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and mass transfer coefficients from different emission sources in pig houses
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a b s t r a c t

A partial pit exhaust ventilation (PPEV) system installed below the slatted floor has been widely used in fattening

pig barns nowadays in Denmark. Experimental tests showed that annually around 50% of ammonia emissions was

collected by PPEV system. However, the percent of emissions collected by PPEV system from different emission

sources including slurry manure surfaces, top surfaces, bottom surfaces and side surfaces of the slatted floor has

not been investigated as well as the mass transfer coefficients. This study applied CFD modeling to investigate

the removal ratio of ammonia emissions from four emission surfaces including the top, side, bottom surfaces of

the slatted floor and slurry manure surfaces. The CFD model was validated by experimental air speeds measured

in a room equipped with two full-scale pigpens. The validated CFD model was further adopted to simulate cases

under five ventilation rates (2000-4000 m
3
/h), four emission sources and two locations of PPEV system exhaust.

The results showed that the removal ratios of ammonia emissions by PPEV system from the four emission sources

were generally higher for the cases that the PPEV exhaust was installed opposite to the air supplier than the values

of those cases that the PPEV exhaust was located at the same side of side wall air supplier. The removal ratios of

ammonia emissions were the highest with the emission source of slurry manure surface and generally 30% higher

than the values of other cases. The mass transfer coefficients with the emission sources on the side surfaces of the

slatted floor were the largest. The results indicated that the airflow patterns and locations of emission sources

greatly influenced the removal ratios of ammonia emissions and ammonia mass transfer coefficients.

1. Introduction

Food Agriculture Organization (FAO) predicted that the world food

production must increase by 50% within the next 20 years and 80% of

that increase must come from the intensification of agricultural produc-

tion. The global livestock sector is growing faster than any other agri-

cultural sub-sectors. However, intensive livestock production can con-

tribute largely to gaseous emissions such as ammonia, greenhouse and

odor. Ammonia has been recognized as one of the important pollutant

gases to accelerate fine particulate matter formation in the atmosphere

and significantly contribute to the acidification and eutrophication of

ecosystems and indirect emissions of nitrous oxide [1]. In order to abate

ammonia emissions, cleaning techniques are required. Currently, chem-

ical air cleaners is able to remove 90% of ammonia and biological air

cleaners have efficiency of around 70% to remove ammonia and odor

[2,3]. However, it is very expensive to clean the whole amount of airflow

rate especially such a large amount of airflow rate in summer ventilated

in livestock production houses. To reach the mitigation regulation of

ammonia in Denmark, it is important to develop a technique which is

economic and easy to be implemented into both existing and new build-

ings to be constructed in future. Driven by such a motivation, a partial

E-mail address: li.rong@eng.au.dk

pit exhaust ventilation (PPEV) system (also called point exhaust venti-

lation system) has been developed and widely implemented into the pig

production houses now since the technique of PPEV has been nominated

as one of the Best Available Techniques (BAT) in 2014 [4].

The PPEV was installed below the slatted floor and the ventilation

rate exhausted by PPEV was 10% of maximum ventilation rate (100 m
3

h
−1

pig
−1

). A few articles written in English by Saha et al. [5] and Zong

et al. [6,7] can be found in literature. They conducted measurements in

an experimental sections with two full scale pigpens to investigate the

effects of PPEV system on indoor air quality and ammonia emissions

collected by PPEV system. In their studies, the PPEV was installed at

either the end of the wall near resting area or near the dunging area.

The results showed that PPEV system could significantly reduce the

indoor ammonia concentration by 42.6% and around 47-63% of ammo-

nia emissions (also called as ammonia removal ratio and calculated by

using the ammonia emissions collected by the PPEV dividing the sum

of the ammonia emissions via both room exhaust and PPEV exhaust)

were collected by PPEV systems. This concept was further adapted to

a naturally ventilated dairy cattle building in Denmark where a PPEV

system was installed below the slatted floor to collect the ammonia and

odor emissions [8,9]. Some experimental tests were also conducted in
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full-scale commercial pigpens by SEGES (it was called Pig Research

Center before). Unfortunately, all the reports were written in Danish

and the list of relevant reports can be found in the publication of Zhang

et al. [2]. In the above studies, the main objectives are to identify the

efficiency of the PPEV to collect the ammonia and odor emissions and

how the PPEV system affects the room pollutant concentrations above

the slatted floor. The ammonia and odor emissions from different emis-

sion sources including the top surfaces of slatted floor, the side surfaces

of the slatted floor, the bottom surfaces of the slatted floor and slurry

manure surfaces could not be identified separately from these conducted

measurements.

It was noticed that the airflow pattern had an important effect on

mass transfer process [10,11]. Rong et al. [11] presented the effects of

exhaust locations of PPEV on airflow patterns and emissions of CO2 col-

lected by PPEV in a scaled pigpens at the AgEng conference in 2008.

Wu et al. [12,13] assessed the effects of the PPEV exhaust locations on

CO2 emissions in a scaled wind channel as well as in Computational

Fluid Dynamics (CFD) simulations. It was found that the CO2 removal

ratio by PPEV was independent of the airflow rate with PPEV exhaust

located upwind while the ammonia removal ratio reduced from 80%

to 50% with decreased airflow rate with PPEV exhaust downwind. Van

Huffel et al. [14] performed experimental tests in the same sections as

Zong et al. [6] used and compared the emissions of odors and ammonia

under three cases: only room ventilation, room ventilation with PPEV

exhaust close to corridor and room ventilation with PPEV exhaust close

to the end wall of the resting area. They found that the removal ratio

of ammonia was higher with the PPEV exhaust close to the corridor.

Bjerg and Guoqiang [15] studied the effects of three ventilation sys-

tems and locations of PPEV exhaust on ammonia removal ratio by using

CFD. They concluded that the ammonia removal ratio was higher when

PPEV exhaust was installed close to the end wall of the resting area.

The above studies indicated that the locations of PPEV exhaust affected

the collected ammonia emissions but some of the results conflicted with

each other. It was therefore necessary to recheck the effects of PPEV

locations on the ammonia removal ratios.

The ammonia emissions from the emission surfaces were influenced

by two main parameters that are the strength of the emission source

on the emission surfaces (e.g. concentration on the emission surfaces)

and the ammonia mass transfer coefficient [16,17] if the same emis-

sion surface was used. The strength of the emission source namely the

concentration of ammonia on the emission surfaces depends on many

factors and a good overview how the sub-models influenced the ammo-

nia concentration on the emission surfaces has been given by Ni [16]. It

was recommended to the readers who are interested in this topic. This

study aims at investigating the ammonia removal ratio by PPEV from

different emission surfaces so the mass transfer process in the manure

and through the manure-air interface was not considered and a constant

ammonia concentration was defined on the emission surfaces. Also, this

study was not aiming at quantifying the ammonia emissions because of

the simplified ammonia boundary conditions on the emission surfaces,

analyzing the mass transfer coefficient of ammonia on different emission

surfaces was the alternative. Mass transfer coefficient is not dependent

on the strength of the emission source but affected by the geometri-

cal characteristics of the surface, the airflow pattern and the local air

speed [10,18]. Normally larger mass transfer coefficient leads to higher

emissions if the source strength and area of emission surface are com-

parable. Therefore, the mass transfer coefficients of the four emission

surfaces (the top, side and bottom surfaces of the slatted floor and the

slurry manure surfaces) were analyzed in this study.

The objectives of this study are therefore: (1) to investigate the am-

monia removal ratio of PPEV exhaust from four emission surfaces (the

top, side and bottom surfaces of the slatted floor and the slurry manure

surfaces) respectively by using validated CFD models; (2) to study the

effects of PPEV exhaust locations on the ammonia removal ratios and (3)

to analyze the mass transfer coefficients of ammonia from four emission

surfaces.

2. Methodologies

The study was conducted by using CFD modeling of one section at

climate labs of Foulum in Aarhus University. To validate the CFD simu-

lations, the experimental data obtained from the same section of the cli-

mate lab were thus used for validation of the CFD modeling. It should be

mentioned that this study was not going to quantify the ammonia emis-

sions by using PPEV system while the obtained results were expected to

provide guidelines in the design of PPEV system and daily management

by identifying the values of mass transfer coefficients. The assumptions

and hypothesis were explained in the following to avoid the confusion.

With PPEV system, the most challenge situations are in summer

when large ventilation rate is supplied. How much ammonia emission

can be collected by PPEV is most concerned in these cases. With low

supplied ventilation rate where buoyancy force is dominant, the PPEV

system can actually collect most of the ammonia emissions. In this

study, no heat sources (animals) were therefore included so that the

conditions that the buoyancy force was dominant were not considered.

Also, the blocking effect of animals on the airflow was not considered

either since the animals were not modelled. It is assumed that the

blocking effect of animals on the airflow could affect the value of the

removal ratio and mass transfer coefficient but will not affect the trend

of the value (or the conclusions drawn from this study). The conditions

with non-identical ammonia concentration on the emission surfaces

were not investigated and a constant ammonia concentration on the

emission surface was defined in the CFD simulations.

2.1. Experimental measurements

The dimensions of the section where experimental measurements

were conducted and an example of the measured locations of air speeds

were shown in Fig. 1. The section contains one corridor and two full-

scale pigpens with length in 5.68 m (X), width of 4.8 m (Z) and height of

2.68 m (Y). The floor of the pigpen consists of one-third of a drained floor

(opening ratio of 8.5% and length in 1.6 m) and two-third of a slatted

floor (opening ratio of 16.5% and length in 3.2 m). The air was supplied

by a side-wall inlet for each pen and exhausted by a fan installed on the

ceiling. The dimensions of the inlet frame were 0.63 m × 0.24 m but

the dimensions of the inlet on the inside wall with the flap were 0.63

m × 0.16 m and was located 1.89 m above the room floor in the geom-

etry model. The flap associated with the inlets was 0.1 m in length and

0.63 m in width. The dimensions of the exhaust was 0.40 m × 0.40 m,

where the area of the exhaust was the same as the circle cross section

with diameter of 0.45 m. The experimental measurements were con-

ducted under isothermal situations with ventilation rate of 2996 ± 75

m
3

h
−1

. The airflow rate was measured by a measuring fan and recorded

by a climate control system (Vensys, Denmark) with sampling interval

of one minute. Air speeds at the tested points of three lines (see Fig. 1)

were measured by omnidirectional Air Velocity Transducer (TSI, model

8475) with repeatability in 2% of the readings. The sampling time was

0.2 s and logged the average value of one minute. The measuring pe-

riod was 90 minutes at each point and recorded by CR1000 data logger

(Campbell Scientific Ltd.). The locations of the three measured air speed

profiles were shown in Fig. 2 (a), which were X=3.27 m, X=4.47 m and

Y=-0.15 m at the central plan of one pen. The room temperature and

humidity were also continuously measured and recorded by Vensys with

19.3 ± 0.5 °C and 43.6 ± 1.4% only to ensure if the room temperature

was maintained constant or not.

2.2. CFD modeling

2.2.1. Geometry models and mesh resolution

The geometry models used for CFD validation and simulations with

PPEV system were presented in Fig. 2. Fig. 2(a) was the geometry

model used for validation of CFD simulation and the measured three

lines with air speed profiles were also marked in this graph. Fig. 2(b)
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Fig. 1. Dimensions of experimental section and an example of measured air speed profiles, (a) front view, (b) top view and (c) an example of measured air speed

profiles.

Fig. 2. Schematic configurations and mesh distribution for CFD simulations. (a) Geometry model and positions of three lines measured for validation of CFD

modelling, (b) geometry model for PPEV exhaust position 1, (c) geometry model for PPEV exhaust position 2, and (d) mesh distribution for PPEV exhaust position 2.

was the geometry model with PPEV system installed opposite to the

side-wall air supplier (PPEV position 1) and Fig. 1(c) was the geometry

model with PPEV system installed at the same side of the side-wall

air supplier (PPEV position 2). The geometry model was built in a

Cartesian coordinate system and the spatial domain was discretized

into finite control volume using polyhedral mesh and prism layers near

the solid surfaces. The mesh resolution was determined based on the

y
+

value, guidance of CFD validation [19] and the authors’ experience.

The prism layers were added to the region near all the solid surfaces

with 2-4 layers except for the region near the emission surface where

normally 10-15 layers were added. Following the best guidelines, a few

mesh resolutions were tested and the final mesh number was around

5.8 million for both validation case and simulations with PPEV systems.

The mesh distribution was shown in Fig. 2(d).

2.2.2. Governing equations and numerical discretization

The simulations were conducted in a commercial software of Star

CCM+ 13.04. The governing equations included momentum, turbulence

model and species transport equations. Two-layers y
+

treatment was

selected to the modeling of near wall regions, which could be applied

for variable y
+

conditions with y
+

̴ 1 near the emission surface and y
+
<

150 in the regions near the other solid surfaces. Realizable 𝑘 − 𝜀 model

was adopted. The second order upwind scheme was used for discretizing

the convection term of each governing equation. The residual was set
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Fig. 3. Comparison of measured and simulated air speed at three lines in the plane of Z=1.2 m and vector distribution at plane of Z=1.2 m. (a) was the comparison

at line of X=3.27 m; (b) was the comparison at line of X=4.47 m and (c) was the comparison at line of Y=-0.15 m.

Table 1

Boundary conditions for CFD simulations.

Boundaries Boundary types Boundary conditions

Air supply inlet Pressure outlet 0 Pa, mass fraction of 0.0

Air outlet Velocity inlet Air speed: -23.18, 20.03, -16.88,

-13.73, -10.58 m s−1 (accordingly

airflow rate of 4000, 3500, 2996,

2500, 2000 m3 h−1)

Ammonia mass fraction: 0.0

Turbulence intensity:10%

Turbulent length scale: 0.0147 m

Temperature: 19.3°C

PPEV exhaust Velocity inlet -0.99 m s−1

Emission surface Wall Ammonia mass fraction of 1.28E-04

Temperature: 19.3°C

Non-slip

Other solid

surfaces

Wall Ammonia mass fraction of 0.0

Adiabatic

Non-slip

as 10
−4

and the convergence was not assumed to be reached until both

the monitored air speed of points and the residual have stabilized. After

the simulation was completed, the mass balance was also checked.

2.2.3. Boundary conditions

A non-slip condition was imposed at solid emission surfaces and

walls. The temperature of the inlet and on the emission surfaces was

set the same value of 19.3 °C. Ammonia concentration was set at the

emission surface as a constant value with mass fraction of 1.28E-04. The

ammonia mass fraction was set on the whole slurry floor surface (4.8 m

x 4.8 m), while the ammonia mass fraction was only set on the specific

solid surface associated with slatted floor by writing a field function be-

cause the drained floor was assumed as the resting area of pigs and it

should be maintained clean. The fan exhaust was set as velocity inlet

with a minus value which indicated that it was functioned as an outlet.

The same setting was imposed on the PPEV exhaust, that is, velocity

inlet with a minus value of - 0.99 m s
−1

, which was equivalent to 10%

of maximum ventilation 100 m
3

pig
−1

h
−1

in Denmark. The side-wall

air supplier was set as pressure outlet with 0.0 Pa of pressure and 0.0%

mass fraction of ammonia. The boundary conditions were summarized

in Table 1.

2.3. Data analysis

The ammonia emission was calculated by the Equation (1):

𝐸 = 𝑄 ⋅
(
𝐶
𝑜
− 𝐶

𝑖𝑛

)
(1)

Where E was the ammonia emission rate, mg s
−1

; Q was the ventilation

rate through the fan exhaust and PPEV system exhaust, m
3

h
−1

; Co was

the ammonia concentration at the fan exhaust or PPEV system exhaust

when the according emission was calculated through the room exhaust

(Efan) and PPEV exhaust (EPPEV) respectively, mg m
−3

and Cin was the

ammonia concentration at the air supplier, mg m
−3

, which was set as

0.0.

The results were presented with the removal ratio of ammonia by

PPEV system, which was denoted as:

𝑅
𝑃𝑃𝐸𝑉

=
𝐸
𝑃𝑃𝐸𝑉

𝐸
𝑃𝑃𝐸𝑉

+ 𝐸
𝑓𝑎𝑛

(2)

Where RPPEV was the removal ratio of ammonia emission by PPEV sys-

tem; EPPEV was the ammonia emission through the PPEV exhaust, mg

s
−1

and Efan was the ammonia emission through the fan exhaust, mg

s
−1

.

The mass transfer coefficients for each emission surface were calcu-

lated by:

ℎ
𝑐
= 𝐸∕(𝐶

𝑠
⋅ 𝐴) (3)

Where hc was the mass transfer coefficient, m s
−1

; Cs was the ammo-

nia concentration on the emission surface, which was corresponding to

the ammonia mass fraction of 1.28E-04 and A was the area of emission

surface, m
2
.

3. Results and discussions

This section started with the CFD validation and the effects of PPEV

system locations, emission sources and ventilation rates on removal of

ammonia emissions by PPEV system were then presented and discussed.

3.1. Validation of CFD modeling

The comparison between measured and simulated air speeds was

presented in Fig. 3. The error bars were standard deviation of the mea-

sured air speeds. The vector distribution showed that the jet supplied by
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Fig. 4. Ammonia removal ratio with different emission surfaces and ventilation rates, (a) PPEV exhaust position1 and (b) PPEV exhaust position 2.

Fig. 5. Vector distribution at plane of Z=1.2 m and ammonia mass fraction distribution at plane of Y=0 for cases with emission source defined on the slurry floor

and ventilation rate of 3500 m
3

h
−1

. (a) and (b) is vector and ammonia mass fraction distribution with PPEV exhaust position 1; (c) and (d) is vector and ammonia

mass fraction distribution with PPEV exhaust position 2.

the side-wall air inlet hitted the opposite wall and turned down to the

corridor. Part of them flowed into the pen and part of them joined in

the large vortex formulated below the jet. The airflow passed through

the drained floor, flowed over the slurry manure surface and then went

back to the room again through the slatted floor close to the corridor

partitioning wall. Therefore another vortex was formulated and limited

by the corridor wall and part of the slatted floor. The comparison

between simulated and measured air speeds indicated reasonable

agreement at the three lines (two vertical lines and one horizontal

line) shown in Fig. 3(a)–(c). Discrepancies were observed at the points

close to the slatted floor with the profile of X=4.47 m. The possible

explanation could be that the airflow was not as stable as the flow at

the profile of X=3.27 m near the slatted floor. Fig. 3(d) showed that the

airflow started to change the air directions and entered into the slurry

container near the profile of X=4.47 m. In a more complex flow pattern,

larger uncertainties could be caused in the measurements (here leading

to a slightly lower values of air speeds). Based on the reasonable pre-

diction of the air velocity magnitude and airflow pattern, the realizable

k-e model and two-layer y
+

treatment was used for further simulations.

3.2. Effects of ventilation rates and locations of PPEV exhaust on removal

ratios

The effects of ventilation rates and locations of PPEV exhaust on

ammonia removal ratios of PPEV system were shown in Fig. 4. With

PPEV exhaust located on the opposite to the air supplier (PPEV posi-

tion 1), the ammonia removal ratios were generally higher than those

with PPEV exhaust located on the same side to the air supplier (PPEV

position 2), especially for the case with emission source defined on the

slurry floor. It was seen that the removal ratio reached 80% for airflow

rate of 2000 m
3

h
−1

and 60% with airflow rate of 3500 m
3

h
−1

when

the emissions came from the slurry manure surfaces and PPEV exhaust

was located at position 1. These values were 42% and 28% respectively

when the PPEV exhaust was installed at position 2 under the same other
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Fig. 6. Ammonia mass transfer coefficients along with ventilation rates with ammonia emission sources defined on different surfaces. (a) PPEV exhaust position 1

and (b) PPEV exhaust position 2.

Fig. 7. Vector distributions through the slots and above the slurry manure surface, (a) PPEV exhaust at position 1 and (b) PPEV exhaust at position 2.

conditions. In order to explain these results, airflow pattern and ammo-

nia concentration distributions were shown in Fig. 5.

The ammonia concentrations through the slots between the slats

with PPEV exhaust position 2 was generally larger than those with PPEV

exhaust position 1 from Fig. 5(d) and Fig. 5(b). It indicated that higher

ammonia emission was exhausted by the room fan with PPEV exhaust

at position 2 while the ammonia emission collected by PPEV was ac-

tually lower than that with PPEV exhaust position 1. This led to lower

ammonia removal ratio with PPEV exhaust position 2. The ammonia

emission collected by PPEV exhaust at position 2 was lower could be

also clearly explained by the airflow pattern below the slatted floor.

