emissions from 

cooking and space heating processes in in rural households, northern China, 

Atmospheric Environment, 125 (2015) 265-271. 

doi:10.1016/j.atmosenv.2015.11.032.  

[66]  Zhongfa Hu; Xuebin Wang; Adewale Adeosun; Renhui Ruan; Houzhang Tan, 

Aggravated fine particulate matter emissions from heating-upgraded biomass and 



33 

 

biochar combustion_ The effect of pretreatment temperature, Fuel Processing 

Technology, 171 (2017) 1-9. doi:10.1016/j.fuproc.2017.11.002.  

[67]  A. Pizzi; E. Foppa Pedretti; D. Duca; G. Rossini; C. Mengarelli; A. Ilari; M. 

Mancini; G. Toscano, Emissions of heating appliances fuelled with agropellet 

produced from vine pruning residues and environmental aspects, Renewable 

Energy, 121 (2018) 513-520. doi:10.1016/j.renene.2018.01.064.  

[68]  A. Macor; P. Pavanello, Performance and emissions of biodiesel in a boiler for 

residential heating, Energy, doi:10.1016/j.energy.2008.08.021.  

[69]  K. Karner; C. Dißauer; M. Enigl; C. Strasser; E. Schmid, Environmental trade-offs 

between residential oil-fired and wood pellet heating systems_ Forecast scenarios 

for Austria until 2030, Renewable and Sustainable Energy Reviews, 80 (2017) 

868-879. doi:10.1016/j.rser.2017.05.242.  

[70]  Eric P. Johnson, Carbon footprints of heating oil and LPG heating systems, 

Environmental Impact Assessment Review, Volume 35, 2012, Pages 11-22, ISSN 

0195-9255, https://doi.org/10.1016/j.eiar.2012.01.004.  

[71]  Yuanzheng Cui; Weishi Zhang; Can Wang; David G. Streets; Ying Xu; Mingxi 

Du; Jintai Lin, Spatiotemporal dynamics of CO2 emissions from central heating 

supply in the North China Plain over 2012–2016 due to natural gas usage, Applied 

Energy, 241 (2019) 245-256. doi:10.1016/j.apenergy.2019.03.060.  

[72]  Marcelo Mena-Carrasco; Estefania Oliva; Pablo Saide; Scott N. Spak; Cristóbal de 

la Maza; Mauricio Osses; Sebastián Tolvett; J. Elliott Campbell; Tsao es Chi-

Chung Tsao; Luisa T. Molina, Estimating the health benefits from natural gas use 

in transport and heating in Santiago, Chile, Science of the Total Environment, 429 

(2012) 257-265. doi:10.1016/j.scitotenv.2012.04.037.  

[73]  Niccolò Aste; R.S. Adhikari; Junia Compostella; Claudio Del Pero, Energy and 

environmental impact of domestic heating in Italy Evaluation of national NOx 

emissions, Energy Policy, 53 + (2012) 353-360. doi:10.1016/j.enpol.2012.10.064.  

[74]  Jörn Hinrichs; Daniel Felsmann; Stefan Schweitzer-De Bortoli; Heinz-Jörg 

Tomczak; Heinz Pitsch, Numerical and experimental investigation of pollutant 

formation and emissions in a full-scale cylindrical heating unit of a condensing 

gas boiler, Applied Energy, 229 (2018) 977-989. 

doi:10.1016/j.apenergy.2018.08.011.  

[75]  Hengchong Li; Siyu Yang; Jun Zhang; Yu Qian, Coal-based synthetic natural gas 

(SNG) for municipal heating in China: analysis of haze pollutants and greenhouse 

gases (GHGs) emissions, Journal of Cleaner Production, 

doi:10.1016/j.jclepro.2015.04.078.  



34 

 

[76]  Shengchun Liu; Zheng Li; Baomin Dai; Zhifeng Zhong; Hailong Li; Mengjie 

Song; Zhili Sun, Energetic, economic and environmental analysis of air source 

transcritical CO2 heat pump system for residential heating in China, Applied 

Thermal Engineering, doi:10.1016/j.applthermaleng.2018.08.061.  

[77]  M. Monjurul Ehsan; Zhiqiang Guan; A.Y. Klimenko, A comprehensive review on 

heat transfer and pressure drop characteristics and correlations with supercritical 

CO2 under heating and cooling applications, Renewable and Sustainable Energy 

Reviews, 92 (2018) 658-675. doi:10.1016/j.rser.2018.04.106.  