In Fig. 5, the airflow above the slatted and drained floor entered into

the slurry container through all the slots of drained floor and around

one-third slots of the slatted floor on the right. Then it entered into the

room via the slots of the slatted floor on the left that were close to the

partitioning wall between the corridor and the pigpens. With the PPEV
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Fig. 8. Ammonia mass transfer coefficient calculated by ammonia emissions via room exhaust and PPEV exhaust respectively with two PPEV exhaust positions and

ammonia emission sources defined on different emission surfaces: (a) slurry manure surface, (b) top surface of the slatted floor, (c) side surfaces of the slatted floor

and (d) bottom surfaces of the slatted floor.

exhaust at position 1, the air with accumulated ammonia was collected

while at position 2 the PPEV exhaust only collected ammonia emissions

from a small emission surface area on the right. This also explained why

the ammonia removal ratio was higher with PPEV exhaust at position

1 when the ammonia emission sources were defined on other emission

surfaces of the slats. The PPEV exhaust at position 2 could collect more

airflow coming from the room directly comparing to the PPEV exhaust

at position 1 so that less ammonia emission was collected.

3.3. Ammonia mass transfer coefficients

The ammonia mass transfer coefficients were presented in Fig. 6,

which were calculated by using Eq. (3) and the emission rate used in

the Eq. (3) was the sum of ammonia emissions through the room fan

and PPEV exhaust. As expected, the overall ammonia mass transfer co-

efficients increased with higher ventilation rate. The highest mass trans-

fer coefficient occurred with emission source on the side surfaces of the

slatted floor. They were normally three times higher than those values

with the emission source on the slurry manure surface for both PPEV

exhaust positions. In order to explain these results, the vector distribu-

tion through the slots and above the slurry manure surface was shown

in Fig. 7. It was observed that the air velocity magnitudes through the

slots were generally larger than the air speeds above the slurry manure

surface. The mass transfer coefficients were affected significantly by the

local air speed. It was also noticed that the mass transfer coefficients of

side surfaces of the slatted floor were higher than the values of top sur-

faces of the slatted floor. At some parts of the top surfaces of the slatted

floor, the velocity magnitudes were actually larger than the values of the

air speeds through the slots of the slatted floor. But there was also over

40% of the top surface areas with low velocity where a vortex existed

close to the corridor partitioning wall. This could be the explanation

why the mass transfer coefficients of the top surfaces of the slatted floor

was lower than the values of the side surfaces of the slatted floor.

The ammonia mass transfer coefficients in Fig. 6 with PPEV exhaust

position 1 were around 5-17% higher than those with PPEV exhaust

position 2. This indicated the sum of ammonia emissions via room fan

and PPEV exhaust was around 5-17% higher with PPEV exhaust position

1 than the values with PPEV exhaust position 2. This could be the same

explanations as discussed for the ammonia removal ratio.

In order to illustrate the effect of PPEV exhaust positions on ammonia

mass transfer process, the mass transfer coefficients were calculated by

using ammonia emissions via room and PPEV exhausts respectively and

denoted as hc, R and hc, PPEV shown in Fig. 8.

In Fig. 8, the ammonia mass transfer coefficients calculated by us-

ing ammonia emissions via room exhaust, hc, R, increased with larger

ventilation rates for all cases but with different slopes. The ammonia

mass transfer coefficients calculated by ammonia emission via PPEV ex-

haust, hc, PPEV, decreased slightly with higher room ventilation rate first

and then increased a bit with PPEV exhaust at position 1. The reasons

to cause this trend was not clear yet. The hc, PPEV hardly changed with

ventilation rates when PPEV exhaust was located at position 2, which

was not difficult to understand. When the PPEV exhaust was installed

at position 2, the airflow direction was opposite to the mainstream in

the slurry so the PPEV exhaust has limited effect on the airflow pat-

tern, which constrained the collection of ammonia emissions. Higher

hc, R occurred for cases with emission sources defined at the top and the

side surfaces of the slatted floor. The highest hc, R was seen with emis-

sion sources defined at the side surfaces of the slatted floor (seen in

Fig. 8(c)). Larger air speed above the slatted floor led to larger mass

transfer coefficients with emission source defined at the side and top

surfaces of the slatted floor. When the emission source was defined at

the side surfaces of the slatted floor, not only the mean flow influenced

the mass transfer of ammonia but also the turbulent fluctuation could

contribute to the ammonia mass transfer through the slots. This could

be one of the reasons why the hc, R was the highest on the side surfaces

of the slatted floor among all the cases.

4. Conclusions

The partial pit exhaust ventilation system is widely used in fattening

pig houses nowadays in Denmark. This study investigated the positions

of PPEV exhaust and ammonia emission source’s locations on ammonia

removal ratio by PPEV and the mass transfer coefficients of ammonia.

The two locations of PPEV exhaust could hardly change the airflow pat-

terns but affects the ammonia removal ratios greatly. The PPEV exhaust

could collect more ammonia emissions when the PPEV exhaust location

aligned with the airflow pattern but was not against the airflow pattern.

When the emission source was located on surfaces of the slatted floor,

the ammonia removal ratio was relatively low especially with higher
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ventilation rates. This indicated that it was important to remove the

emission source on the top and side surfaces of the slatted floor in time

to abate the ammonia emissions. The high mass transfer coefficients on

the side surfaces of slatted floor indicated that it was important to opti-

mize the design of the slatted floor so the manure/urine could be least

stick on the side surfaces.
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The coupling and complexity of railway train / tunnel system are further aggravated by increasing train speed,

which produces a series of aerodynamics problems, such as aerodynamic drag, slipstream, pressure wave and

micro pressure wave. Aerodynamic effects of tunnels will result in a significant increase in train energy consump-

tion, shorten life of railway train / tunnel system, and increase maintenance cost. This paper provides a review

of aerodynamics of railway train / tunnel system. Challenges in railway train / tunnel system aerodynamics and

their related factors are discussed firstly. Aerodynamic performance and flow field characteristics of trains in

tunnels are presented. Relationship of aerodynamic effects and parameters of railway train / tunnel system, and

the control methods for reducing aerodynamic effects in tunnels are explained. A traffic safety evaluation of the

train in tunnels, such as vehicle body structure, passengers’ ear comfort, etc., is introduced and analysed. Finally,

future outlooks and research topics are proposed.

1. Introduction

It is known that a high-speed train system is interrelated and in-

terdependent with railway lines, the environment and airflow, which

form a complex aerodynamic coupling system in high-speed rail-

ways. As shown in Fig. 1, the coupling and complexity of the system

will be further aggravated by the distribution characteristics of high-

speed rail lines and the complicated topography along the lines, es-

pecially tunnels. The aerodynamic effects of high-speed trains in tun-

nels are an important factor restricting the development of high-speed

railways.

With the speed-up of trains, many engineering problems appeared

and were exacerbated, such as aerodynamic drag, vehicle vibration,

pressure waves, micro-pressure waves at exits of tunnels, slipstream,

etc. These are major factors limiting the speed-up of train systems, par-

ticularly railway train/tunnel systems. Many countries own high-speed

railway trains, such as the German Intercity Express (ICE), Japanese

Shinkansen, French Train de Grande Vitesse (TGV) and Chinese China

Railway High-speed train (CRH), etc. Some other countries are trying

to construct high-speed railways. Because of the huge differences in

railway conditions all over the world, ensuring the safety and comfort

of high-speed railways is the primary task in the design, construction,

operation and maintenance of the high-speed railway. With increasing

train speeds, train aerodynamic effects worsen significantly, as shown

in Fig. 2. When trains pass through or pass by each other in tunnels at

high speeds, the vehicle structure and tunnel wall are subjected to strong

∗
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transient aerodynamic impact pressures, and the pressure amplitude can

be up to 6 kPa (0.6 tons/square metre).

Early research results in railway train / tunnel system aerodynamics

are found in the previous studies [1–5]; and some research related to

passenger comfort and pressure transients in and around tunnels is pre-

sented in references [6,7]. In this paper, progress in research on pressure

waves caused by trains passing through tunnels in the past decade is re-

viewed, including the characteristics of the pressure wave in tunnels, the

parameters influencing the pressure wave, and valuation methods and

indicators for the passengers’ ear comfort and the vehicle body carrying

capacity, etc. The key point of this paper is to summarize the forma-

tion mechanisms and development of a pressure wave in tunnels, the

relationship and rules between the pressure wave and the parameters

of the railway train / tunnel system, the safety evaluation of a pressure

wave caused by trains passing through tunnels, and control methods for

pressure waves in tunnels.

In this paper, the Introduction mainly presents the significance and

urgency of the aerodynamics of train / tunnel coupling systems. Chal-

lenges in railway train / tunnel system aerodynamics and their related

factors are discussed in Section 2. Aerodynamic performance and flow

field characteristics of trains in tunnels are presented in Section 3. Pres-

sure wave in railway train / tunnel systems and micro-pressure wave

at the exit of tunnel are reviewed in Sections 4 and 5. A traffic safety

evaluation of the train in tunnels, such as vehicle body structure, pas-

sengers’ ear comfort, etc., is shown in Section 6. Finally, some outlooks

and conclusions are given in Sections 7 and 8, respectively.

https://doi.org/10.1016/j.enbenv.2020.03.003

Received 30 January 2020; Received in revised form 11 March 2020; Accepted 12 March 2020

Available online 19 May 2020

2666-1233/© 2020 Southwest Jiaotong University. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license.

(http://creativecommons.org/licenses/by-nc-nd/4.0/)



J. Niu, Y. Sui and Q. Yu et al. Energy and Built Environment 1 (2020) 351–375

Fig. 1. Complex terrain along a railway line: (a) Canyons; (b) tunnels; (c) hills.

Fig. 2. Hazards of aerodynamic effects on

vehicles and passengers.

Fig. 3. Test speed development for high-speed trains [8–12].

2. Challenges in railway train / tunnel system aerodynamics

Because train aerodynamic phenomena are strongly dependant on

train speed, as train speed increased, railway train / tunnel system aero-

dynamics worsened rapidly, and more and more problems arose. For en-

suring the high-speed, safety, energy-savings and comfortable operation

of trains in tunnels, some scholars are paying more attention to aerody-

namic effects in tunnels. Maximum test train speed in different periods

is shown in Fig. 3; these tests were carried out in the open air and may

be difficult to carry out in tunnels at such high speeds. An effective way

is to reduce train speed to ensure safely run trains through tunnels.

Generally, problems with the aerodynamics of railway train / tun-

nel systems are related to the aerodynamic drag, slipstream, piston ef-

fect, pressure waves inside the tunnel and train, micro-pressure waves

at the tunnel exit, noise and vibration, etc., which are listed in Table 1.

Fig. 4 presents the main factors that affect the aerodynamic effects in
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Table 1

Aerodynamics related problems in tunnels.

No. Object Aerodynamic problems

1 Tunnel and

railway line

Slipstream

2 Micro-pressure wave at the tunnel exit

3 Thermal environment, ventilation operation and fire prevention in tunnels

4 Pressure fluctuation, human comfort in tunnels and determination of design parameters for tunnel cross-sectional area

5 Influence of piston effect on the safety of workers and equipment in tunnels

6 Train Aerodynamic drag, train speed and energy consumption

7 Passenger comfort, train internal environment (pressure change and air conditioning ventilation), pressure change on train surface

8 Aerodynamic noise

9 Aerodynamic characteristics of train head and tail

Fig. 4. Influence of railway train / tunnel system aerodynamics factors.

Fig. 5. Major aerodynamic problems for rail-

way train / tunnel systems and the associated

influence factors.

tunnels, which can be divided into two categories: (a) train related and

(b) tunnel and railway related. Train-related factors include the train

cross-sectional area, train length, train end shape, train surface rough-

ness and vehicle airtightness, etc. Factors related to the tunnel and rail-

way line include the tunnel cross-sectional area, tunnel shape, tunnel

length, distance between track lines, tunnel portal and track type, etc.

[132].

Major aerodynamics problems for railway train / tunnel systems

and their associated influence factors are presented in Fig. 5. All these

aerodynamic problems are closely related to the train and tunnel

parameters. Therefore, if the coupling relationship between the train

/ tunnel parameters and the aerodynamic effects in the tunnel can be

clearly defined and a reasonable matching can be achieved, it will be

helpful for the effective control of aerodynamic effects.

3. Flow field characteristics and aerodynamic performance of

trains in tunnels

Aerodynamic problems caused by trains running through a tunnel

are more complex and serious relative to the situation in the open air,

but the aerodynamic effects in tunnels are not very obvious when the

train speed is low [3,6,7,13]. With the continuous increase of train

353



J. Niu, Y. Sui and Q. Yu et al. Energy and Built Environment 1 (2020) 351–375

speed, existing problems, such as aerodynamic drag, slipstream, pres-

sure wave, etc., have been aggravated, and new phenomena, such as

micro-pressure wave, etc., are beginning to appear [4,14,133].

It is generally known that the flow field around a train is unsteady,

turbulent and compressible and in the open air, the compressibility of

air is not considered when the Mach number is less than 0.3. But for

train / tunnel systems, the flow field characteristics around the train are

deteriorated due to the restriction of airflow; the compressibility of air

must be considered; otherwise, the pressure could not be obtained. Due

to the strongly unsteady and nonlinear phenomena in train / tunnel

system aerodynamics, simulating the aerodynamic effects of tunnels is

very time, resource and energy consuming, but with the development

of supercomputers, the situation has changed a lot. In recent years,

with the improvement of computing capability, large eddy simulation

and detached-eddy simulation are being widely used in numerical

simulations of train aerodynamics [15–17]. However, for numerical

simulations of the pressure wave caused by a train entering a tunnel,

the Reynolds-averaged Navier-Stokes (RANS) method is still the first

choice, and the effect of RANS is still remarkable [18–24].

3.1. Piston effect in tunnel

When a train passes through a tunnel, the air in the tunnel is

squeezed by the train and follows it. The negative pressure region forms

behind the train, drawing the fresh air outside into the tunnel. This phe-

nomenon is known as "piston effect". The research on the influence of

piston effect mainly concentrates on subway systems [19,23,25–28], in-

cluding ventilation systems, thermal environment, air circulation, plat-

form environment, shielding door, smoke flow in fire, etc. [29]. Several

studies showed that the influence of train length, speed, tunnel length

and blockage ratio on piston wind is obvious [30]. The decrease of tun-

nel length will enhance the piston effect, and the piston effect will in-

crease with the increase of train length and train speed. With the in-

crease of the blockage ratio, the piston effect changes from weak to

strong. In general, a ventilation shaft is effective in controlling piston

effect and by optimizing the location of the shaft, the piston effect can

also be reduced most [31–34].

3.2. Slipstream in tunnel

Train slipstream in the open air has been studied extensively

[17,35–41], especially by Bell, et al. [42–46] who studied the charac-

teristics of train slipstream and its influence parameters in detail. The

effect of the bogie, wheelset rotation, running mechanism, train surface

bulge, etc. on the complex flow field around the train is even greater

[47]. When the train passes through such a limited space as the tunnel,

due to the viscosity of the air, the air near the boundary layer moves

with the train, and the resulting slipstream is more serious than that in

the open air. But there are relatively few studies on the train slipstream

in a tunnel, and train wind has great influence on the equipment and

maintenance personnel in a tunnel; therefore, it is necessary to study

characteristics of the train slipstream.

To study the train slipstream, the flow field around a train run-

ning in a tunnel should first be clear, and numerical simulation is a

simple and effective method. There are two main methods to relative

movement of train and tunnel, which are sliding mesh method and dy-

namic mesh method, and sliding mesh method is the most widely used

[16,24,48–51]. For example, a Baldwin-Lomax turbulence model and N-

S equations based on sliding mesh method to simulate the train entering

the tunnel, and analysed the aerodynamic performance and flow field

structure around the train, and the simulation model is shown in Fig. 6.

Several studies have found that slipstream velocities were affected by

the tunnel length, train length and length ratio; in particular, the veloc-

ities increase with longer trains. Substantial velocity fluctuations mainly

occur in front of the train and weaken with a decrease in the amplitude

of the pressure wave [53]. Train slipstream is significantly affected by

Fig. 6. Simulation model of a train passing through a tunnel [52].

train shape, in study of [54], it was found that the wake intensity of the

freight vehicles with a rear of blunt-shaped train is significantly higher

than that of the passenger vehicles with a streamlined tail, and flow field

around the tail of the train is shown in Fig. 7. Train slipstream is related

to the surrounding environment. Fig. 8 shows three kinds of closed envi-

ronments of tunnel, it was found that the piston effect was the main rea-

son for the increase of train wind in the tunnel, the flow characteristics

in the tunnel are affected by the length of the tunnel, and the increase

of vertical and lateral velocity components is the main reason for the in-

crease of train wind in semi-enclosed spaces [55]. Railway station plat-

forms are a relatively closed space, as shown in Fig. 9. When two trains

pass by each other at a station, the train not only feels the compres-

sion and expansion waves resulting from the train head and tail moving

into/out of stations but also is subjected to a pressure pulse caused by

two trains passing each other. When two trains pass by each other at a

station, the train not only feels the compression and expansion waves re-

sulting from the train head and tail moving into/out of stations but also

is subjected to a pressure pulse caused by two trains passing each other.

3.3. Aerodynamic drag of trains in tunnel

Compared with open air, the operating environment inside the tun-

nel is relatively closed, which leads to a pressure rise in front of the

train that brings additional aerodynamic drag to the train, and the train

aerodynamic drag can be calculated using Formula (1). The pressure

wave propagating in the tunnel will change the pressure distribution

around train, so the train aerodynamic drag, piston effect, slipstream

and vibration are obviously affected by the pressure wave in the tunnel

[49,57–59]. Fig. 10 shows the time-history curve of the aerodynamic

drag coefficient for a train running through tunnels with different

lengths, and it was found that the aerodynamic drag is not a constant but

a curve with large fluctuations, which is similar to the form of pressure

waves in a tunnel. Therefore, aerodynamic drag is significantly affected

by pressure waves.

𝐹
𝑥
= 𝐶

𝑥
𝜌𝑆

𝑡𝑟

𝑣
2
𝑡𝑟

2
(1)

where Fx is the aerodynamic drag; Cx,tu is the time function of a train

passing through a tunnel, and its calculation method is shown in [60];

𝜌 is the air density, Str is the cross-sectional area, and Utr is the train

speed.

As train speed increases, the effect of aerodynamic forces is more

and more significantly, in particular, additional aerodynamic drag and

the lateral swaying of trains in tunnels [4,6,7,61–66]. Fig. 11 shows that

the aerodynamic drag of the train rapidly rose while train entered the

tunnel and there is a certain fluctuation in the aerodynamic drag curve

due to the action of pressure waves.
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Fig. 7. Simulation model of a train passing a platform: (a)

Freight train and (b) Passenger train [54].

Fig. 8. Dynamic model test rig at Derby Railway Re-

search Centre, UK: (a) The structures included a pair

of walls, (b) Single-track tunnels, and (c) A partially-

enclosed single-track tunnel [55].

Fig. 9. Photograph of the station and train

models mounted in a moving model rig: (a)

single train and (b) two trains passing by each

other in the station [56].

Fig. 10. Time history of the aerodynamic drag coefficient of a train running

through tunnels with different lengths. 1 is the steady aerodynamic drag coef-

ficient, which is calculated based on the assumption of incompressible air; 2

and 3 are the aerodynamic drag coefficients of a train running through a tunnel

1900 and 8000 m long, respectively.

At present, there are three main ways to obtain aerodynamic drag

in train tunnels, numerical simulation, full-scale on-line vehicle test

and scaled moving model test [66–68]. With the rapid development

of the computer and the numerical method for the fluid mechanics,

train aerodynamic drag can be easier to be obtained by numerical

simulation. For the measurement of full-scale on-line train aerodynamic

drag, supposing the aerodynamic drag of a train running in a tunnel has

nothing to do with the train dead weight and other drag is proportional

to the train dead weight, the train drag can be measured under different

idle running conditions, the correlative equations of aerodynamic

drag, other drags, train mass and train speed are formed by total drag

analysis, then the decoupling of aerodynamic drag and other drag is

Fig. 11. Time history (t
∗
) of the aerodynamic drag coefficient (C

d
) for a train

entering a tunnel (Blockage ratio is 0.242 and train speed is 2.78 m/s), which

was carried out on a scaled dynamic model test rig. [57].

realized, finally, the problem on the measurement of train aerodynamic

drag can be solved. Because full-scale on-line vehicle test costs too

much, a new testing method based on scaled moving model test was

proposed. Its main idea is to use a photoelectric sensor fixed at the

bottom of the train to scan printed zebra stripes pasted along the track

and obtain some key parameters, such as train displacement, speed and

acceleration; then calculate the drag based on Newton’s Second Law.
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Fig. 12. Mach number contour around the tube train

at a certain time (train speed is 700 km/h) [69].

Fig. 13. Time history of drag coefficient during the process that two 700T high-

speed trains passing by each other in a tunnel (train speed is 300 km/h), NN, is

the intersection of the train noses, NT, is the intersection of the train nose and

the tail of other train, TT, is the intersection of the train tails [49].

In order to reduce the aerodynamic drag and achieve higher speed

train operation, evacuated tube transportation was designed. As a new

type of rail transit, the aerodynamic characteristics of the evacuated

tube train are affected by the internal tube pressure, blockage ratio, and

train speed, and when the train reaches a critical speed, shock waves will

appear in the tube, shown in Fig. 12. Some technical considerations for

the conceptual design of an evacuated tube train system with an oper-

ating speed, a blockage ratio and internal tube pressure were proposed

in [69]. For cases where two trains pass by each other in the tunnel,

which is presented in Fig. 13, the train aerodynamic drag in the tunnel

is observably affected by the pressure wave, and the aerodynamic drag

of the train reaches a maximum when the two trains meet in the middle

of a tunnel; train aerodynamic drag increases with an increase of train

speed and blockage ratio.

Some studies suggest that there is a monotonous relationship be-

tween the aerodynamic drag and the train nose length [50,70,71]. Both

the aerodynamic total and pressure drag decrease with an increase of

the train nose length, and the total and pressure drag rapidly decreased

up to a nose length of 2 m; when the nose length was longer than 2 m,

the drag reduction rate decreased significantly, and viscous drag was

almost constant regardless of the nose length [71]. In order to reduce

aerodynamic drag of train running in the tunnel, the aerodynamic drag

can be used as design objectives to achieve the aerodynamic optimiza-

tion of the nose shape of a high-speed train entering a tunnel, and the

process for train shape optimization is presented in Fig. 14. The influ-

ence of the cross-sectional area is more important for the drag than for

the maximum pressure gradient, where the nose length clearly plays the

key role.

3.4. Train vibration caused by airflow in tunnel

As shown in Fig. 15, the lateral and vertical fluctuations of the aero-

dynamic forces on the train were relatively large when the train was

arriving at the entrance of the tunnel. Fig. 16 shows that the yaw mo-

ment is small when the train is in the open air, and the yaw moment

suddenly increases as the train enters a tunnel.

A sudden change of train aerodynamic force will occur during the

process of a train entering and leaving the tunnel in a wind zone; the sud-

den change of the lateral force on the train seriously affects the comfort

and safety of train operation. As shown in Fig. 17, researchers [73] es-

tablished a scale model test rig in a wind tunnel, which can be used to

simulate the vibration of the train leaving the tunnel.

In the past, Shinkansen trains running in a tunnel with two track lines

experienced large vibration, and some researchers [13,59] believed this

was caused by uneven distribution of flow fields on both sides of the

train. As shown in Fig. 18, there are obvious differences in pressure be-

tween the two sides of the train in a tunnel, the fluctuation of pressure

on the tunnel wall side is more severe relative to the tunnel centre side;

therefore, the pressure difference between two sides of a train mainly

depends on the tunnel wall side. For the case where two trains pass by

each other in a tunnel, the lateral force of the train depends on intersec-

tion process of the train in a tunnel, and a maximum value also appears

[49].

Fig. 14. Schematic representation of the whole opti-

mization scheme [72].
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Fig. 15. Non-dimensional pressure C
p
, lateral (a

y
) and vertical accelerations

(a
z
), scaled with earth’s gravity, of the car body above the end bogie of the

control-unit of ICE-2 when moving inside the 5.5 km long Muehlberg tunnel

[59].

Fig. 16. Time history of yawing angular acceleration of a train entering a tun-

nel, V
tr
=300 km/h [58].

Fig. 17. Scaled dynamic model test device in a wind tunnel [73].

4. Pressure wave in railway train / tunnel system

Initial compression wave has an important influence on pressure

distribution in tunnels, the formation of a wave system and the micro-

pressure wave at the tunnel exit. Therefore, the study of the initial

compression wave in tunnels is of great significance in the further

exploration of the formation and evolution mechanisms of pressure

waves in tunnels and the micro-pressure wave at tunnel exits.

4.1. Formation of the pressure wave

When a high-speed train enters a tunnel, a complex wave system

is produced. Fig. 19 shows part of the pressure wave; a rapid pressure

Fig. 18. Time history of pressure on each side of a train entering a tunnel with

two railway lines (WIN350 Shinkansen train, V
tr
=300 km/h) [13].

Fig. 19. Diagram of the variation of aerodynamic pressure measured at a certain

distance from the entrance of the tunnel.

rise (∆PN) in a tunnel with a certain length is caused by the train head

entering the tunnel, which is usually referred to as the initial compres-

sion wave. With the further entry of the train body, the pressure shows

a slight increase (∆Pfr); when the train tail enters the tunnel, a com-

pression wave is produced, which leads to a pressure drop (∆PT) in the

tunnel. The pressure drop (∆PHP), shown in Fig. 19, is caused by the

train head passing the measuring point on the tunnel wall.

As shown in Fig. 20, two kinds of waves move through the tunnel at a

nearly sonic speed, and when reflecting at the tunnel exit, part of their

energy propagates outside the tunnel in the form of a micro-pressure

wave. The propagation and superposition of the compression wave and

the expansion wave form a complex wave system, and these pressure

waves cause large pressure transients resulting in fluctuating loads on a

train body with a certain airtightness, which will induce fatigue damage

on the vehicle structure. The pressure waves propagating into the vehi-

cle will cause discomfort to passengers’ ears. Therefore, it is necessary

to study the transient pressure in tunnels to design parameters related to

trains and tunnels and to achieve safe, comfortable, high-speed running

of trains and a rational design of railway tunnels.

Fig. 21 shows a time history curve of pressure measured on the tun-

nel wall. If the length of the tunnel to be tested is not long enough

or the placement of measuring points is improper, the measured pres-

sure curves may differ from those shown in Fig. 21. In order to obtain

the pressure increase, ∆Pfr caused by friction, and the minimum tunnel

length, Ltu,min, should satisfy Formula (2) [132]. As a result of friction,

increasing tunnel length will reduce the amplitude of the first reflection
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Fig. 20. Pressure waves generated by a train entering a tunnel and its reflec-

tion at the exit of the tunnel. c and U
t

are the sound speed and train speed,

respectively. (a) Compression wave 1○ is generated by the train head entering

the tunnel and it propagates in the tunnel at sonic speed c. (b) Expansion wave

2○ is caused by the train tail entering the tunnel and it propagates in the tunnel

at sonic speed c. (C) Reflection wave of pressure wave 1○ and 2○ at the tunnel

portal [66].

Fig. 21. Pressure wave on the tunnel wall: The first pressure increase, P
N
, is

caused by the train head entering the tunnel; the second pressure increase, P
fr
,

is caused by the friction produced as the main part of the train enters the tunnel;

the pressure change, P
T
, is caused by the train tail entering the tunnel and the

pressure change, P
HP

, is caused by the train head passing the measuring point

on the tunnel wall.

of the wave, ∆PN, so the tunnel length should not be much larger than

Ltu,min. For a given train speed, vtr, and tunnel length, Ltu, if there is no

need to consider ∆PHP, the minimum tunnel length can be calculated by

Formula (3) [132]:

𝐿
𝑡𝑢,min =

𝐿
𝑡𝑢

2
𝑐

𝑣
𝑡𝑟

(
𝑐 + 𝑣

𝑡𝑟

𝑐 − 𝑣
𝑡𝑟

)
+ Δ𝐿1 (2)

𝐿
𝑡𝑢,min = 𝑥𝑝 +

𝐿
𝑡𝑢

2
𝑐

𝑣
𝑡𝑟

+ Δ𝐿2 (3)

where an additional length, ΔL1, can ensure that the pressure changes

are well separated from time and space, and the recommended value is

200 m; the additional length, ΔL2, is used to ensure a good spatiotem-

poral separation of the pressure changes, and the recommended value

is 150 m.

4.1.1. Friction effect

The friction process was introduced in [76], Figs. 22 and 23 were

used to describe the friction caused by the airflow compressed by the

interaction between the train body and the tunnel. As shown in Fig. 22a,

during the time interval ∆t1 (from t1 to t2), the blockage ratio does

not change, but the pressure on the train surface and the tunnel wall

increased by ∆P1 (shown in Fig. 22b) and ∆P2 (shown in Fig. 22c),

respectively, which have virtually the same value. But the time inter-

val ∆t2 spent by the rise of pressure on the tunnel wall is smaller than

the time interval ∆t1 spent by the rise of pressure on the train surface.

Fig. 23 shows that as a train enters a tunnel, the air in front of the train

(Region-2 in Fig. 23) is strongly compressed, which produces a wave

propagating in the tunnel at the speed of sound (between Region-1 and

Region-2 shown in Fig. 23), and at the same time the airflow close to the

train is driven by the train (Region-3 in Fig. 23), which leads to friction

with the airflow near the train surface and the tunnel wall. Although a

small fraction of air is discharged from the tunnel (Region-2 in Fig. 23)

increasingly more airflow outside of the tunnel portal is brought into the

tunnel. This phenomenon eventually causes the pressure to increase. As

shown in Fig. 23, the air in front of the train head was compressed,

which leads to an increase in the sound speed. Then the compression

waves behind catch up with the compressional wave ahead. Finally, the

width of the initial compression wave is reduced, which explain why the

time interval ∆t2 is less than the time interval ∆t1. Fig. 24 shows that

as a train enters the tunnel (interaction of train and tunnel increases),

the airflow between the train and tunnel is increasingly more complex,

both the number and size of the vortices increase.

4.1.2. Reynolds number effect

The Reynolds number effect on the aerodynamic characteristics of a

train in the open air has been studied, and the effect was found to be

obvious [63,74,75]. According to study in [76], the Reynolds number ef-

fect on the pressure wave in tunnels is also significant, and the Reynolds

number effect in the case where two trains are passing by each other in

a tunnel is greater than that of a single train running through a tun-

nel. From Fig. 25, the amplitude of the positive pressure caused by a

train passing through a tunnel increases with decrease of the Reynolds

number, and the Reynolds number effect in the case where two trains

are passing by each other in a tunnel is greater than that of a single

train running through a tunnel. The reasons for the above phenomena

can be found in Figs. 26 and 27. Fig. 26 shows that the thickness of

the boundary layer at the same position on the train surface increases

with a decrease of Reynolds number. The increase of the boundary layer

around the train decreases the effective clearance area of the tunnel,

which would also increase pressure changes in the tunnel. This can be

observed in Fig. 27. For the situation where two trains pass by each

other in a tunnel, the Reynolds effect is more significant.

4.2. Superposition of pressure waves in tunnels

Pressure waves, caused by a single train passing through a tunnel,

on the train surface, tunnel wall and inside the vehicle and their evolu-

tion mechanism are shown in Fig. 28. It shows: (1) The initial expansion

wave caused by the train tail arriving at the measure point on the train

surface; (2) The second reflected compression wave caused by the train

head reaching the measure point on the train surface; (3) The third re-

flected expansion wave caused by the train head reaching the measure

point on the train surface; (4) The third reflected compression wave

caused by train tail reaching the measure point on the train surface; (5)

The fifth reflected expansion wave caused by the train head reaching the

measure point on the train surface; (6) The measure point on the train

surface running out of the tunnel; (7) The initial compression wave ar-

riving at the measure point on the tunnel wall; (8) The initial expansion
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Fig. 22. Friction effect of the pressure wave on

the train surface and tunnel wall [80].

Fig. 23. Airflow around the train entering the tunnel.

wave caused by the train tail arriving at the measure point on the tunnel

wall; (9) The reflected expansion wave caused by the train head reach-

ing the tunnel wall; (10) The second reflected expansion wave caused

by the train tail arriving at the measurement point on the tunnel wall;

(11) The third reflected expansion wave by train head arriving at the

measurement point on the tunnel wall; (12) The fifth reflected compres-

sion wave caused by the train tail reaching the measurement point on

the tunnel wall.

4.3. Influencing factors of pressure waves

4.3.1. Train shape

Train shape mainly affects the initial compression wave, and the ef-

fect of the train head shape on the pressure gradient of the initial com-

pression wave is bigger than the pressure amplitude of the initial com-

pression wave [51,77–79]. Some studies [50,70,71] consider that there

is a monotonous relationship between the amplitude of the initial com-

pression and the train nose length. For a single train passing through a

tunnel, the amplitude of the initial compression wave decreased with an

increase of the train nose length, and the influence of nose length on the

initial compression wave near the tunnel portal is more significant than

in the tunnel; The effect of the train nose length on the amplitude of the

pressure wave on the train surface is mainly concentrated at the front

and the rear of the train for the case of two trains passing by each other

in a tunnel [48]. For the train nose shapes with the same length and

cross-sectional area distribution in the x-direction, the short distance

between the train and the tunnel wall causes a strong interaction be-

tween the flow around the train nose and the tunnel wall and, hence, it

generates stronger pressure waves; the closer location of the train nose

Fig. 24. Flow field around the train running in the tunnel at two different places on the longitudinal section. The streamline and train surface are coloured by

velocity and pressure, respectively [80].

359



J. Niu, Y. Sui and Q. Yu et al. Energy and Built Environment 1 (2020) 351–375

Fig. 25. Initial compression wave in a tunnel: (a)

Measure point on train surface (middle of the first

car in a train); (b) Measure point on tunnel sur-

face (250 m distance from the entrance of the tun-

nel). (Re=17.2 × 10
6
).

Fig. 26. Velocity distribution around trains with different scales: (a)–(d) are the cases of a train running in open air; (e)–(h) are the cases of a train running in a

tunnel (inside the tunnel, the train arrives at a distance of 386 m from the entrance of the tunnel). [76] (0.54 × 10
6
<Re<17.2 × 10

6
).

Fig. 27. Pressure distribution around

trains with different scales in open air and

a tunnel: (a)–(d) are the cases of a train

running in open air; (e)–(h) are the cases

of a train running in a tunnel (inside the

tunnel, the train arrives at a distance of

386 m from the entrance of the tunnel).

[76] (0.54 × 10
6
<Re<17.2 × 10

6
).

to the wall results in pressure peaks occurring earlier than others. As

shown in Fig. 29, some scholars [50] studied the effect of the cross-

sectional area distribution of a high-speed train nose by using multistep

design optimization, which is conducted with a response surface model

and the Broyden-Fletcher-Goldfarb-Shanno optimization algorithm.

4.3.2. Train length

Train length is the main factor affecting the aerodynamic perfor-

mance of a train running in a tunnel, but the literature on the effect of

train length on the aerodynamic pressure wave in tunnels is relatively

sparse at present. It is known that the train length can reach 400 m,

and there are significant differences in both waveform and amplitude

of pressure wave amongst different positions of the train surface, which

means that the loads on train surface are different from each other.

Some scholars [80] considered that it is more secure and reliable to

use the equivalent load method based on the equivalent load method

based on the Paris formula than the root-mean-square equivalent load

method to deal with pressure waves from the viewpoint of the fatigue

effect. Fig. 30 shows pressure waves on the surface of a train head

caused by trains of different lengths; this full-scale test was carried

out in the Paracuellos tunnel. The main differences were found in the

pressure variations on the train head at entry into the tunnel, and the
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Fig. 28. Pressure wave caused by a single train passing through a tunnel and

its evolution mechanism (Length of the train and tunnel is about 200 m and

987 m, respectively. The train speed is 200 km/h, and the train and tunnel

cross-sectional area are about 11.2 m
2

and 60 m
2
, respectively).

Fig. 30. Time history of pressure generated by two trains with similar shape

and different lengths entering the Paracuellos tunnel: Train B and H are 200 m

and 85 m long, respectively. Train speed is 300 km/h, and the measurement

point is on the train head [77].

expansion wave generated by the tail reaching the head of a shorter

train earlier than that caused by longer one. Fig. 31 shows the pressure

waves measured on the tunnel wall. The plateau region after the first

pressure rise lasts for a longer time for the long train because of the

larger time lag between the first compression wave and the wave from

the train tail; the rate of pressure rise in the plateau region is slightly

larger for the long train, suggesting the presence of a thicker boundary

layer. The initial growth is slightly more intense for the long train

(~6%). The effect of the low-pressure region around the tail on the first

compression wave increases as train length decreases.

4.3.3. Train speed

Train speed is the main factor affecting the characteristics of the pres-

sure wave in a tunnel, and it is the key factor determining the pressure

wave in a tunnel. Figs. 32 and 33 show the pressure waves caused by

a single train passing through a tunnel and two trains passing by each

other in a tunnel at different speeds, which shows that when high-speed

trains pass in the same tunnel at different speeds, the waveform of pres-

sure measured at the same position on the train and tunnel is almost the

same as for the case with a single train, and the difference is relatively

large for the case with two trains. In addition, lower train speeds will re-

sult in longer train running times in the tunnel and, thus, produce more

pressure waves.

Fig. 29. Multi-step design optimization process for high-speed

train nose shape [50].
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Fig. 31. Time-history (t+) cure of dimensionless pressure (p+) on the tunnel

wall, influence of train length for squared-section trains at 0.9 m from the

tunnel mouth. Experimental scale model test cases with a long train running

at 94.3 km/h (26.2 m/s) (•) and with a short train travelling at 90.7 km/h

(25.2 m/s) (-) [81].

The peak-to-peak value of the pressure, caused by trains passing

through or passing by each other in a tunnel, measured on the train sur-

face is proportional to the square of the train speed [49,51], and Fig. 34

shows that the powers of the CRH2C double connection train (400 m)

speed is smaller than that of the CRH380A (200 m), this is because the

ratio of tunnel length to train length for the CRH380A is larger than

that of CRH2C. As shown in Fig. 35, for pressure on the tunnel wall, the

effects of train speed on the pressure amplitude were different during

the different stages. While the train is running in the tunnel, the pres-

sure amplitude is approximately proportional to the square of the train

speed, which is consistent with Howe’s conclusion [14], but when the

train exited from the tunnel, there was stronger volatility in the relation-

ship between them. It was found that relationships between the pressure

extremums and the running speed are that Pmax=0.05625Vtr
1.9619

and

Pmin= 0.44906Vtr
1.962

, with correlation coefficients of 0.998 and 0.999,

respectively, and the ratio of tunnel length and train length is 5.1 [83].

Table 2 shows that the amplitude of pressure wave on the surface of

trains passing by each other in a tunnel, whose length is 6.5 times the

length of the train, is approximately proportional to the square of the

train speed, the powers of the train speed in the fitting formulas are

around 2.3, which are slightly greater than the value of 2. Therefore,

the extremum values of pressure generated by trains passing by each

other in a tunnel are proportional to the square of the train speed, but

the ratio of tunnel length to train length has some effect on the powers

of the train speed. It is found that the powers of the metro train speed

in the fitting formulas are around 1.6, which is slightly smaller than the

value of 2, and this is mainly due to not considering the pressure wave

Table 2

Pressure wave amplitude (peak to peak value) at the third monitor point under

different meeting speeds [82].

Train speed

(km/h)

Pressure wave amplitude ∆P (Pa)

Point A3 Point B3 Point C3

200 1964 1759 1887

250 2167 1864 1941

300 4264 4119 4212

350 5041 4379 4502

400 7592 7291 7414

Fitting formula ∆P = 0.012V2.231 ∆P = 0.005V2.363 ∆P = 0.007V2.303

R2 0.954 0.916 0.914

reflection at the tunnel entrance [24]. In addition, for the case of trains

meeting at different speeds, the variations in pressure coefficient with

the location of monitor points are slight for all meeting cases except the

condition of 200–350 km/h [82].