[78]  Yulong Song; Zuliang Ye; Yikai Wang; Feng Cao, The experimental verification 

on the optimal discharge pressure in a subcooler-based transcritical CO2 system 

for space heating, Energy & Buildings, 158 (2018) 1442-1449. 

doi:10.1016/j.enbuild.2017.11.015.  

[79]  Yulong Song; Feng Cao, The evaluation of the optimal medium temperature in a 

space heating used transcritical air-source CO2 heat pump with an R134a 

subcooling device, Energy Conversion and Management, 166 (2018) 409-423. 

doi:10.1016/j.enconman.2018.04.052.  

[80]  Shengchun Liu; Zheng Li; Baomin Dai, Energy, Economic and Environmental 

Analyses of the CO2 Heat Pump System Compared with Boiler Heating System in 

China, Energy Procedia, 105 (2017) 3895-3902. 

doi:10.1016/j.egypro.2017.03.803.  

[81]  Andrzej Gajewski; Justyna Siergiejuk; Krzysztof Szulborski, Carbon dioxide 

emission while heating in selected European countries, Energy & Buildings, 65 

(2013) 197-204. doi:10.1016/j.enbuild.2013.05.042.  

[82]  Jacek Kapica; Halina Pawlak; Marek Ścibisz, Carbon dioxide emission reduction 

by heating poultry houses from renewable energy sources in Central Europe, 

Agricultural Systems, Corrected proof. doi:10.1016/j.agsy.2015.08.001.  

[83]  Li Xiang-Li; Ren Zhi-Yong; Duanmu Lin, An investigation on life-cycle energy 

consumption and carbon emissions of building space heating and cooling systems, 

Renewable Energy, 84 (2015) 124-129. doi:10.1016/j.renene.2015.06.024.  

[84]  Ahmad Haddad, Mohamad Ramadan, Mahmoud Khaled, Haitham Ramadan, 

Mohamad Becherif, Study of hybrid energy system coupling fuel cell, solar 

thermal system and photovoltaic cell, International Journal of Hydrogen Energy, 

Volume 45, Issue 25, 2020, Pages 13564-13574, ISSN 0360-3199, 

https://doi.org/10.1016/j.ijhydene.2018.06.019.  

[85]  Ahmad Haddad, Mohamad Ramadan, Mahmoud Khaled, Haitham S. Ramadan, 

Mohamed Becherif, Triple hybrid system coupling fuel cell with wind turbine and 



35 

 

thermal solar system, International Journal of Hydrogen Energy, Volume 45, Issue 

20, 2020, Pages 11484-11491, ISSN 0360-3199, 

https://doi.org/10.1016/j.ijhydene.2019.05.143.  

[86]  Montaser Mahmoud, Mohamad Ramadan, Abdul-Ghani Olabi, Keith Pullen, 

Sumsun Naher, A review of mechanical energy storage systems combined with 

wind and solar applications, Energy Conversion and Management, Volume 210, 

2020, 112670, ISSN 0196-8904, https://doi.org/10.1016/j.enconman.2020.112670.  

[87]  M. Izquierdo; P. de Agustín-Camacho, Solar heating by radiant floor: 

Experimental results and emission reduction obtained with a micro photovoltaic-

heat pump system, Applied Energy, 147 (2015) 297-307. 

doi:10.1016/j.apenergy.2015.03.007.  

[88]  T. Giglio; V. Santos; R. Lamberts, Analyzing the impact of small solar water 

heating systems on peak demand and on emissions in the Brazilian context, 

Renewable Energy, doi:10.1016/j.renene.2018.08.104.  

[89]  Vanessa M.T. Bessa; Racine T.A. Prado, Reduction of carbon dioxide emissions 

by solar water heating systems and passive technologies in social housing, Energy 

Policy, 83 + (2015) 138-150. doi:10.1016/j.enpol.2015.04.010.  

[90]  Khaled Osmani, Ahmad Haddad, Thierry Lemenand, Bruno Castanier, Mohamad 

Ramadan, A review on maintenance strategies for PV systems, Science of The 

Total Environment, Volume 746, 2020, 141753, ISSN 0048-9697, 

https://doi.org/10.1016/j.scitotenv.2020.141753.  

[91]  M. Pellegrini; M. Bloemendal; N. Hoekstra; G. Spaak; A. Andreu Gallego; J. 