4.3.4. Train airtightness

The pressure wave inside a tunnel is harmful to human ear comfort

and health, even causing burst eardrums. Therefore, a train body with a

certain airtightness is manufactured to improve the passenger’s ear com-

fort. The pressure waves inside and outside of the train running through

tunnels are presented in Fig. 36. The pressure change inside a passenger

train in a 1 s timespan (ΔP1s) significantly changed by the position of the

train in the tunnel, which can be seen in Fig. 36a, and the regularities of

the ΔP1s distribution along the train were changed by the combined ef-

fect of the airtight index, which is shown in Fig. 36b. Fig. 37 also shows

that ΔP1s decreases with an increase of the dynamic airtightness index

(𝜏dyna) of the vehicle, and has an effect on the distribution of ΔP1s along

the train interior.

4.3.5. Tunnel length

Tunnel length determines the time needed for the propagation of the

pressure wave and a series of reflected waves in a tunnel and the am-

plitude of the pressure wave. Figs. 38 and 39 show the pressure wave

measured at the middle of the second car in 8-car trains running through

and passing by each other in a tunnel at a certain speed. Waveforms of

pressure waves caused by a single train passing through a tunnel are

close to each other, and the distance between two waves increases with

an increase of the tunnel length, which can be observed in Fig. 39. There

are obviously differences in the waveform and amplitude of the pressure

caused by trains passing by each other in a tunnel, and the longer the

tunnel is, the more waves in the pressure wave and more complex the

pressure wave is. From the above two Figures, it is can be seen that the

amplitude of the pressure wave is affected by the tunnel length, and

pressure amplitude is not monotonic with tunnel length, which is pre-

sented in Fig. 40, but there is a critical tunnel length (most unfavourable

tunnel length), whose pressure wave amplitude is the maximum. This

Fig. 32. Two pressure waveforms caused by a train pass-

ing through a tunnel at different speeds, tunnel length is

1031 m.
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Fig. 33. Two pressure waveforms caused by two trains

passing by each other in a tunnel at different speeds, tunnel

length is 683 m.

Fig. 34. Peak-to-peak pressure value at one measurement point on train surface

versus train speed. [51].

critical length can be calculated by the following formula [132]:

𝐿
𝑡𝑢,𝑐𝑟𝑖𝑡

≈
𝐿
𝑡𝑢

4
𝑐

𝑣
𝑡𝑟

(
1 + 𝑐

𝑣
𝑡𝑟

)
(4)

𝐿
𝑡𝑢,𝑐𝑟𝑖𝑡

≈ 𝑐

2

(
𝐿
𝑡𝑢,1

𝑣
𝑡𝑟,1

+
𝐿
𝑡𝑢,2

𝑣
𝑡𝑟,2

)
(5)

where vtr, vtr,1, and vtr,2 are the train speeds; c is the sound speed; Ltr,

Ltr,1, and Ltr,2 are the train lengths; Ltu, Ltu,1, and Ltu,2 are the tunnel

lengths, and Ltu,crit is the critical tunnel length.

Table 3

Parameters of a simulation series for different blockage ratios [49].

A
tunnel

(m
2
) Br(%) C

Pmax
C

PmIin

102.8 12.0 0.76 −1.15

86.9 14.2 0.97 −1.46

68.5 18.0 1.46 −2.07

As shown in Fig. 41, the amplitude of pressure wave in a tunnel is

affected by tunnel length, especially for short tunnels, after the tunnel

reached a certain length, the pressure amplitude change was relatively

small [84]. The effect of the tunnel length on the pressure variations

inside of the train is also obvious, as shown in Fig. 42, the length of

the tunnel with the highest total variation is closest to the most un-

favourable length, and that the reason for passenger discomfort in a

very long tunnel is different from that in medium-long or short tunnels

[85].

4.3.6. Blockage ratio

The blockage ratio did not change the pressure-time history but mod-

ified the amplitude of all pressures in different stages [86,87] and the

amplitude of pressure increased with an increase of the blockage ratio,

which can be observed in Table 3. In general, the value of minimum

pressure gradient depends on blockage ratio [86], the existence of a

special hood at the tunnel entrance can minimize the pressure gradient.

Fig. 35. Relationship between the amplitude of the pressure wave (peak to peak value) caused by a train passing through a tunnel and train speed: (a) before exiting

for Xikema 1, (b) before exiting for Xikema 2, (c) after exiting for Xikema 1, and (d) after exiting for Xikema 2 [82].
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Fig. 36. Pressure change in the Yingjiazui tunnel (1080 m): (a) time histories

of the exterior and interior pressure of the train and corresponding 0.1 s change

rate of pressure in the carriage (b) exterior and interior pressure variations on

1 s time scale of the train [84].

Fig. 37. Distribution of ΔP
1s

along the train interior: (a) 𝜏
dyna

=0 s; (b)

𝜏
dyna

=1.0 s [24].

Furthermore, the cross-section of tunnel frontside is effective in control-

ling pressure transients and by increasing the cross-section, the pressure

transients can also be reduced most [87]. There is an approximately lin-

ear relationship between pressure variation and blockage ratio [88].

4.3.7. Ventilation shaft

Airshafts are apertures on the tunnel surface serving the purpose of

reducing the pressure intensity, and the size, number and position of

airshafts have an obvious effect on the pressure wave [89]. When the

airshaft is closer to the microphone, the pressure intensity is reduced

more, and increasing the aperture area gives higher pressure reductions

(up to 50% in reference [81]). It suggested that configurations consist-

ing of twin tunnels connected by pressure relief ducts near stations and

operated under partial vacuum should be preferred for the alleviation of

the aerodynamic wave effects of high-speed trains in very long tunnels

[66]. Fig. 43 shows that both the positive and negative pressure peaks

remained almost constant along the tunnel, except that the pressure

measured at the emergency channel was apparently smaller because the

emergency channel provided air space for the pressure to be relieved.

As shown in Fig. 44, the side branches effectively reduced maximum

pressure gradient and micro pressure wave, and the effect is better with

increasing propagation distance, but side branches also bring branch

waves at the same time. Fig. 45 shows that with a train speed increase,

the effect of the branch wave will intensify. Therefore, the branch wave

must be effectively controlled.

4.3.8. Some other design factors

There are many other factors that affect the pressure wave inside

a tunnel, such as ambient wind, intersecting location, etc. [49,92,93].

Fig. 46 shows that the amplitude of the pressure wave caused by train

running downwind or upwind in a tunnel is smaller and bigger than that

without wind, respectively, and the pressure change is more sensitive

in the upwind condition than in the downwind condition. The coupled

multiple unit trains have effect on the amplitude of the pressure wave

caused by trains running in a tunnel, which is decreased by the coupled

multiple unit trains, especially in the case of two trains passing by each

other in the tunnel [16]. To reduce the aerodynamic pressure around

a train running in a vacuum tube, some researchers [94] proposed a

pressure recycle duct, which is shown in Fig. 47, and found that it is

conducive to reducing the differential pressure between the train head

and tail, and the effect is more significant with as the blockage ratio of

the vacuum tube transportation system increases.

4.4. Reasonable matching on aerodynamic design parameters of train /

tunnel system

The strong aerodynamic pressure in the tunnel will cause the vehic-

ular structure deformation, including fatigue fracture, and damage to

the tunnel structure and ancillary facilities [13,51,80,95]. The dramatic

changes of pressure inside the vehicle will cause passengers tinnitus,

Fig. 38. Pressure waves caused by an 8-car train

passing through tunnels with different lengths.
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Fig. 39. Pressure waves caused by two 8-car

trains passing by each other in tunnels with dif-

ferent lengths.

Fig. 40. Relationship between tunnel length and the amplitude of the pres-

sure caused by trains passing through or by each other in tunnels with different

lengths at a certain speed: 1—two trains passing by each other in tunnels, and

2—a single train passing through tunnels.

dizziness and other discomforts, possibly even damaging the human

eardrum [96-98]. Generally, increasing the design strength and tech-

nological level is used to improve the structural safety and airtightness

of the vehicle, but these also increase the vehicle weight, affect the

vehicle dynamic performance, and increase the manufacturing and

operation maintenance costs. To ensure the safety and reliability of the

vehicle-tunnel aerodynamic coupling system, maximizing the effective

utilization of resources is a very meaningful and urgent problem. It is

also the key to ensuring the high-speed railway is able to achieve good

technical, social, economic and environmental benefits [81,99].

In recent years, some scholars have applied optimization design

methods to aerodynamic shape design, dynamic performance match-

ing and local structure optimization of high-speed trains, and these

measures effectively reduce aerodynamic effects and improve the

train’s dynamic performance [100–103]. The optimization design

method, as applied in railway aerodynamics, has developed an order

of operations. The first task is to establish the train-tunnel coupling

system in aerodynamics, which takes the high-speed train as the core

and considers the coupling relationship. Then, based on this system,

the optimization design of key parameters of the train-tunnel coupling

system can be achieved, the safety and reliability of high-speed trains

can be effectively improved, and the operating cost of high-speed trains

can be significantly reduced. Finally, it provides the aerodynamic basis

for raising train speed in existing railway lines and designing new trains

and new railway lines.

5. Micro-pressure wave at the exit of tunnel

5.1. Formation of the micro-pressure wave

When pressure waves in tunnels reach the tunnel exit, one part of

the compression wave is reflected back to the tunnel as an expansion

wave or expansive wave, and the other part forms an impulse noise

to scatter out of the tunnel, which is usually called a micro-pressure

wave. The intensity of the impulse noise caused by the initial com-

pression wave is the largest and the formation and evolution process

of a micro-pressure wave is presented in Fig. 48. The strength of the

micro-pressure wave increases with train speed; the influence of speed

on the micro-pressure wave is not obvious when the train speed is not

high enough. But with the increasing speed of Shinkansen, the effect of

Fig. 41. Maximum pressure variations on a 1 s timescale for the head carriage with varying tunnel lengths [84].
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Fig. 42. Global maximum and minimum

pressures on the middle cars in tunnels with

different lengths [85].

Fig. 43. Distribution of peak pressure around the adit along the tunnel: (a)

for the southbound train at 235.61 km/h and (b) for the northbound train at

303.58 km/h [90].

Fig. 44. Relation between the maximum pressure gradient of the compression

wavefront and propagating distance [91].

the micro-pressure wave began to be significant; it was first discovered

in the full-scale online test of the 300 series Shinkansen train in the

1960s. Researchers have begun to study the formation, evolution and

influence parameters of the micro-pressure wave, especially in Japan

[70,79,89,91,105]. These studies found that the micro-pressure wave is

of low frequency and short duration, its magnitude being approximately

proportional to the cube of the train speed, and the initial compression

wave in a tunnel can reflect some characteristics of the micro-pressure

wave [51]. In recent years, with the rapid development of China’s high-

Fig. 45. Pressure wavefronts emitted from a tunnel portal, obtained by model

experiments [91].

Fig. 46. Pressure amplitude on the tunnel wall under different wind velocities

[92].

speed railway, a new round of research has been carried out and more

methods for controlling the micro-pressure wave have been proposed

[20,106–109].

5.2. Control methods of the micro-pressure wave

In this respect, China and Japan have done a lot of studies. In the

early research, one-dimensional program was used to predict the micro-

pressure wave [14,110], and some full-scale train tests and simple scaled

dynamic model tests were used for validation. With the rapid devel-

opment of computing power, three-dimensional numerical simulation

technology is used to predict micro-pressure wave. There are many fac-

tors affecting micro-pressure wave, and which has been introduced in

Section 2. As shown in Fig. 49, an increased lining, which changes the
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Table 4

MPW results for increased linings with different thicknesses (train speed 300 km/h, L
lining

= 90 m, L
location

= 0 m, L
transition

= 1 m) [51].

Item Original

lining

Thickness of new lining (m)

0.1 0.2 0.3 0.4 0.5

Amplitude of the MPW (Pa) 12.775 12.980 13.203 13.400 13.655 13.940

MPW change rate (%) 0 1.605 3.350 4.892 6.888 9.119

Fig. 47. The schematic diagram of a vacuum tube transportation system with the pressure recycle duct [94].

Fig. 48. Diagram of the generation, propagation and radiation of the pressure wave in a tunnel.

Fig. 49. Tunnel model with increased linings (red region

is the increased linings) [51].

cross-sectional area, was used to repair damage in high-speed railway

tunnels, and the increased lining worsened the pressure wave in the

tunnel and micro-pressure wave (MPW) at the tunnel exit, which can be

observed in Fig. 50 and Table 4, respectively. The relationship between

influence factors and micro-pressure wave also has been widely stud-

ied [3,4,99,51,105,108,109]. In order to reduce micro-pressure wave,

some control methods were proposed, and optimizing train head shape

and tunnel portal are the two main methods [50,70,111]. Iida, et al.

[104] found that when the optimal nose was longer than 7 m, the maxi-

mum micro-pressure wave was effectively reduced by 18–27% and 12–

19% compared to parabolic nose shapes and previously optimized nose

shapes, but the reduction of the maximum micro-pressure wave (MPW)

was only about 5% when the train nose length was less than about 5–

7 m, as seen in Fig. 51. The tunnel portal is a sudden change region for
Fig. 50. Initial compression wave for linings with different thicknesses [51].
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Fig. 51. Comparison of MMPV for three nose shapes at each nose length [104].

Fig. 52. Tunnel portal models: (a) end wall, (b) ring oblique, (c) hat oblique,

(d) buffer structure with two top holes, and (e) combined hat oblique and buffer

structure [106].

trains running inside and outside the tunnel, and many complex flow

fields and phenomena will occur here, such as compression waves, ex-

pansive waves, and micro-pressure waves. Based on previous research

[18,86,105,112,113], the strength of this harmful noise is proportional

to the amplitude of the compression wave gradient generated by a high-

speed train entering a tunnel. Some scholars achieved reducing the pres-

sure wave in a tunnel or the micro-pressure wave at tunnel exit by set-

ting up devices at the tunnel entrance. Some tunnel portals are shown

in Fig. 52.

The optimal longitudinal distribution of the cross-sectional area of

the train nose shape can effectively reduce the micro-pressure wave.

Kikuchi et al. [70] found that it is necessary to consider the hood effect

when the nose length is longer, although the optimum nose shape hardly

Fig. 53. Approximate optimization process [111].

Fig. 54. Schematic diagram of the slope of a tunnel portal (The slope of a tunnel

portal was defined as H/L) [107].

depends on the presence of a hood when the nose length is smaller than

the hood length. A multi-objective optimization algorithm has been used

in aerodynamic train shape design [101,102,114,115,116]. For exam-

ple, Lee and Kim [111] developed and examined the support vector ma-

chine (SVM) for use in the sequential approximate optimization process,

used Owen’s random orthogonal arrays and d-optimal design to gener-

ate training data for building approximate models, and finally found

that SVM is more efficient compared with an existing Kriging model,

the approximate optimization process is presented in Fig. 53.

The effect of a hood with windows on the initial compression wave

and micro-pressure wave was studied by Howe [14,110,117–122] cal-

culation and analysis on the effects of position, number, and size of the

windows were carried out in detail; some recommended values and for-

mula have been put forward. The pressure gradient of the initial com-

pression wave and micro-pressure wave were significantly affected by

the oblique tunnel portals, particularly the hat oblique tunnel portal

combined with a buffer structure with top holes [106]. The pressure

gradient and micro-pressure wave can be reduced by changing the slope

of the equal-transect ring oblique tunnel portal, shown in Fig. 54, to a

maximum reduction of 10.8% at a slope of 1:1.75 relative to a slope of

1:0.5. Optimising the three main factors (portal shape, slope, and aper-

ture ratio) of the equal-transect oblique tunnel portal can be effective

in alleviating the pressure gradient and micro-pressure wave, and it is

recommended that the optimal value of portal shape, slope value, and

aperture ratio are hat oblique tunnel portal, 1:2 and 0.14, respectively

[109].

The micro-pressure wave is significantly affected by the opening of

the hood. Liu, et al. [20] proposed an equal-transect hood with windows

or a gradient hood to reduce the micro-pressure wave and found that

there is a reasonable match between the length and the cross-sectional

area of the hood. Xiang, et al. [123] provided three formulas to express

the effects of the opening of the hood (the tunnel hood model is shown in
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Fig. 55. Tunnel hood with a hole (w = 0.057~0.514, and L = 5~120 m) [123].

Fig. 56. Influences of inclined portals on the pressure gradient; the train speed

is 350 km/h [125].

Fig. 57. Illustration of inclined portals and definition of inclination angle 𝜃

[125].

Fig. 55) and then gave some valuable engineering suggestions. Heine,

et al. [124] found that only one vent positioned right at the junction

between hood and tunnel was the best for reducing the pressure gradient

in the tunnel. In addition, the inclination angle has an effect on the

initial compression wave, and Fig. 56 shows that 𝜃, which is defined in

Fig. 57, should be 130° in engineering, which can achieve the purpose

of reducing the maximum pressure gradient to 83% of the value induced

by a normal entry, and it is not recommend that 70° ≤ 𝜃 ≤ 90° because

of poor aerodynamic performance [125].

6. Traffic safety evaluation of a train in tunnels

When the amplitude and gradient of the pressure wave caused by a

train running in a tunnel reaches a certain value, the structural safety of

the vehicle body and the passenger’s ear comfort will be affected signif-

icantly. Therefore, a vehicle body with a certain structural strength and

airtightness is required to ensure safety and comfort in a train running

in a tunnel at high speeds. The major railway countries have designated

corresponding technical indicators according to their own conditions.

A train aerodynamic safety assessment tests the safety of a train,

whether it can meet the train operation requirements, passing through

a tunnel from the aspect of aerodynamics. The evaluation includes: the

load-bearing capacity of the vehicle body structure, namely the strength

and stiffness of the vehicle body structure under the transient pressure

load caused by the train passing through a tunnel; the comfort degree

of the human ear under the change of air pressure inside the vehicle

[84,126,127].

6.1. Safety of vehicle body structure

6.1.1. Introduction of the standards for aerodynamic load in different

countries

UIC standard. In UIC660 (2002), the relevant provisions for aerody-

namic load are shown in Table 5.

Considering the aerodynamic load caused by trains passing by each

other in a tunnel at 330 km/h as the fatigue load of the vehicle body, in

combination with Table 5, the vehicle needs to bear a maximum positive

pressure of +5150 Pa and the lowest negative pressure of −8000 Pa,

and, when the maximum load is applied, the finite cycle life design is

adopted.

Japan’s standard. The test pressure in the JIS_E7105 [128] airtight

strength test can be calculated using the following formula:

p =
(
380 ×

(
𝑣
𝑡𝑟

𝑐

)2
+ 20

)
× 9.80665 (6)

where p is the pressure load is the test pressure in Pa and vtr is the

highest train speed in km/h.

According to formula (6), the test pressure of trains passing by each

other in a tunnel at different speeds was calculated and is shown in

Table 6.

The alternating aerodynamic pressure here is also considered for the

fatigue load calculation of the vehicle body. When trains pass by each

other in a tunnel at 350 km/h, the vehicle body is subjected to an alter-

nating load with an amplitude of 11,608.6 Pa, which is an infinite cycle

life design.

Formula (6) is put forward based on the research results from the

Shinkansen train running at a speed of 200 km/h, and it does not take

into account the complex effects of the change of blockage ratio and

an increase of train speed. This result differs greatly from the actual

pressure pulse caused by trains running in other railway lines and at

other speeds, and this formula was deleted in the editions after 2000.

Instead, the aerodynamic load should be determined by the supplier and

the operator according to the actual operation of the line.

China’s standard. In China, for the aerodynamic load design of a high-

speed train, there is no relevant domestic standard at present. For a

high-speed train at 350 km/h, the design specification requires that the

amplitude of the pressure pulse is no more than ±6000 Pa, the airtight-

ness strength is evaluated according to the alternating load of ±6000 Pa,

and the fatigue design of the vehicle body is infinite cycle life.

6.1.2. Comparison and analysis of standards for aerodynamic load in

different countries

Both UIC and Japanese Railway Standards set specific requirements

for aerodynamic fatigue loads on the vehicle body, but there is no clear

limit requirement for the pressure pulse (caused by trains passing by

each other) which produces aerodynamic fatigue loads. In both UIC and

Japanese standards, the aerodynamic fatigue load is considered as alter-

nating loads, but the alternating load in the UIC standard is asymmetric,

and the maximum positive pressure and the lowest negative pressure

are +5150 Pa and −8000 Pa, respectively. The absolute value of neg-

ative pressure is larger than the positive pressure, which more closely

approaches the actual situation, but the description of load character-

istics at different areas of the vehicle surface is not detailed enough.

At the same time, it is too safe to take the maximum positive pressure

and negative pressure as the limit values. In the old Japanese standard,

the method of simplifying the pressure wave into a standard triangular

wave with an alternating load and calculating the limit by formula is

also conservative.
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Table 5

List of aerodynamic loads in German DB AG standard.

Train speed (km/h) Maximum positive

pressure (Pa)

Maximum negative

pressure (Pa)

Frequency of each year Case

280enter\280leave 3000 −5100 \ \

300enter\300leave 3300 −5400 \ \

330 1000~1800 −3000~−4000 112,200 Single train passing through a tunnel

330enter\330leave 1950~2600 −3000~−4000 5595 Two trains passing by each other in a tunnel

2600~3250 −4000~−5000 8051

3250~3900 −5000~−6000 16,103

3900~4550 −6000~−7000 6199

4550~5150 −7000~−8000 1852

Table 6

The amplitude of alternating pressure generated by trains passing by each other

in a tunnel at different speeds.

Train speed (km/h) 200 250 300 350

Amplitude of pressure (Pa) 3922.7 6018.8 8580.8 11,608.6

For convenience of comparative analysis, pressure loads in UIC and

Japanese standards are converted into equivalent pressure loads in

China (trains passing by each other at speed of 350 km/h in a 100 m
2

tunnel). For convenience of comparative analysis, pressure loads in UIC

and Japanese standards are converted into equivalent pressure loads in

China (trains passing by each other at speed of 350 km/h in a 100 m
2

tunnel). Considering the correlation between pressure pulse and block-

age ratio, the alternating aerodynamic pressure in UIC and Japanese

standards is treated based on the assumption that the amplitude of the

alternating pressure wave in a tunnel is approximately linear with the

square of the train speed and the 1.3 power of the blockage ratio.

In the UIC standard, when the train is running through a tunnel with

an effective clearance area of 82 m
2

at 330 km/h, the maximum posi-

tive and negative pressures (Pmax and Pmin) acting on the vehicle body

structure are +5444 Pa and −8562 Pa, respectively. Under the assump-

tion that the cross section of the vehicle is the same, the pressure load

is converted into the equivalent pressure load under Chinese conditions

(100 m
2

is the effective clearance area of tunnel, cross-section of the

high-speed train in the Chinese standard, trains passing by each other

at 350 km/h) according to the UIC standard.

pmax =
( 82
10
× 12
100

)1.3
×
(350
330

)12
× 5150 = 5444 Pa (7)

pmin =
(82
10
× 12
100

)1.3
×
(350
330

)12
× (−8100) = −8562 Pa (8)

In Japan standard, the amplitude of the test pressure at 350 km/h

under Japanese conditions (cross-section area of the tunnel is 64 m
2
)

calculated by formula (6) is 11,608.6 Pa. Based on this, the equivalent

pressure load under the Chinses conditions (100 m
2

is the effective clear-

ance area of the tunnel, the cross-section of the high-speed train in Chi-

nese standard, trains passing by each other at 350 km/h) is as follows:

p =
( 64
11
× 12
100

)1.3
× 11608.6 = 7277 Pa (9)

According to the UIC standard, for high-speed trains passing by each

other at 350 km/h in a 100 m
2

tunnel in China, the maximum positive

pressure and negative pressure that the vehicle should be able to with-

stand are +5391 Pa and −8473 Pa, respectively. According to the rele-

vant old Japanese standards, the amplitude of the alternating pressure

is ±7277 Pa. Through the above analysis, Japan’s old standard is higher

than China’s requirement (±6000 Pa), and the UIC standard for posi-

tive pressure is lower than China’s, but the negative pressure standard

is greater than China’s. To determine which standard is more stringent,

it is necessary to convert the loads with different cyclic characteristics

into one form to evaluate the effect of fatigue on the vehicle body.

The technical difficulties for assessment are as follows: (1) The air

flow field around the train is strongly nonlinear, unsteady and asymmet-

rical. (2) Trains passing by each other in a tunnel have relative move-

ment between trains and tunnels and relative movement between trains

and the environment. (3) The coupling analysis of fluid mechanics and

solid mechanics, for which the finite element method is used to analyse

the nonlinear dynamic response of the vehicle body structure and tunnel

support structure under pressure load caused by trains running through

tunnels and passing by each other in tunnels based on the continuum

theory of solid mechanics. (4) The transient load acting on the car body

and lining structure varies with time and location of two trains passing

by each other in a tunnel.

6.2. Comfort of passengers’ ear

In order to avoid having the pressure caused by high-speed trains

passing through a tunnel threaten the safety of passengers inside the

train, the airtightness of the vehicle body must be strengthened. If the

pressure fluctuation and gradient inside the vehicle do not exceed a cer-

tain amplitude, the human ear will not feel abnormal. Generally, in the

design of a high-speed railway, the monotonic variation of air pressure

in a specific period of time is used as the characteristic parameter of tran-

sient pressure to determine the criterion of human ear comfort. Tran-

sient pressure comfort criterion is a key consideration in tunnel design

for a passenger dedicated line, and it is also the basis for determining

the effective clearance area of the tunnel and the requirements for train

sealing. There are two main methods for evaluating vehicle airtight-

ness: the time constant method and the equivalent leakage hole area

method, both are based on a hypothetical relationship between air pres-

sure leakage and the pressure difference inside and outside the vehicle.

This paper mainly introduces the time constant method.

An on-line real vehicle test is the most direct and effective method

for evaluating a vehicle airtightness and passenger comfort, and it can

directly measure the amplitude and gradient of the pressure inside and

outside the vehicle. However, the real vehicle test is not realistic for

vehicles at the design stage. Therefore, it is proposed to check the vehi-

cle airtightness by using the vehicle airtightness constant based on the

theory of vehicle airtightness. This method is simple and fast.

6.2.1. Evaluation method and requirement for vehicle airtightness

characters

There are two ways to test vehicle air tightness, one is pressurising

the vehicle and the other is drawing air from the vehicle. At present,

the air tightness test is mainly carried out by filling the sealed vehi-

cle to a certain pressure. During the test, it is necessary to ensure that

the components (doors, windows, air-conditioner equipment, exhaust

pipes, etc.) which play an important role in connecting with the outside

of the vehicle are closed, and the process of inflating and pressurizing

should be carried out slowly. After the pressure difference between the

inside and outside of the vehicle reaches a predetermined value, it is

necessary to maintain a stable pressure for a certain period, and finally,

stop inflating. The pressure begins to decay naturally, and the pressure

changes inside the vehicle are shown in Fig. 58. In the test, it is necessary
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Fig. 58. Curve of pressure variation inside a vehicle during

the static test.

to record the time required for the pressure in the test vehicle to drop

from the required maximum pressure to the required low pressure, and

then judge whether the test vehicle meets the air tightness requirements

according to the recorded time.

As shown in Fig. 58, after the sealed vehicle is filled with a certain

amount of positive or negative pressure, the pressure inside the vehicle

will gradually change, and the pressure inside the vehicle will tend to

balance with the pressure outside the vehicle. This change is approxi-

mately exponential. The static density index 𝜏st of the vehicle is defined

as follows:

𝜏
𝑠𝑡
=

Δp
dp∕dt

(10)

where, ΔP is the pressure difference between inside and outside the

vehicle, and dp/dt is the gradient of the pressure inside the vehicle.

The 𝜏st of a static sealed vehicle can be obtained by the following

calculation:

𝜏
𝑠𝑡
= 𝑡

ln
(
Δp1∕Δp2

) (11)

where t is the time of the pressure change in s, and Δp1 and Δp2 are the

pressure difference between the inside and outside of the vehicle at the

beginning and the end, respectively, in Pa.

If the balance time between inside and outside the vehicle reaches

t2, ∆p2=∆p1/e, then according to formula (10), the static airtightness

of the vehicle, 𝜏st=t/lne=t, that is 𝜏st=t.

6.2.2. Requirement for vehicle airtightness

Vehicle sealing tests are required by major countries with high-speed

railways and railway organizations throughout the world. Here are some

examples from Japan, Europe and China.

Japan: in the sealing test for a high-speed train directly discharged

from the factory, it is required to block all the ventilation parts of the

vehicle, and the time required for the pressure in the vehicle to be re-

duced from 4000 Pa to 1000 Pa must be more than 50 s. According to

Formula (11), it the time required corresponds to 𝜏st ≥ 36 s. For a vehicle

that has travelled 900,000 km, the sealing test requires that the pressure

drop from 4000 Pa to 1000 Pa must be greater than 40 s, corresponding

to 𝜏st ≥ 28.85 s.

Europe: Japanese standards were used, and then Italy and other

countries adopted a standard that the time required to reduce the pres-

sure inside the vehicle from 3600 Pa to 1350 Pa be greater than 18 s,

that is, 𝜏st ≥18 s to evaluate vehicle sealing; in Germany, 𝜏st≥10 s is

required in the sealed passenger vehicle test.

China: Provisions of TB/T 3250 [129] are as follows: For a high-

speed train whose design speed is less than 250 km/h, the time re-

quired for the pressure difference between inside and outside to drop

from 4000 Pa to 1000 Pa is greater than 40 s, that is, 𝜏st is greater than

28.85 s. For a train with a design speed of 250–350 km/h, the time re-

quired for the pressure difference between inside and outside to drop

from 4000 Pa to 1000 Pa is more than 50 s, that is, 𝜏st is more than 36 s.

The vehicle must still have good sealing performance under a pressure

of ±6000 Pa in the test.

Through comparing with the air tightness requirements of high-

speed trains in Japan, Europe and China, Japan generally adopts the

method of improving the train air tightness to meet the passengers’ ear

comfort and speed requirements because of its early construction of a

high-speed railway, small clearance area of tunnels and large ratio of

tunnels to railway lines. The European high-speed railway has fewer

tunnels and larger tunnel clearance areas. Therefore, its standards are

relatively low. China has a vast territory, its high-speed railway is widely

distributed, the terrain along the railway line is complex, and the ratio

of tunnels to railway lines is relatively high, which results in relatively

high requirements for vehicle tightness in China.

6.2.3. Analysis of indexes for human ear pressure comfort in different

countries

From 1980 to 1985, the OREC149 Committee conducted a series

of studies on the influence of alternating pressure caused by a high-

speed train passing through tunnels on human ears, including line tests

and laboratory pressure chamber tests. Because there are many subjec-

tive factors, the experimental results show that it is difficult to judge

the change of the pressure caused by a train passing through a tunnel

by subjective feeling, including not only the pressure gradient and the

change in amplitude, but also the differences in the test individuals and

their environment. Test results also showed that significant discomfort

did not appear within the comfort limit of British railways, which sug-

gested that the comfort limit might be somewhat conservative.

Britain: By referring to the results of naval and aerospace medicine

research combined with research achievements in the railway subsea

tunnel, a tentative index was proposed in 1973. On this basis, the limit

index of pressure change for comfort and safety on British railways was

formally established in 1976 by means of human pressure chamber test.

In 1991, the evaluation criteria of vehicle pressure changes based on a

passenger comfort index were finally established, as shown in Table 7.

Germany: Initially, both the maximum amplitude and rate of the

pressure change inside the vehicle were used to evaluate the comfort

of the human ear inside the vehicle, and the limits were 1000 Pa and

200–400 Pa/s, respectively. Subsequently, the Munich Federal Railway

Administration (BZA) combined laboratory tests and on-line real vehicle

tests and found that the human ear’s tolerance limit to pressure changes

is variable; the passengers’ ear comfort was affected by the vehicle pres-

sure mainly through the amplitude, gradient and frequency of fluctua-

tions of the pressure inside the vehicle. There is a certain relationship

between the pressure change amplitude and the pressure gradient. That

is, the greater the pressure change amplitude, the smaller the pressure

gradient should be, as shown in Fig. 59. The curve in Fig. 60 is the re-

lationship between pressure change and its required time based on the

results of most passenger surveys, which means "uncomfortable feel-

ing just at the right moment". According to the survey, passengers can
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Table 7

Pressure change standards specified by British Railways [97].

No. Classified discussion on travel mode Pressure change in 4 s (kPa) 7 level evaluation

value
Extreme case Normal case

A The existing intercity trains are less than 10% of the non-airtight vehicles 4.0 2.5 4.5

B The existing intercity trains are more than 25% of the non-airtight vehicles 3.0 2.0 3.5

C The new intercity trains are less than 10% of the airtight vehicles 1.25 0.8 2.5

D The trains in urban subway tunnels are more than of the 50% non-airtight vehicles. 1.0 0.7 2.0

Fig. 59. Human ear discomfort evaluation.

Fig. 60. Human ear comfort limit.

accept the occasional over-curve situation, but when the frequency of

over-curve is high, passengers will feel uncomfortable, and this environ-

ment will aggravate the sensitivity of passengers.

Japan: High-speed railway was first developed in Japan. The

Shinkansen high-speed railway has the characteristics of large line-

tunnel ratio, small tunnel cross-section and high running speed, so the

change of alternating pressure in the tunnel is particularly significant.

Therefore, the Japanese railway departments carried out research on

the impact of pressure changes on human ear comfort very early. In the

early days, both the change amplitude of the pressure inside of the ve-

hicle (not more than 1000 Pa) and the change gradient of the pressure

inside of the vehicle (not more than 200 Pa/s for new vehicles and not

more than 300 Pa/s for old vehicles) were used as the evaluation index

for the comfort of the human ear in the vehicle, and they were also used

in European countries. With further study, the ear comfort limit diagram

was established and used to evaluate the change of pressure inside of

the vehicle. As shown in Fig. 60 the comfort zone is below the skew line

and the area above the skew line is the non-comfort zone.

China: According to Standard No. 88 of Railway Construction [130],

human ear comfort is measured by the change of pressure inside of the

vehicle in 3 s (ΔP3s), and the evaluation criteria are as follows:

Single Line Tunnel: Inside of the vehicle ΔP3s <0.80 kPa/3 s

Double track tunnel: Inside of the vehicle ΔP3s <1.25 kPa/3 s

6.2.4. Comparison of indexes for the human ear pressure comfort in

different countries

According to the analysis of the evaluation indexes of human ear

comfort in different countries and regions, the pressure amplitude, the

pressure gradient and the change of pressure within a period of time are

generally used as the evaluation indexes. Therefore, the criteria used to

evaluate the ear comfort of a high-speed railway can be roughly di-

vided into two categories, one is expressed by the amplitude and rate

of the pressure change, the other is expressed by the value of pressure

change in a certain period. The standards of major railway countries

and organizations can be summarized in two categories: single-type and

composite-type, as shown in Tables 8 and 9.

Table 9 shows that there are significant differences in the indica-

tors for evaluating ear comfort in the vehicle amongst different coun-

tries. Combined with the ear comfort test results of high-speed railway

in China, the composite criterion is more rigorous [131].

7. Outlooks

The development of aerodynamics of railway train / tunnel system

has achieved great progress over the past twenty years. However, con-

tinuous research has uncovered new problems that must be addressed.

In this case, we believe that the following topics related to aerodynamics

of railway train / tunnel system research should be the primary focus in

the future.

(1) Because high-speed train is a kind of rail transit tool with a com-

plex shape and large slenderness ratio, and the pressure waves on

a train surface caused by trains passing through tunnels and pass-

ing by each other in tunnels are not the typical cyclic triangular

wave, and there must be a significant difference in the waveform

and amplitude of the pressure wave amongst all measure points

on the surface of a train with a length of 400 m. Therefore, de-

termining the location and method of the alternating pressure on

the surface of a train running in a tunnel will be helpful for the

design of the vehicle body and the arrangement of monitoring

points for the test.

(2) There are many factors, such as tunnel length, line spacing, train

type, blockage ratio, train speed, train length, tunnel auxiliary

facilities and so on, that affect the aerodynamic effects caused

by trains passing through tunnels and passing by each other in

tunnels. At present, researchers have done many studies on the

one of the aerodynamic effects such as alternating pressure in

tunnels and its influencing parameters, but there is no systematic

study on multivariate coupling relationships between many pres-

sure waves and the aerodynamic parameters of the train / tunnel

coupling system, and very little sensitivity analysis on the aero-

dynamic parameters of the train / tunnel coupling system based

on the aerodynamic pressure wave, drag and so on. Therefore,
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Table 8

Eardrum comfort criteria for high-speed railways abroad (Single type).

Country Railway line Threshold value Sealing property

Amplitude (kPa) Gradient (kPa/s) Pressure change (kPa) Time (s)

Japan Shinkansen 1 0.20.3~0.4 / / seal

Italy FS 1.5 0.5 / / seal

South Korea KTX / / 0.8 (Single line tunnel);

1.25 (Double track tunnel)

3 seal

China

Switzerland Rail 2000 / / 1.5 4 seal

Table 9

Eardrum comfort criteria for high-speed railways abroad (composite type).

Country Line situation Amplitude

(kPa)

Time (s) Train speed

(km/h)

Germany Single line 0.5 1 240~280

0.8 3

1.0 10

UIC Single and double

lines

0.5 1 High

0.8 3

1.0 10

2.0 60

ERRI C218/RP1 Single and double

lines

1.0 1 High

1.6 4

2.0 10

3.0 60

it is necessary to study the weight of aerodynamic parameters of

the vehicle/tunnel coupling system.

(3) There are significant differences in railway standards all over the

world, which are not conducive to the operation of international

passenger trains. Therefore, the reasonable design of parameters

for train and tunnel is the key to ensuring a high-speed railway

can achieve good technical, economic, social and environmental

benefits.

(4) Recently, evacuated tube transportation has been constructed

and tested by some institutions in the world, it avoids the in-

fluence of external environment (such as strong wind and abrupt

terrain) on trains, and it is an important development direction of

green, energy-saving and ultra-high-speed rail transit technology

in the future. A train in evacuated tube can operate at super-

sonic speed with low aerodynamic drag. But some new aerody-

namic phenomena will occur when the train runs at supersonic

speed, which will also cause more complex aerodynamic effects

in tubes, and even threaten the safe operation of trains, such as

shock waves and sonic boom would appear in tube, aerodynamic

heating will be aggravated by the high blockage ratio and closed-

loop environment for the evacuated tube train.

8. Conclusions

This review paper focused on aerodynamic effects caused by trains

passing through tunnels and their control methodologies. With the train

speed continuous improvement, aerodynamic effects in tunnels, such

as aerodynamic alternating pressure, aerodynamic drag, piston effect,

micro-pressure wave, unsteady flow, become more and more obvious,

which have threatened the economy, comfort and safety of the train

operation. Relationship between aerodynamic effects and aerodynamic

parameters of the railway train / tunnel system has been widely studied.

For aerodynamics of railway train / tunnel system, how to extract key

information features and analyse the cross-effects of multiple parame-

ters on aerodynamic effects in tunnels, and identify the most sensitive

correlation factors and combinations, is a key issue. Both optimization

algorithms and surrogate models are used to deal with the train shape to

reduce the aerodynamic effects in tunnels. The purpose of reducing aero-

dynamic effects in tunnels can also be achieved by installing auxiliary

facilities in tunnels such as shaft, hoods. All these lines of research have

experienced a tremendous amount of progress. For existing railways,

multi-objective optimization algorithms can be applied to aerodynam-

ics of railway train / tunnel system to achieve effective utilization of

energy.
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With the development of social economy, heating in the south of China has been concerned widely. As one of

the energy sources of decentralized heating, natural gas (NG) has been used more and more popularly. This

paper aimed to study the impact of residential building heating on NG consumption, and took Wuhan city,

the representative city needing heating in winter of the south of China due to its location and climate, as an

example. Firstly, a typical residential building model was established through DeST software. The heating load

was simulated, and the corresponding NG consumption index was calculated. Secondly, appropriate methods were

used to forecast the basic data of Wuhan city in 2020, including households and per capita gross national product

(GDP), etc. Thirdly, the NG consumption of residential buildings with and without heating were predicted. Finally,

the impact of residential building heating on NG consumption was analyzed. The results showed that the average

annual household heating consumption of residential building in Wuhan city in 2020 was 2100 kWh/ household,

and the NG consumption using for residential building heating was 295 Nm
3
/household. In addition, the NG

consumption of residential building generated by space heating with 100% heating rate was 2.82 times the NG

consumption generated by the stove and water heater, showing that residential building heating had a large

impact on NG consumption. This study can contribute to choosing appropriate heating method in the southern

cities of China, and further planning the gas pipe network in these cities.