Rodriguez Comins; T. Grotenhuis; S. Picone; A.J. Murrell; H.J. Steeman, Low 

carbon heating and cooling by combining various technologies with Aquifer 

Thermal Energy Storage, Science of the Total Environment, 665 (2019) 1-10. 

doi:10.1016/j.scitotenv.2019.01.135.  

[92]  Milorad Bojic; Dragan Cvetković; Ljubiša Bojić, Decreasing energy use and 

influence to environment by radiant panel heating using different energy sources, 

Applied Energy, 138 (2015) 404-413. doi:10.1016/j.apenergy.2014.10.063.  

[93]  Anabela Duarte Carvalho; Dimitris Mendrinos; Anibal T. De Almeida, Ground 

source heat pump carbon emissions and primary energy reduction potential for 

heating in buildings in Europe—results of a case study in Portugal, Renewable and 

Sustainable Energy Reviews, 45 + (2015) 755-768. 

doi:10.1016/j.rser.2015.02.034.  



36 

 

[94]  Xia Chen; Li Wang; Lige Tong; Shufeng Sun; Xianfang Yue; Shaowu Yin; Lifang 

Zheng, Energy saving and emission reduction of China's urban district heating, 

Energy Policy, 55 + (2013) 677-682. doi:10.1016/j.enpol.2012.12.032.  

[95]  Jelena Ziemele; Ieva Pakere; Dagnija Blumberga, The future competitiveness of 

the non-Emissions Trading Scheme district heating systems in the Baltic States, 

Applied Energy, 162 (2016) 1579-1585. doi:10.1016/j.apenergy.2015.05.043.  

[96]  Montaser Mahmoud, Mohamad Ramadan, Sumsun Naher, Keith Pullen, Ahmad 

Baroutaji, Abdul-Ghani Olabi, Recent advances in district energy systems: A 

review, Thermal Science and Engineering Progress, 2020, 100678, ISSN 2451-

9049, https://doi.org/10.1016/j.tsep.2020.100678.  

[97]  G.G. Alexandrov; A.S. Ginzburg, Anthropogenic impact of Moscow district 

heating system on urban environment, Energy Procedia, 149 (2018) 161-169. 

doi:10.1016/j.egypro.2018.08.180.  

[98]  Krzysztof Wojdyga; Maciej Chorzelski; Ewelina Rozycka-Wronska, Emission of 

pollutants in flue gases from Polish district heating sources, Journal of Cleaner 

Production, doi:10.1016/j.jclepro.2014.03.069.  

[99]  Elisa Guelpa; Guglielmina Mutani; Valeria Todeschi; Vittorio Verda, Reduction 

of CO2 emissions in urban areas through optimal expansion of existing district 

heating networks, Journal of Cleaner Production, 204 (2018) 117-129. 

doi:10.1016/j.jclepro.2018.08.272.  

[100]  Yong-Sang Kim; Jung-Gu Kim, Improvement of corrosion resistance for low 

carbon steel pipeline in district heating environment using transient oxygen 

injection method, Journal of Industrial and Engineering Chemistry, 

doi:10.1016/j.jiec.2018.10.011.  

[101]  I. Andrić; A. Pina; P. Ferrão; B. Lacarrière; O. Le Corre, On the performance of 

district heating systems in urban environment: an emergy approach, Journal of 

Cleaner Production, doi:10.1016/j.jclepro.2016.05.124.  

[102]  Michele Cordioli; Simone Vincenzi; Giulio A. De Leo, Effects of heat recovery 

for district heating on waste incineration health impact: A simulation study in 

Northern Italy, Science of the Total Environment, 444 (2013) 369-380. 

doi:10.1016/j.scitotenv.2012.11.079.  

[103]  Jenny Ivner; Sarah Broberg Viklund, Effect of the use of industrial excess heat in 

district heating on greenhouse gas emissions: A systems perspective, Resources, 

Conservation & Recycling, 100 (2015) 81-87. 

doi:10.1016/j.resconrec.2015.04.010.  



37 

 

[104]  Bertrand Delpech, Massimo Milani, Luca Montorsi, Davide Boscardin, Amisha 

Chauhan, Sulaiman Almahmoud, Brian Axcell, Hussam Jouhara, Energy 

efficiency enhancement and waste heat recovery in industrial processes by means 

of the heat pipe technology: Case of the ceramic industry, Energy, Volume 158, 

2018, Pages 656-665, ISSN 0360-5442, 

https://doi.org/10.1016/j.energy.2018.06.041.  