1. Introduction

With the development of social economy, the requirement for build-

ing thermal comfort has been raised rapidly. In the south of China with

a climate of hot summer and cold winter, the lack of central heating

in winter leads to poor indoor thermal environment. Therefore, the re-

quirement for heating becomes more and more urgent in this area. Ac-

cording to a survey, 91% of residential people in the south of China want

heating in winter [1]. Considering the small heating load and intermit-

tent significance in the south of China, decentralized heating is the main

method. As one kind of clean energy, natural gas (NG) has become one

of the main heating sources.

Over the years, many scholars have investigated the heating meth-

ods in the south of China. Long [2] analyzed the characteristics of res-

idential heating in hot summer and cold winter areas, and concluded

that decentralized heating was the mainstream. Chen [3] studied the

range and methods of southern heating, and indicated that more atten-

∗
Corresponding author. School of Energy & Power Engineering, Nanjing University of Science & Technology.

E-mail address: Zhangwenjie001@139.com (W. Zhang).

tion should be focused on heating mode, energy saving, heat source, ter-

minal and system, etc. Jin [4] introduced eight kinds of southern heating

methods, and conducted the economic comparison for the most repre-

sentative ones. The results showed that low-temperature floor radiation

heating was the most economical, followed by heat pump, wall-mounted

furnace, and electric heating. Li [5] compared the applicability of cen-

tral heating, district centralized heating and decentralized heating for

the south of China, and the results showed that small-scale district cen-

tralized heating and various decentralized heating could be used, and

further the widespread application of wall-mounted furnace in decen-

tralized heating would become popular. Zhang [6] made an economic

comparison between coal-fired boilers, oil-fired boilers, single-unit heat-

ing for wall-mounted furnaces, single-family heating and electric heat-

ing. It concluded that central heating of coal-fired boilers was the most

economical, but from the perspective of environmental protection and

energy, NG heating was more promising. Qian [7] analyzed the eco-

nomics of household wall-mounted furnace, and predicted NG heating
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Nomenclature

D Thermal inertia index

K Heat transfer coefficient (W/(m
2∙K))

LNG Liquefied Natural Gas

MSE Mean square error

NG Natural gas

P The ratio of the natural gas consumption at different

heating rates to the natural gas consumption only in-

cluding hot water and gas stove at 0% heating rate.

R Heat conduction thermal resistance (m
2∙K/W)

SHGC Solar heat gain coefficient

WWR Window to wall ratio

load. The results showed that the cost per unit area and gas consump-

tion of wall-mounted furnace were lower than that of gas boilers and

district heating.

With the promotion of NG heating, it has become one of the main

sources of heating in the south of China. Many scholars did research

on the calculation and prediction of NG load. Liu [8] took a gas wall-

mounted furnace in Beijing as an example, and obtained the gas con-

sumption index and monthly, daily and hourly peak coefficients, and

discussed the relationship between daily average gas consumption and

daily average temperature. The results showed that there was a sig-

nificant linear regression relationship between daily average gas con-

sumption and average outdoor air temperature. Tian [9] calculated the

monthly and daily unevenness coefficient of gas heating load, and gave

the thermal index of heating and corresponding gas consumption. Some

scholars conducted research on medium and long-term load forecast-

ing. Iii [10] predicted NG by time series method, and established non-

linear polynomial time series model based on data grouping processing

method. Faheemullah [11] constructed logistic and logistic-population

model approaches based medium to long-term NG consumption model.

The results showed that NG consumption would grow at an average rate

of 11% for the medium-term and 6% for the long-term. Li [12] used

system dynamics model to predict the NG consumption in China. The

results showed that it would continue to increase fast to 198.2 billion

cubic meters in 2020, and finally reach 340.7 billion cubic meters in

2030. Shaikh [13] established a prediction model of Chinese long-term

NG demand based on logic and population logic model, and improved

its prediction accuracy using LMA algorithm. The prediction model was

applied to analyze long-term NG demand forecast and NG import de-

mand in China.

In summary, the heating in the south of China has been more and

more urgent, and NG would be one of the main heating sources. Mean-

while, there were many studies on heating in the south of China and the

prediction of NG load, however, these studies were relatively indepen-

dent. Traditional NG load forecasting for residential building was the

consumption of stoves and water heaters, there was a lack of researches

on NG consumption generated by heating, and the existing gas pipe net-

work does not consider the gas heating of residential buildings. With the

usage of NG for heating in residential buildings, the energy structure of

city will change, which will bring challenges to the distribution, gas

storage and safety of the pipe network. The changes of NG consumption

caused by heating in residential buildings would play an important role

in urban gas transmission and distribution system planning and design,

operation management, optimal scheduling and other aspects. Thus, it

was essential to study the NG consumption of residential buildings un-

der heating conditions in the south of China.

Wuhan locates in the center of hinterland of China, which is an im-

portant hub of national transportation. It belongs to the hot summer and

cold winter area, and also has an urgent demand for heating in winter.

In recent years, Wuhan has made great efforts to develop NG, such as

planning the layout of NG pipeline network, market, emergency reserve

and distributed energy, etc. By 2020, Wuhan will build 696.6 kilometers

of high-pressure pipeline, 3187 kilometers of medium-pressure pipeline

and 265 NG stations. This will promote the wide application of natural

gas heating in Wuhan. Therefore, this paper conducted a comprehensive

study on the NG consumption under heating of residential buildings in

Wuhan city. Firstly, a typical residential building model was established

through DeST software, the heating load of residential building was sim-

ulated, and the corresponding NG consumption index was calculated.

Secondly, appropriate methods were used to forecast the basic data of

Wuhan city in 2020, including households and per capita gross national

product (GDP), etc. Thirdly, the gas consumption of residential build-

ings with and without heating were forecasted based on the basic data.

Finally, the impact of residential building heating on NG consumption

was analyzed. This paper provides a calculation method for gas con-

sumption of heating in South China, analyzes the influence of heating

in residential buildings on gas consumption, and puts forward coun-

termeasures.Although this paper takes Wuhan as an example, a typical

southern city, the method of forecasting NG consumption in this paper

is also applicable to other cities. In addition, the research results can

provide references for decision-makers to choose appropriate heating

methods, which has certain guiding significance for the planning of gas

pipe network and improvement of gas transmission and distribution ef-

ficiency.

2. DeST modeling and forecasting methods

In this paper, DeST software was used to model the annual heating

load of typical buildings in Wuhan, and then the NG consumption was

calculated according to the annual heating consumption and forecasted

household number and GDP, etc.

2.1. DeST modeling of residential building

Select a typical residential building in Wuhan city with a height of

3.6 m for single floor, shape coefficient of 0.30, and total building area

of 2845m
2

as the research object, which had 6 floors, and 6 households

per floor. The average household area was 79 m
2
, in other words, the

per capita living area was 26.3 m
2
. The architectural plane of floors 1-6

is shown in Fig. 1.

2.1.1. Parameter setting of enclosure structure

According to standard [14], the detailed parameters of heat transfer

coefficient and thermal inertial of the residential building envelope are

set and shown in Tables 1 and 2, respectively.

There were many types of building envelopes in actual buildings.

This paper selected three common building structures in Wuhan city, as

shown in Table 3, which can be closer to the actual building.

2.1.2. Indoor simulation parameter setting

Wuhan city belongs to hot summer and cold winter region, accord-

ing to the “Code for Design of Building Energy Efficiency” [15], the air

temperatures in master bedroom, second bedroom, hall, and living room

were all set at 18°C.

According to standard [16] and referred to DeST data, the building

internal disturbances for different rooms were set, including personnel,

lighting and equipment, as shown in Tables 4-6, respectively.

2.1.3. Operating mode setting of the heating system

According to general living habits and work schedules of residents,

three intermittent operation modes of the heating system were set, as

shown in Fig. 2.

Intermittent operation mode I: The shutdown time of air condition-

ing system was 0:00-4:00, 7:00-11:00, 13:00-17:00, and normal opera-

tion during the rest time.

Intermittent operation mode II: The shutdown time of air condition-

ing system was 0:00-4:00 7:00-15:00, and normal operation during the

rest time.
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Fig. 1. Floor plan of the selected building.

Table 1

Heat transfer coefficient and thermal inertia index of the enclosure structure [14].

Enclosure structure Heat transfer coefficient [W/ (m
2

· K)

Shape coefficient Part Thermal inertia index D ≤ 2.5

Thermal inertia

index D>2.5

Shape coefficient≤ 0.40 Roof 0.8 1.0

Exterior wall 1.0 1.5

Overhead or external

picking slab (bottom is

exposed to outdoor air)

1.5

Household wall, floor, stair

partition wall, outer

corridor partition wall

2.0

Door (including

non-transparent part of

the balcony door)

3.0 (enclosed space)

2.0 (unenclosed space or outdoors)

Exterior window

(including transparent part

of balcony door)

Comply with the provisions of this standard

Shape coefficient >0.40 Roof 0.5 0.6

Exterior wall 0.8 1.0

Overhead or external

picking slab (bottom is

exposed to outdoor air)

1.0

Household wall, floor, stair

partition wall, outer

corridor partition wall

2.0

Door (including

non-transpwerent part of

the balcony door)

3.0 (enclosed space)

2.0 (unenclosed space or outdoors)

Exterior window

(including transparent part

of balcony door)

comply with the provisions of this standard

Intermittent operation mode III: The shutdown time of air condition-

ing system was 7:00-17:00, and normal operation during the rest time.

2.2. NG consumption forecasting methods

In this paper, the gray theory method, trend moving average method,

exponential smoothing method and primary regression were used as

forecasting methods to predict the households and GDP in Wuhan city.

Table 4

Personnel distribution settings of functional rooms.

Room type Number of people Indoor staff rate

Master bedroom 2 22:00 50 %; 23:00 -next day 6:00 100 %

Second bedroom 1 22:00 -next day 6:00 100 %

Hall 3 working days: 7:00-8:00, 17:00-18:00, 22:00 33.3%

19:00-21:00 100%

holidays: 8:00-19:00, 13:00-15:00, 23:00 33.3%

10:00-12:00, 16:00-18:00, 66.7%

19:00-22:00,100%

Living room 3

Kitchen 2 Working days: 7:18:00, 100%; holidays: 8:0018:00, 100%

Bathroom 1 Working days: 19:00-21:00, 100% 22:00-23:00, 50% holidays:

8:00-18:00, 30% 19:00-21:00, 100% 22:00-23:00, 50%

Stairs 12 6:00-7:00-7:00-9:00-18:00-18:00-19:00-20:00-22:00
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Table 2

Heat transfer coefficient, heat gain coefficient and limit of visible light transmittance of external window [14].

Building Window to wall ratio (WWR) Heat transfer coefficient

K[w/(m
2

· K)]

Solar heating gain coefficient (SHGC) east, west/south,

north

Shape coefficient ≤ 0.40 WWR ≤ 0.20 4.7 - / -

0.20< WWR ≤ 0.30 4.0 - / -

0.30< WWR≤ 0.40 3.2 ≤ 0.40 / ≤ 0.45 (in summer)

0.40< WWR ≤ 0.45 2.8 ≤ 0.35 / ≤ 0.40(in summer)

0.45< WWR ≤ 0.60 2.5 Sunshade in the east, west and south directions,

≤ 0.25 (in summer), ≥ 0.60 (in winter)

Shape coefficient >0.40 WWR≤ 0.20 4.0 - / -

0.20< WWR ≤ 0.30 3.2 - / -

0.30< WWR ≤ 0.40 2.8 ≤ 0.40 / ≤ 0.45(in summer)

0.40< WWR ≤ 0.45 2.5 ≤ 0.35 / ≤ 0.40(in summer)

0.45< WWR ≤ 0.60 2.3 Sunshade in the east, west and south directions,

≤ 0.25 (in summer), ≥ 0.60 (in winter)

Table 3

The parameters of three kinds of building enclosure structure.

Enclosure structure Heat resistance

R [m
2

· K/W]

Heat transfer

coefficient K [m
2

· K]

Thermal inertia

index (D)

Structural material (material thickness unit: mm)

Structure one Roof 1.60 0.57 3.15 lime cement mortar(25mm),

reinforced concrete(40mm),

asphalt felt or asphalt paper(4mm), extruded polystyrene

board(40mm), asphalt felt or asphalt paper(4mm),

cement mortar(20mm)

Exterior

wall

1.24 0.72 5.03 cement mortar(20mm),

insulation mortar(30mm),

fly ash gas brick(250mm),

cement mortar(20mm)

Structure two Roof 1.56 0.59 1.71 cement mortar(25mm),

aerated concrete(40mm),

asphalt felt or asphalt paper(4mm), polyurethane

foam(40mm),

asphalt felt or asphalt paper(4mm), cement

mortar(20mm)

Exterior

wall

0.84 1.00 3.82 cement mortar(20mm),

clay porous brick (240mm, KP1 type), expanded

perlite(20mm),

cement mortar(20mm)

Structure three Roof 2.23 0.42 1.44 cement mortar(20mm),

perlite(40mm),

asphalt felt or asphalt paper(4mm), extruded polystyrene

board(40mm), asphalt felt or asphalt paper(4mm),

cement mortar(20mm)

Exterior

wall

1.37 0.65 3.34 cement mortar(20mm),

reinforced concrete(240mm), polystyrene(40mm),

cement mortar(20mm)

Structure one,

two, three

Ground 0.10 3.06 1.00 cement mortar(20mm),

reinforced concrete(80mm),

cement mortar(20mm)

Floor 0.77 1.30 8.68 cement mortar(20mm),

gravel concrete(60mm), reinforced concrete(100mm),

inferior stone clay wall(600mm)

Interior

wall

0.43 1.52 0.43 cement mortar(20mm),

clay concrete(180mm),

cement mortar(20mm)

Exterior

window

Heat transfer coefficient

K[W/(m2 · K)]

Shading

coefficient SC

Visible light transmittance %

2.40 0.56 58

Table 5

Lighting settings of functional rooms.

Room type Lighting density [W/m
2
] Lighting settings

Master bedroom 6 From 18:00 to 20:00, 50% from 21:00 to 23:00, 100%

Second bedroom

Hall From 18:00 to 22:00, 100% 23:00, 50%

Living room

Kitchen 18:00 ~ 19:00 80% 20:00-23:00 40%

Bathroom From 18:00 to 22:00, 100% 23:00, 50%

Stairs 6:00-8:00 18:00-22:00 100% 23:00 50%
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Table 6

Equipment settings of functional rooms.

Room type Maximum power of

equipment [W]

Master bedroom 12.7

Second bedroom

Hall

Living room

Kitchen 48.2

Bathroom 0

Stairs 55.7

Fig. 2. Intermittent operation mode.

Table 7

Composition of NG [27].

Component Mole percent Component Mole percent

C1 0.97358 N2 0.00792

C2 0.00629 H2S ≤ 20 mg/m3

C3 0.00265 CO2 0.00803

C4 0.004 H2O 0.00149

Grey prediction can carry out correlation analysis, and generate and

process the original data to find the law of the system change, gener-

ate the data series with strong regularity, and then establish the cor-

responding differential equation model, so as to predict the develop-

ment trend. Moving average method is a simple and smooth prediction

method. It could calculate the order time average value detailedly ac-

cording to the time series data to reflect the long-term trend. Exponen-

tial smoothing method predicts the trend of the phenomenon by calcu-

lating the exponential smoothing value and combining with a certain

time series prediction model. The exponential smoothing value during

any period is the weighted average of the actual observed value un-

der the current period and the exponential smoothing value under the

previous period. Regression prediction includes linear regression and

nonlinear regression, which is established based on the relevant princi-

ples and the relationship between dependent variables and independent

variables.

Then the results with the smallest mean square error (MSE) were

selected for prediction of NG consumption. According to the basic data

and NG consumption index, the NG consumption of Wuhan city in 2020

could be calculated, as shown in Table 7.

Fig. 3. Variations of the daily heating load and air temperature in January.

According to the composition of NG in Wuhan City given by Table 7,

the low calorific value could be calculated, which was 33.49 MJ/Nm
3
.

The wall-mounted furnace used by household was a dual-use type

for heating and hot water, and its basic parameters are shown in

Table 8.

3. Forecast results of NG consumption

3.1. Calculation of NG consumption

The heating consumption of residential building with three different

envelope structures in Wuhan city was obtained, as shown in Table 9.

The annual maximum heating load corresponding to structure one in

these three retaining structures was the smallest, that was to say, the en-

closure structure one had better insulation performance. In addition, the

heating load of mode I was with the middle value, which can replace the

average energy consumption of these three operating modes. Under op-

eration model I, the cumulative heating consumption per household of

structure one, two, three were 2099.5, 2363.9, 2026.4 kWh/household,

respectively. Considering the actual buildings in Wuhan city and build-

ing energy efficiency, the results of enclosure structure one and operat-

ing mode I were selected in the next study.

Fig. 3. shows the variations of daily heating load and air temperature

in January. It can be seen that the daily heating load reduced from 800

kW to 380 kW when the daily air temperature increased from 4.0°C to

10.0°C, and it increased from 600 kW to 1200 kW when the daily air

temperature decreased from 8.0°C to -1.0°C. It should be noted that the

daily heating load reached the maximum value of 1198 kW on January

23.

The hourly heating load on January 23 is shown in Fig. 4. There

were three peaks of heating load, which corresponded to three heating

periods of intermittent operation mode I. The lower the outdoor temper-

ature, the higher the heating load, but the trend of heating load was not

completely affected by changes in outdoor air temperature, indicating

that the system operating mode had a greater impact on heating load.

The variations of monthly average heating load from January to De-

cember is shown in Fig. 5. The maximum monthly average heating load

was 744.7 kW, appeared in January. The outdoor air temperature in

Wuhan was lower in January, the lowest daily air temperature was about

-1.0°C, and thus the variation of heating load was consistent with mete-

orological conditions.

According to the simulation results, the NG consumption of the

wall-mounted furnace for residential building heating was calculated,

and the calculation results are shown in Table 10. The annual cumu-

lative NG load was 10621 Nm
3

and the household NG load was 295

Nm
3
/household.
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Table 8

The basic parameters of wall-mounted furnace.

Type

Rated input

power

Rated hot water

production capacity

Rated air

consumption

Heating

temperature

Shower

temperature

LIPB20-HD(A/B) 20 kW 8.3 kg/min 2 m3/h 30°C ~80°C 38°C ~60°C

Table 9

Heating consumption under three operating modes.

Enclosure structure Operation mode Annual maximum heating

load per household

(W/household)

Annual cumulative heating

consumption per household

(kW∙h / household)

Structure

one

Model I 5508.7 2099.5

Model II 6304.3 1990.5

Model III 5336.4 2259.1

Structure

two

Model I 6106.5 2363.9

Model II 7115.3 2238.3

Model III 4209.1 1667.1

Structure

three

Model I 5451.9 2026.4

Model II 6274.7 1917.7

Model III 5370.7 2181.6

Fig. 4. Variations of heating load and air temperature on January 23.

Fig. 5. Variations of average heating load.

Table 10

NG load for heating in wall-mounted furnaces.

Items Value

Total building heating area (m2) 2845

Total number of heating units (household) 36

Annual maximum NG load (Nm3/ h) 27.9

Annual cumulative NG load (Nm3) 10621

Annual maximum household NG load (Nm3/ (h. household)) 0.77

Annual cumulative NG load (Nm3/ household) 295

Table 11

Historical data of Wuhan city per capita GDP and popu-

lation [17–25].

Year Per capita GDP

(¥ /person)

Total number of households

(× 10
4

households)

2006 30921 255.48

2007 36347 260.46

2008 46035 265.00

2009 51144 269.9

2010 58961 274.58

2011 68315 276.50

2012 79482 281.29

2013 89000 286.39

2014 98000 288.02

2015 104132 297.10

3.2. NG consumption forecasting for residential buildings

3.2.1. Prediction of basic data

Table 11 shows the historical data of per capita GDP and total num-

ber of households of Wuhan city from 2006 to 2015.

The gray model GM (1, 1), trend moving average method, quadratic

exponential smoothing, cubic exponential smoothing and primary re-

gression method were used to predict the per capita GDP. The predic-

tion results were compared by mean square error (MSE), as shown in

Table 12. The primary regression prediction result with the smallest

prediction MSE was selected as the basic per capita GDP data. It pre-

dicted that the per capita GDP would be ¥137968 in 2019 and ¥146689

in 2020. At the same time, the results were used as the basic data for

the elasticity prediction of per capita GDP and the regression forecast of

NG monthly consumption.

The number of households was predicted by the gray model GM (1,

1), the trend moving average method, the quadratic exponential smooth-

ing, the cubic exponential smoothing, the elastic prediction and the pri-
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Table 12

Per capita GDP forecast (¥ /person).

Year Gray model GM

(1,1)

The trend moving

average method

Quadratic exponential

smoothing

Cubic exponential

smoothing forecast

Primary regression

prediction

Actual value

2006 41016 - 68925. 40219 25447 24593 30921

2007 46371 - 49206. 45912 30818 33314 36347

2008 52425 - 29487. 51604 37036 42035 46035

2009 59270 - 9768. 57296 44100 50756 51144

2010 67008 9951 62989 52011 59477 58961

2011 75756 29670 68681 60769 68198 68315

2012 85647 49389 74373 70374 76920 79482

2013 96829 69108 80066 80825 85641 89000

2014 109470 88827 85758 92122 94362 98000

2015 123763 108546 91450 104267 103083 104132

2016 139921 128265 97143 117258 111804 -

2017 158188 147984 102835 131096 120525 -

2018 178841 167703 108527 145780 129246 -

2019 202190 187422 114220 161311 137968 -

2020 228588 207141 119912 177689 146689 -

MSE 104559300 3200239803 67977275 48073883 9786278 -

Table 13

Household number forecast (× 10
4

households).

Year Gray model GM

(1,1)

The trend moving

average method

Quadratic exponential

smoothing

Cubic exponential

smoothing forecast

Elastic

prediction

Primary regression

prediction

The actual

value

2006 260.96 223.39 262.13 334.33 253.91 255.49 255.48

2007 264.99 231.12 264.90 326.17 258.55 259.79 260.46

2008 269.09 238.85 267.66 316.29 265.49 264.10 265.00

2009 273.25 246.58 270.42 304.71 268.63 268.40 269.90

2010 277.47 254.31 273.18 291.42 272.95 272.71 274.58

2011 281.76 262.04 275.94 276.41 277.49 277.02 276.50

2012 286.11 269.77 278.70 259.69 282.23 281.32 281.29

2013 290.53 277.50 281.46 241.27 285.83 285.63 286.39

2014 295.02 285.23 284.23 221.13 288.93 289.93 288.02

2015 299.58 292.96 286.99 199.28 290.90 294.24 297.10

2016 304.21 300.69 289.75 175.73 293.23 298.55 -

2017 308.91 308.42 292.51 304.69 295.70 302.85 -

2018 313.69 316.15 295.27 311.34 298.03 307.16 -

2019 318.53 323.88 298.03 318.37 300.21 311.46 -

2020 323.46 331.61 300.80 325.76 302.28 315.77 -

MSE 21.01 397.37 22.11 3120.58 5.20 1.97 -

mary regression method, respectively. The prediction results are shown

in Table 13. The primary regression prediction result with the small-

est MSE was selected as the basic household data. It predicted that the

household number would be 311.46 × 10
4

in 2019 and 315.77 × 10
4

in

2020. The results were used for the calculation of NG consumption of

residential building heating users.

3.2.2. NG consumption for residential buildings without heating

For residential buildings without heating, the NG was only used for

water heaters and stoves. The household gas consumption in 2020 was

based on the data of 2010, which was 3500 MJ/ (household•a) [26].

In chapter 3.2.1, the predicted number of households in Wuhan city

would be 3157,700 in 2020. The NG calorific value in Wuhan city was

33.49MJ/Nm
3
. According to the gas household average index, the num-

ber of households and the calorific value of NG, the annual gas consump-

tion of residents using for stove and water heater in Wuhan city can be

obtained as 330007465Nm
3
/a.

3.2.3. NG consumption for residential buildings with heating

The heating load and NG consumption with heating were calculated

according to household NG load and the number of households. The

heating scenario of 100%, 80% and 50% of households were calculated,

as shown in Table 14. In 2020, the annual cumulative NG consump-

tion under 100%, 80%, 50% heating rate were 931576650, 745261320,

465788325Nm
3
, respectively. It can be seen that the NG consumption

increased obviously with the increase of heating rate.

The prediction results of NG consumption of Wuhan city in 2020 are

shown in Table 15.

It can be seen that the NG consumption increased obviously with the

increase of heating rate. When considering the NG consumption gener-

ated by heating at 100% heating rate, the NG consumption for space

heating was 2.82 times the stove and water heater. In other words, the

total NG consumption of the residential building was 3.82 times that

of the NG consumption including only the stove and the water heater.

This showed that residential building heating had a large impact on NG

consumption, which would have important impacts on the planning,

operation and regulation of NG supply.

4. Discussions

As a high-quality energy source, NG has the advantages of high en-

ergy efficiency, low pollution and low emissions, and has become the

main energy source for heating in many cities in the south of China.

Using NG for heating will have a great impact on NG supply.

NG consumption is affected strongly by outdoor climatic conditions,

especially for heating in winter. The similar conclusion was obtained by

Vincenzo [28], which showed that most of the NG was used for heat-

ing in winter in Italy. Furthermore, Liang [29] also showed that the NG

consumption in China had obvious seasonal characteristics. Generally,
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Table 14

Calculation of heating load and NG consumption.

Scenario Year Maximum heating

load (kW)

Total annual heating

consumption (kW•h)

The maximum NG

consumption (Nm
3

/h)

Annual cumulative NG

consumption (Nm
3
)

100% 2016 208105 6268058858 2310940 880762842

2017 211107 6358464563 2344271 893466294

2018 214108 6448870267 2377603 906169746

2019 217110 6539275971 2410934 918873198

2020 220111 6629681676 2444265 931576650

80% 2016 166484 5014447086 1848752 704610273

2017 168885 5086771650 1875417 714773035

2018 171287 5159096214 1902082 724935797

2019 173688 5231420777 1928747 735098558

2020 176089 5303745341 1955412 745261320

50% 2016 104053 3134029429 1155470 440381421

2017 105553 3179232281 1172136 446733147

2018 107054 3224435133 1188801 453084873

2019 108555 3269637986 1205467 459436599

2020 110056 3314840838 1222133 465788325

Table 15

Summary of prediction results of NG consumption of Wuhan city in 2020.

Heating rate 0% heating rate 50% heating rate 80% heating rate 100% heating rate

NG consumption 330007465 465788325 745261320 931576650

P 1 1.41 2.26 2.82

P: the ratio of the NG consumption at different heating rates to that of only including hot water

and gas stove.

when the outdoor air temperature is the lowest, the gas load reaches

its peak value, which is likely to the same peak time as that of con-

ventional gas consumption, and the superposition of the two peaks will

have a significant impact on the gas pipe network. Therefore, it is nec-

essary to consider the peaking of NG to select suitable peak-regulating

gas storage.

The main methods of gas storage at home and abroad to solve the

peak-regulation problem of natural gas pipeline network include gas

storage tank, gas storage using medium-pressure pipeline, underground

gas storage, gas storage using high-pressure pipeline, liquefied natural

gas (LNG), etc. Among them, high-pressure pipeline gas storage and gas

storage tank are effective ways to adjust the hourly peak value of NG.

Underground gas storage and LNG are suitable for seasonal peak ad-

justment. Generally, it is economical to use high-pressure pipelines for

hourly peak storage. As for seasonal peaking, considering the actual sit-

uation of Wuhan City and the large investment in the project, it is rec-

ommended to increase the LNG reserve capacity and upstream peaking

capacity.

5. Conclusions

In this paper, the annual heating consumption of typical buildings

in Wuhan was simulated through DeST software, and the gas consump-

tion of residential heating users was analyzed. Based on the forecasted

household number and GDP, etc, it predicted the NG consumption of

residential users under 0%, 50%, 80% and 100% heating rate in Wuhan

city in 2020. Finally, the impact of residential building heating on NG

consumption was analyzed. The following conclusions were obtained:

The average annual household heating consumption of the residen-

tial building was 2100 kWh/ household, the annual average household

NG load was 295 Nm
3
/household;

In 2020, the annual NG consumption of residential build-

ings under 100%, 80%, 50% and 0% residential building heat-

ing was 931576650Nm
3
/a, 745261320Nm

3
/a, 465788325Nm

3
/a and

330007465 Nm
3
/a respectively.

The heating of residential building had a large impact on NG con-

sumption. With the increase of heating rate, the NG consumption in-

creased obviously. When considering the NG consumption generated

by heating the residential building at 100% heating rate, the total NG

consumption of the residential building was 3.82 times that of the NG

consumption including only the stove and water heater.

It is suggested that the change of NG distribution proportion caused

by heating in residential buildings should be considered, and the NG

development plan should be further optimized. In addition, the con-

struction of NG storage should be speeded up, and the capacity of peak

shaving should be improved to meet the rapid growth of NG demand

after heating in residential buildings.
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Continuous discrepancies in building performance predictions creates an ongoing inclination to link contextu-

alized, real-time inputs and users’ feedback for not only building control systems but also for simulation tools.

It is now seeming necessary to develop a model that can record, find meaningful relationship and predict more

holistic human interactions in buildings. Such model could create capacity for feedback and control with a level

of intelligence. Fuzzy Logic Systems (FLSs) are known as robust tools in decision making and developing models

in an efficient manner. Considering this capability, in this paper, FLSs is implemented to make a thermal comfort

model in an educational building in the UK. Such implementation has an ability to respond to some identified

desires of developers and performance assessors in addressing uncertainty in thermal comfort models. The results

demonstrate the proposed method is practical to simulate the value of comfort level based on the input data.

1. Introduction

In the UK, non-domestic buildings are accountable for approximately

12% of carbon emissions and 17% of overall energy consumption. Even

though considerable effort has been made on new low energy buildings,

but the existing building stock dominant energy use in the country [1].

Numerous building regulations are introduced to facilitate low carbon

design but they only focused on regulated energy loads, which created a

challenge of building performance gap. As a result, researchers are now

switching their attention to occupant behaviour and many efforts have

been made in studying responsible energy usage in office buildings.

However, there is still limited understanding of energy use during

building operation.

Widely used simulation programs generally evaluate the heat flux,

HVAC system loads and demands and lighting, on the basis of standards

like ASHRAE55 for thermal comfort. Weather data, the geometry of

buildings and materials as well as setpoints for temperatures are the in-

puts of such programs. Heating or cooling setpoints data are not always

available, requiring researchers to use an estimate, which may not be

always accurate and a true reflection of the occupants’ comfort level.

Therefore, there is a growing concern about a discrepancy between

the predicted energy performance of buildings and actual measured

performance, widely known as building performance gap (BPG). BPG

is not only limited to energy efficiency but also likely to be on indoor

air quality, acoustic performance and daylighting levels.

∗
Corresponding author:

E-mail address: masoud.sajjadian@solent.ac.uk (S.M. Sajjadian).

The importance of addressing the BPG issue lies on the fact that

there is an increased pressure on the construction industry to reduce

carbon emissions from heating and hot water substantially above 20%

by 2030, with a further reduction to complete decarbonisation by 2050.

This is due to legally-binding targets set by UK Parliament in the Cli-

mate Change Act [2]. Furthermore, under a system of the Fifth carbon

budgets which run until 2032, if construction industry fails to achieve

carbon reduction target then the UK will have to increase pressure on

other sectors to achieve corresponding falls [3]. Therefore, a mismatch

between designing and delivering could affect other sectors.

Bridging the performance gap can be achieve by designing a

decision-making stage to deliver (i) higher quality homes with lower

costs to meet the quantified targets, such as zero carbon Buildings, (ii)

buildings that are robust towards arguably warmer conditions with con-

sidering growing concern of changing climate and health risk [4,5]. It

is also a key requirement for building delivery and facility manage-

ment, enabling the feasibility of concepts such as performance-driven

buildings.

BPG can be controlled by an organised, multidisciplinary approach

that incorporates improvement in data collection for simulations [6,7],

data validation [8] and change of industry practice to minimise work-

manship errors [9]. Therefore, the objective of this research is to ad-

dress BPG challenge by make a contextualised thermal comfort model

to address uncertainty in building energy management tools. Neural net-

works, clustering methods, data mining techniques, fuzzy logic systems
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etc. are some of the engineering techniques that have been used for

building performance prediction [10–13]. Each technique comes with

different capabilities and shortcomings.

Generally, one of the most necessary and crucial activities in the real

world is decision-making. Decision making is used to find an optimal or

a nearly optimal solution based on input information. There are three

models that are used for decision-making task; mathematical model, hu-

man experts’ advice and an expert system. Each of these models has its

own advantages and disadvantages. Inferring an accurate mathematical

model to present the complex environment is a difficult and challenging

task and even impossible in some cases; besides, the models cannot be

applied to all environments. On the other side, querying an expert is

usually a time consuming and expensive task. Recently, expert systems

have drawn researchers’ attention and are widely used in various do-

mains. The key point about expert systems is that the knowledge base

can grow and can be updated dynamically [14,15].

Fuzzy Logic Systems (FLSs), provides a robust, artificially intelligent

solution that model human linguistics. FLSs attempt to represent knowl-

edge in Fuzzy Sets by using sets of distributed membership functions and

develop logic by generating rules. Also, the intermediate possibilities

between the subject responses can be modelled in a manageable man-

ner through the model rules. So far, many fields such as manufacturing,

engineering, diagnosis, economics, and others have been benefited from

FLSs as a control-engineering and decision-making system [16,17]. Also,

some recent developments in BPG have been carried out. In [18] statisti-

cal analysis has been implemented on 30 subject responses and in [16],

an interface is utilised to receive responses from subjects and again sta-

tistical tests are applied on the gathered survey responses. Although this

approach is interesting, it fails to provide a comprehensive model which

is able to capture all intermediate possible situations.

Numerous models demonstrate their potential to predict building

users’ thermal comfort, even though with a degree of inaccuracy. Ad-

vances in artificial intelligence methods and their rapid development

across other disciplines can uncover the unknown relationship in a large

amount of data, presenting a new opportunity to better understand di-

verse characteristics of thermal comfort in buildings. This study applied

the FLS algorithm to a thermal comfort database in the UK context and

developed a new and expandable model in thermal comfort. With vari-

ables of indoor air temperature, age, clothing insulation and working

hours, the model can reduce the previous models’ inaccuracy. Compared

to the ASHRAE model, it can quantify the effects of each input variable

on building users’ thermal comfort. Furthermore, an open-access plat-

form is developed to support machine learning algorithms applications

in the interpretation of data associate with users’ thermal comfort in

buildings. This study can be an indication for further thermal comfort

model development.

2. Fuzzy Sets

The Fuzzy set theory was firstly introduced by Lotfi Zadeh in 1960s

[17] and it is designed to resemble the process of human decision mak-

ing. Unlike classical computer-based Boolean logic (Crisp set) “True (1)

or False (0)”, fuzzy sets have no sharp boundaries and it involves in-

termediate possibilities between True or False in decision making [19].

Mathematically, crisp set A of universe X is defined by function μA (x)

called the membership function (MF) and is described as follows:

𝜇
𝐴
(𝑥) =

{
1 𝑖𝑓 𝑥 ∈ 𝐴

0 𝑖𝑓 𝑥 ∉ 𝐴
(1)

While, in the fuzzy theory, the MF is calculated as follows:

𝜇
𝐴
(𝑥) ∶

⎧⎪⎨⎪⎩
𝜇
𝐴
(𝑥) = 1 𝑖𝑓 𝑥 𝑖𝑠 𝑡𝑜𝑡𝑎𝑙𝑙𝑦 ∈ 𝐴;

𝜇
𝐴
(𝑥) = 0 𝑖𝑓 𝑥 ∉ 𝐴;

0 < 𝜇
𝐴
(𝑥) < 1 𝑖𝑓 𝑥 𝑖𝑠 𝑝𝑎𝑟𝑡𝑙𝑦 ∈ 𝐴.

(2)

Based on the above description, we can have a continuum of possible

choices. For any element x of universe X, μA (x) equals the degree to

which x is an element of set A. This degree, a value between 0 and 1,

represents the degree of membership, also called membership value of

element x in set A. Fig. 1 (a) and (b) show the difference between crisp

and fuzzy set theory. While the MF in Fig. 1 (a) has sharp edges, the

MF in Fig. 1 (b) is formed in a continuous manner, which provides the

intermediate possibilities. As it is shown in Fig. 1(a), someone at the

age of 21 is considered as old. Because the value x=21 is crossed the

edge “20”. However, the way of human thinking is completely different

as the MF shows in Fig. 1 (b), the concept of being young gradually

changes which include intermediate possibilities in the MF. Therefore,

as it is circled in Fig. 1 (b), someone at the age of 21 has a membership

degree around 0.3 of being old. It can be interpreted as this person can

be considered old with degree of 0.3. Thus, the Fuzzy set theory can

provide some degree of truth which is similar to human thinking.

2.1. Fuzzy Logic Systems

A fuzzy logic system generally consists of four stages [See Fig. 2 for

the overall scheme of fuzzy logic system]:

• Fuzzification: it is the process of converting a crisp value into a

fuzzy MFs and the most commonly used MFs can be seen in the lit-

erature as Gaussian, triangular and trapezoidal.

• Rule base: it contains fuzzy rules which are formulated by using

Apriori algorithm. A rule consists of two main parts as Antecedent

MFs and Consequent MFs. While the IF part combines antecedents,

THEN part combines consequents or parameters which can be for-

mulated as follows:

IF (a set of conditions are satisfied) THEN (a set of consequences can

be inferred).

As a clear example:

IF (Food Service is good) THEN (the waiter tip is high)

• Fuzzy inference: In this step, each rule is evaluated throughout

some fuzzy operators and a decision is made as a result. Generally,

this part is capable to simulate human decisions by performing ap-

proximate reasoning.

• Defuzzification: The gathered output set, from the Inference step,

is converted to a crisp value by utilising defuzzification process. The

most commonly used process can be listed as a centre of gravity

(COG), a centre of area (CEA) or first of maximum (FOM) [20].

As one of the most commonly used models, in the presented work,

Mamdani [21] model is utilised to construct the Fuzzy Logic System.

3. An overview on Thermal Comfort

Thermal comfort is a complex subject and is dependent on the way

humans perceive their environment and how they control their condi-

tions. Therefore, general quantification is a challenge for designers in

order to create a built environment that is sustainable in terms of min-

imizing energy consumption. The clarification of user’s comfort level is

crucial to the success of a building, not only because of the air quality

but also because it will decide the overall energy consumption. There are

two well-known approaches for thermal comfort definition, the rational

or heat-balance approach and the adaptive approach. The most well-

known method, in the heat balance approach is “Predicted Mean Vote”

(PMV) and “Predicted Percentage of Dissatisfied” (PPD) model proposed

by Fanger that has been accepted widely among scholars. However,

Fanger’s model has failed in the results for naturally ventilated build-

ings and cumulative dissatisfaction with this approach shifted focus in

variable indoor temperature standards [22]. Besides, ASHRAE 55 de-

veloped a standard in 2010, which also included metabolic rate into the

consideration [See Fig. 3].

However, several studies have questioned the thoroughness of the

standard for simulation programs and highlighted discrepancies be-

tween users’ actual thermal comfort and ASHRAE’s prediction model
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Fig. 1. (a) Crisp set, (b) Fuzzy set.

Fig. 2. the overall scheme of the fuzzy logic

system.

[24–26]. The organization updated the standard in 2017 and suggested

three comfort level calculation approaches for simple situations, more

general cases and a method that uses elevated air speed for comfort

[27]. The ASHRAE recent updates highlight the complexity and contex-

tual dependency of thermal comfort.

Furthermore, CIBSE [28] recommended comfort temperature based

on common environmental and physiological factors for non-domestic

buildings implying that a minimum temperature range of 18°C (in most

non-domestic building types) and maximum of 25°C for offices (indoor

comfort temperature for non-air conditioned buildings) will satisfy most

users.

Even though aforementioned standards have been developed regu-

larly and their recent updates improved their potential, the difference

between actual users’ comfort level and their prediction models still

exist. This has shifted researchers focus toward more local assessment

of thermal comfort in which users communicate their comfort level

through interviews and data gathering devices [24,29–34], all proved

significant advantages of such approach and demonstrate the capacity

of their models for further use in a similar context and users’ size.