[105]  Hussam Jouhara, Sulaiman Almahmoud, Amisha Chauhan, Bertrand Delpech, 

Giuseppe Bianchi, Savvas A. Tassou, Rocio Llera, Francisco Lago, Juan José 

Arribas, Experimental and theoretical investigation of a flat heat pipe heat 

exchanger for waste heat recovery in the steel industry, Energy, Volume 141, 

2017, Pages 1928-1939, ISSN 0360-5442, 

https://doi.org/10.1016/j.energy.2017.10.142.  

[106]  H. Jouhara, T.K. Nannou, L. Anguilano, H. Ghazal, N. Spencer, Heat pipe based 

municipal waste treatment unit for home energy recovery, Energy, Volume 139, 

2017, Pages 1210-1230, ISSN 0360-5442, 

https://doi.org/10.1016/j.energy.2017.02.044.  

[107]  Amir Amini, Jeremy Miller, Hussam Jouhara, An investigation into the use of the 

heat pipe technology in thermal energy storage heat exchangers, Energy, Volume 

136, 2017, Pages 163-172, ISSN 0360-5442, 

https://doi.org/10.1016/j.energy.2016.02.089.  

[108]  Alibakhsh Kasaeian, Giti Nouri, Parisa Ranjbaran, Dongsheng Wen, Solar 

collectors and photovoltaics as combined heat and power systems: A critical 

review, Energy Conversion and Management, Volume 156, 2018, Pages 688-705, 

ISSN 0196-8904, https://doi.org/10.1016/j.enconman.2017.11.064.  

[109]  Moritz Wegener, Anders Malmquist, Antonio Isalgué, Andrew Martin, Biomass-

fired combined cooling, heating and power for small scale applications – A 

review, Renewable and Sustainable Energy Reviews, Volume 96, 2018, Pages 

392-410, ISSN 1364-0321, https://doi.org/10.1016/j.rser.2018.07.044.  

[110]  Jean-Ann James; Valerie M. Thomas; Arka Pandit; Duo Li; John C. Crittenden, 

Water, Air Emissions, and Cost Impacts of Air-Cooled Microturbines for 

Combined Cooling, Heating, and Power Systems: A Case Study in the Atlanta 

Region, Engineering, 2 (2016) 470-480. doi:10.1016/J.ENG.2016.04.008.  

[111]  Abdul Ghani Olabi; Montaser Mahmoud; Bassel Soudan; Tabbi Wilberforce; 

Mohamad Ramadan, Geothermal based hybrid energy systems, toward eco-

friendly energy approaches, Renewable Energy, Volume 147, Part 1, 2020, Pages 

2003-2012, ISSN 0960-1481, https://doi.org/10.1016/j.renene.2019.09.140.  



38 

 

[112]  Ling-Ling Li; Yu-Wei Liu; Ming-Lang Tseng; Guo-Qian Lin; Mohd Helmi Ali, 

Reducing environmental pollution and fuel consumption using optimization 

algorithm to develop combined cooling heating and power system operation 

strategies, Journal of Cleaner Production, doi:10.1016/j.jclepro.2019.119082.  

[113]  S. Ghafghazi; T. Sowlati; S. Sokhansanj; X. Bi; S. Melin, Particulate matter 

emissions from combustion of wood in district heating applications, Renewable 

and Sustainable Energy Reviews, 15 (2011) 3019-3028. 

10.1016/j.rser.2011.04.001.  

[114]  Hanne K. Sjolie; Erik Tromborg; Birger Solberg; Torjus F. Bolkesjo, Effects and 

costs of policies to increase bioenergy use and reduce GHG emissions from 

heating in Norway, Forest Policy and Economics, 12 (2010) 57–66, 

doi:10.1016/j.forpol.2009.08.011.  

[115]  Kamil Krumal; Pavel Mikuska; Jiri Horak; Frantisek Hopan; Kamil Krpec, 

Comparison of emissions of gaseous and particulate pollutants from the 

combustion of biomass and coal in modern and old-type boilers used for 

residential heating in the Czech Republic, Central Europe, Chemosphere, 229 

(2019) 51-59. doi:10.1016/j.chemosphere.2019.04.137.  

 

 

 