Murakam et al. [35] used an interactive control systems in an of-

fice space to use users’ requests in controlling air conditioning systems

and showed a reduction in energy consumption without compromising

users’ satisfaction. Lee et al. [36] developed a methodology to infer oc-

cupants comfort level by using a Bayesian approach and a subset of the

ASHRAE RP-884 and showed better prediction performances compared

to methods using constant values for un-observed variables. Kim et al.
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Fig. 3. ASHRAE 55 Standard, source: [23].

Fig. 4. Proposed method.

[37] used machine learning process to improve consistent data collec-

tion from occupants and proved in a study with 64 survey inputs that

comfort models based on Personal Comfort System (PCS) produce the

best prediction accuracy. Dai et al. [38] have also used machine learning

to predict thermal demands. Daum et al. [39] also conducted a study to

measure thermal comfort by using data from a field study and showed

an advantage of personalized measures in comparison with standard

non-adaptive methods.

On another note and in relation to uncertainties associated with ther-

mal comfort studies, a study by Wang et al. [40] claims higher uncer-

tainty of subjective measurements if the environment of the comfort

study is significantly different from the outdoor ambient temperature

and that more samples are required if the warm indoor environment

is surveyed during winter period and if the cool indoor environment is

surveyed during the summer period. Further investigation has also been

carried out by Hopf and Hense [41] in relation to uncertainty analysis

and in particular for building performance simulations and their study

highlighted the influence of what-if-analysis in decision making support

systems. This study acknowledges the superiority of using contextual

and personalized comfort measures in comparison with standard mod-

els and integrate a robust and artificially intelligent method to gather

and process data from occupants.

4. Methods

In this paper, we aim to use an AI approach, the fuzzy logic systems

to make a predictive model in thermal comfort. Fig. 4 shows the

objectives in each step to achieve the study’s aim. Thermal comfort is

a decisive factor in HVAC systems’ operational settings and also how

simulation tools quantify heating and cooling loads required to keep

the operative temperature within the comfort zone. This investigation

is built on a vision that some user-specific factors vitally affect the

comfort level. Initially a field experiment was conducted to observe

occupants feeling about certain temperature by noting their gender,

age, clothing level and the time they spend in the office spaces in an

educational building. These are considered as driving factors in their

comfort level very similar to the ASHRAE model. We then try to find

some relationships between these factors by implementing conditional

statements using Apriori Algorithm. These conditional statements, in

this case, if-then rules are features of a computer language in which

Fuzzy logic system is a widely-accepted method for that [42,43].

4.1. Data set

The research collected a dataset from 100 occupants with no pre-set

criteria for selection, the occupants of an educational building in the

UK were chosen to collect the data with a very simple questionnaire

(whether they feel comfortable or need warmer or cooler environment)

and observation of their working area, clothing level and recorded tem-

peratures. Fig. 5 shows the layout where occupants were surveyed over

a period and location of the recordings until we reached 100 figure. A

Thermo-hygrometer as shown in Fig. 6 is used to measure indoor air

temperature in their working environment.

The considered dataset has 100 samples and four features as below:

Age: The survey respondent’s age in years. The values of this feature

vary between 18 and 65.

The Activity Time (AT): This feature indicates that the survey re-

spondent’s working hours on average in a day. This feature is between

2 to 8 hours.

The Clothing Level (Icl): A column with a value in the range of

[0.25 to 1] that indicates the level of clothing in a day, with 0.25 being a

typical summer clothing, 0.5 being clothing for mild temperature, whole

body covering (long sleeves), 0.75 being a typical winter clothing with

coat/jacket and 1 being very cold winter clothing (jumpers or similar

clothing + coats and jackets).

The Comfort Zone (CZ): This feature is only presented in the train-

ing data. This feature can take a lower bound and an upper bound value

ranged [18-25°C operative temperature]. The lower bound values are
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Fig. 5. Case study layout with location of users

Fig. 6. Thermo-hygrometer for indoor air temperature recordings

Fig. 7. the MFs for Age.

chosen from 18 to 22 and the upper bound values are selected from 23

to 25.

In the experiments, three inputs and two outputs are defined to con-

struct FLSs rules. As the system inputs, Age is defined in two MFs (Young

and Old), both ATs and CLs are defined as Low and High MFs. Two out-

puts are determined, lower and upper bound of CZ, LB and UB respec-

tively. Two MFs are also assigned to LB and UB. After constructing sys-

tem inputs and outputs as Fuzzy MFs, the fuzzy rules are defined by

the Apriori Algorithm and Mamdani Fuzzy model [21] is implemented

Fig. 8. the MFs for Activity Time.

Fig. 9. the MFs for comfort zone lower.

with the min-max operator. At the defuzzification step of FLS, the cen-

troid method is utilised and the crisp output of the FLSs is gathered.

After constructing the Fuzzy model, in order to evaluate our approach,

Root Mean Square Error (RMSE) measure is used between the predicted

outputs of the FLSs and actual output.

5. Results and Discussion

FLS has more prominence due to its imitation ability of humans’ deci-

sion making. Such decision making allows for intermediate possibilities

by giving a degree of membership to a set [44]. This level of possibil-

ities would create a more realistic and functional platform for comfort

related studies which are mostly fraught with uncertainty. The FLS can

be implemented in the systems with various sizes and help to deal with

uncertainty.

With the help of membership function and If-Then rules, the method

can handle continuous states. It is also a flexible system and allows mod-

ifications in the rules. As described before the FLS has four parts, fuzzi-
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Fig. 10. Antecedents and consequences of the rules

fier, rules, inference and defuzzfier [45]. A crisp set of data, in this case,

influential factors on building users comfort level is collected and con-

verted to a fuzzy set using fuzzy membership functions (fuzzifications)

and then an inference is made on a set of rules and the output is mapped

to a value in a defuzzification part. Such output could reduce the uncer-

tainty, improve data collection and influence decision making process.

The proposed framework is implemented in MATLAB and figures are

drawn by using the open source library JuzzyONLINE [46]. The whole

analysis is done using a 2.50 GHz Intel Core i5 processor with 4GB RAM.

The key point in this work is the factors that are related and effective on

the level of comfort are considered as the inputs. In the first step, the MFs

for input, output and state variables are defined. As mentioned before,

a building with one hundred agents has been considered for this study,

each agent with different age, gender, clothing level and activity time.

The label in the data includes two values, the lower bound and the upper

bound; therefore, to predict both values, two output are considered, one

of them is used to predict the lower bound and the other one reveals the

upper bound of the level of comfort. Therefore, based on our data, there

are three inputs- age, Activity time (AT), Clothing Level (CL), and there

are two outputs- the Lower Bound of comfort level (LB) and the Upper

Bound of comfort level (UB). The domain intervals of age, AT, CL, LB

and UB are defined as [16, 65], [2, 8], [0.25, 1], [19, 22] and [23,

26], respectively, where domain interval of a variable means that most

probably this variable will sit in this interval. Each domain interval is
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Table 1

Fuzzy rules.

Number Rules

Rule 1 If Age is young and Activity Time is Low, Clothing Level is High then Lower Comfort Level is Low and Upper Comfort Level is Low

Rule 2 If Age is young and Activity Time is Low, Clothing Level is Low then Lower Comfort Level is Low and Upper Comfort Level is High

Rule 3 If Age is young and Activity Time is High, Clothing Level is Low then Lower Comfort Level is High and Upper Comfort Level is High

Rule 4 If Age is young and Activity Time is High, Clothing Level is High then Lower Comfort Level is Low and Upper Comfort Level is Low

Rule 5 If Age is old and Activity Time is Low, Clothing Level is High then Lower Comfort Level is Low and Upper Comfort Level is High

Rule 6 If Age is old and Activity Time is Low, Clothing Level is Low then Lower Comfort Level is High and Upper Comfort Level is High

Rule 7 If Age is old and Activity Time is High, Clothing Level is High then Lower Comfort Level is Low and Upper Comfort Level is High

Rule 8 If Age is old and Activity Time is High, Clothing Level is Low then Lower Comfort Level is High and Upper Comfort Level is High

divided into some regions to define MFs of FLSs. As mentioned before

each input domain is covered by using two MFs. The Age is characterised

as Young (16 – 35), Old (36 - 65), the AT is divided into Low (2 - 4) and

High (5 - 8). Also, the output comfort level is constructed as; the LB for

Low (19 - 20) and High (21 - 22), UB is Low (23 - 24) and High (25 –

26). In order to represent each interval, the fuzzy MFs are generated as

shown in Figs. 7, 8 and 9.

In the experiment the FLSs rules are generated based on Association

rule mining. Association rule mining finds rules that predict the occur-

rence of a feature based on the occurrences of other features by satis-

fying some measures of interestingness [47,48]. The rules are shown in

Table 1. The experience of the human controller is usually expressed

as some linguistic “IF-THEN” rules that state in what situation(s) which

action(s) should be taken. The generated if-then rules in Table 1 are

integrated with the JuzzyOnline FLSs as shown in Fig. 10.

As mentioned before, in this paper, inputs and the outputs are com-

bined by using the AND (min) operator. Lastly, the defuzzification is

completed by utilizing the centroid of gravity (COG) calculation. The

experiment continued by processing all the input values, from the col-

lected dataset, into the constructed FLS. After each operation, the error

is measured between the output and the actual value by using RMSE.

The accuracy of the proposed method is calculated, as follows, where

actual is the ground truth value and predicted is the predicted value:

𝑅𝑀𝑆𝐸 =

√∑𝑁

𝑖=1 𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑𝑖 − 𝑎𝑐𝑡𝑢𝑎𝑙𝑖
2

𝑁
(3)

The lower value of RMSE refers to the more accurate model. Based

on Eq. 3, the RMSE values for lower bound of comfort level and upper

bound of comfort level are 1.2291 and 0.8153 respectively. Thus, it can

be said the predicted values are similar to the real values. There is no

fixed threshold limit for RMSE, the common practice is to keep it as low

as possible.

In this experiment, a model is created that can provide a compre-

hensive analysis not only the given subject answers but the combina-

tion between those answers. Therefore, as the further experiment, rather

than using the actual individual data points from the dataset, we inves-

tigate/explore the functional relationship between Comfort zone and

AT-Age by plotting a fuzzy control surface. In this experiment, all the

possible input values for AT (between 2 to 8) and all the possible inputs

for Age are investigated in the created Fuzzy Logic Systems. Firstly, the

system input AT is set 2 and different Ages (between 16 to 65) are given

to the Fuzzy Logic System. In each experiment the result is stored. Then

the AT level is increased to 3 and all the Ages (between 16 to 65) are

procced again. These procedures are repeated for all the possible AT (be-

tween 2 to 8) and Ages (between 16 to 65). Each combination results are

stored and visualized in Fig. 11. As Fig. 11 reveals the relationship in the

system parameters, it can be argued that this surface could be a suitable

initial step to provide a guideline for comfort level determination.

Linking user feedback and simulations to deliver better prediction

creates opportunities to provide improved operations and maintenance,

correct predictions and eventually more sustainable buildings. The in-

terface developed in this study creates a new type of assessment to assist

in building simulation and building control systems. Currently, concep-

Fig. 11. The fuzzy control surface. (a): Upper bound, (b): Lower bound.

tual design developments are largely based on experimental knowledge

of simulation users and the current simulation tools have not played a

significant role to influence that. If the issue of BPG is to be affected

then there is a necessity to develop more of various recording systems

for occupants’ behaviour with ability to improve over time. Computers

tools are expected to be less dependent on widely used standards and

user’s expert knowledge and more on actual recording data and deci-

sions that are derived from it. Artificial Intelligence based approaches

such as the fuzzy logic systems used in this study have attempted this

approach and are expected to have a lasting impact.

If the design is complex and so the modelling and simulations are ex-

pected to be more vulnerable to errors, therefore the usage of assumed

level of comfort in simulation tools could significantly increase the like-
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lihood of BPG. This is the area where artificial intelligence based tools

have been left out in being used as an additional tool for simulations

and building operations. The need for such tools is mostly sensed in ar-

chitectural technology that explores new boundaries in data processing

and performance-driven design. The interface developed in this study

can also be used to exchange data between various simulation tools, a

concept that is widely known as coupling [49]. This interface is used

to make a decision on thermal comfort boundaries and could set more

contextualised and accurate temperature for simulation tools.

6. Conclusion

This study is driven by a necessity to use an expandable model

that interprets the relationships between critical factors affecting ther-

mal comfort. This study suggests how thermal comfort data gathered

through a simple questionnaire can be interpreted and used for simula-

tion tools and building control systems. The following are notable:

• With a very simple questionnaire and sample of 100 users, this study

approached thermal comfort prediction from local assessment per-

spective.

• With variables of indoor air temperature, age, clothing insulation

and working hours, the model shows capacity to reduce the previous

models’ inaccuracy. Compared to the ASHRAE model, it can quantify

the effects of each input variable on building users’ thermal comfort.

• This research demonstrates meaningful relationship in critical ther-

mal comfort elements and the method is practical enough to predict

the value of comfort level based on data and the predefined rules.

• A combination of Association Rule Mining and Fuzzy Logic Systems

approach with expandable capacity is used with RMSE values of

1.2291 and 0.8153 of accuracy in data interpretation and decision

making.

• The developed interface can be used for open source programs

and has the ability to expand and include more variables into the

database.
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Push-pull ventilation systems provide excellent control of contaminants and harmful gases. However, since both

a push inlet and a pull outlet are used in the push-pull ventilation system, the flow rate required by the system

is large. In that case, the energy consumption of the system is large. The purpose of this paper is to study the

flow field and economic characteristics of a parallel push-pull ventilation system by reducing the flow rate of

the exhaust outlet, which will be achieved by reducing the size of the exhaust hood. The three commonly used

push-pull ventilation systems were analyzed: a high velocity push-pull system with high air supply velocity, a

low velocity push-pull system with wide airflow and small velocity, and a parallel push-pull system with wide

airflow and uniform air supply velocity. Results showed that the parallel push-pull ventilation system was the

only one in which the flow rate of the exhaust outlet could be reduced, reducing the overall energy consumption.

Under conditions of the parallel air supply jet, the diffusion range of contaminants in the push-pull flow field

was the smallest and reducing the exhaust air flow rate did not affect the capture efficiency of pollutants. These

results may be useful in guiding the design of push-pull ventilation system and optimize economic constraints.

1. Introduction

During different industrial production processes, contaminants such

as dust and steam may be produced. In order to effectively protect the

working environment of workers, local ventilation can be used [1–6].

A widely used local ventilation method in industrial applications is the

push-pull ventilation system, which has good pollution control [7–9].

The system is composed of two parts: an air supply inlet and an ex-

haust outlet, which uses an air supply jet as the power to transport con-

taminants to the exhaust outlet [10–13]. Depending on the type of air

supply used, push-pull ventilation systems can be divided into high ve-

locity push-pull ventilation system, low velocity push-pull ventilation

system and parallel push-pull ventilation system. A High velocity push-

pull ventilation system uses a high velocity supply jet to mix and trans-

port contaminants [14,15]. A low velocity push-pull ventilation system

uses low velocity and wide air flow to control workspace contaminants

[16]. A parallel push-pull ventilation system uses a low turbulence in-

tensity, uniform, and wide air flow with good directionality to push the

contaminants into the exhaust outlet [13,17,18].

Initial research on push-pull ventilation systems was based on the

high velocity system [19,20]. Betta et al. explored the capture of pollu-

tants with different particle sizes [21]. Marzal et al. studied the effect
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of the geometric size of the air supply on capture efficiency and ob-

served flow field characteristics by using airflow visualization [22,23].

Robinson et al. explored the flow field distribution and developed de-

sign recommendations for a push-pull ventilation system [24,25]. Rota

et al. tested the impact of different factors on contaminant capture and

proposed corresponding design suggestions [26]. Enrique Gonzalez et

al. studied the effect of different sizes of exhaust hood on capture effi-

ciency [27].

However, excessive air supply velocity at the push inlet can damage

the workpiece surface [16,17]. A large number of studies indicate that

initial conditions of the air supply jet, such as air supply uniformity,

directivity, and turbulence intensity have an important impact on the

performance of push-pull ventilation systems [28–30]. Based on these

findings, a low momentum system was proposed. There are two types

of low momentum system: a low velocity push-pull system that supplies

air as slowly as possible but with enough velocity to reach the exhaust

outlet and to control the polluted airflow [16], and a parallel push-pull

system with uniform air supply velocity, good directivity, and low

turbulence density [16].

Low velocity and parallel flow system have developed rapidly in re-

cent years [16,17,31–34]. Hayashi advised that to improve the push-pull

system, parallel jets, low velocity, good directionality and a uniform air
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Nomenclature

L distance between the push and the pull hood (m)

l distance between the push hood and the source of pol-

lution (m)

hin height of the push hood (m)

hout height of the pull hood (m)

b width of the push hood and pull hood (m)

uin average velocity at the push hood (m/s)

uout velocity at the pull hood (m/s)

uc centerline velocity along the flow path (m/s)

Qin volume flow rate at the push hood (m
3
/s)

Qout volume flow rate at the pull hood (m
3
/s)

C concentration of polluted air (PPm)

K the ratio of the push inlet flow rate to the pull outlet

flow rate

SD standard dispersion

Tu turbulence intensity

x,y,z cartesian coordinates

Subscripts

i different cross sections

supply should be applied. This was the first time that a parallel flow

system was proposed. Hayashi think this kind of system can effectively

prevent the spread of contaminants and stop damage to the surface of the

workspiece, while simultaneously providing fresh air to workers [17].

Wang et al. compared the diffusion range of contaminants under the low

velocity and the parallel push-pull systems and found that the diffusion

range of contaminants under the parallel system was smaller [31–34].

Liu et al. studied the performance and optimal flow ratio of a vertical

parallel push-pull ventilation system [35,36]. The above studies demon-

strate that parallel push-pull systems have a uniform, low-velocity and

wide air supply that can control contaminants effectively. However,

compared with the three traditional push-pull ventilation systems, there

have not yet been sufficient studies of the flow field characteristics and

the diffusion range of contaminants. Additionally, there is no consensus

on which system is the most economical to use in a specific situation.

The main purpose of this paper is to study the flow field and eco-

nomic characteristics of parallel push-pull ventilation systems. By us-

ing flow visualization techniques and through measuring the velocity

field and concentration distribution of contaminants in this paper, the

flow fields were analyzed by comparing the three traditional push-pull

systems. The corresponding economic characteristics were explored by

reducing the flow rate of the pull unit. The research provides relevant

data and economic recommendations for optimizing push-pull ventila-

tion systems.

2. Experimental setup

2.1. Experimental facility

The experimental push-pull ventilation system model is shown in

Fig. 1(a). The model is composed of the push hood, the pull hood and

the pollution source. The pull hood is connected to the exhaust tube,

which contains a pressure regulator for determining the exhaust flow

rate by adjusting the frequency converter fan.

Both the push hood and the pull hood have a rectangular cross-

section with a cross-stream length of b = 0.3 m (Fig. 1(b)). The distance

between the push inlet and the pull outlet is L = 1.6 m. The push hood

height, hin could be varied from 0.05 to 0.3 m, and the pull hood height,

hout could be varied from 0.15 m to 0.3 m by using a sliding baffle. The

coordinate origin of the model was located at the bottom of the push

hood, with the x-axis parallel to the direction of flow, the y-axis vertical

to the source, and the z-axis was vertical to the ground.

A pollution source with a diameter of 0.08 m and a height of 0.05 m

was placed at the center of the flow field. Using SF6 as the gaseous tracer

has the advantages of having low background concentration, is non-

toxic, and is easy to monitor [37–39]. In order to prevent the deposition

of SF6 in the room which would affect the measurements, SF6 and air

were mixed at a ratio of 1:16, controlled by the rotor flow rate [11,23].

The release rate was set to 0.05 m/s.

2.2. Layout of measuring points

As shown in Fig. 2(a), 16 velocity monitoring points were arranged

on the push hood at distances of 0.075 m between each point to measure

the velocity distribution and uniformity. In order to illustrate the flow

field characteristics of different push-pull ventilation systems, 15 veloc-

ity measuring points were evenly arranged on the central axis (Fig. 2(b))

and nine velocity measuring points were arranged across four cross sec-

tions at x/L = 0.25, 0.5, 0.75 and 0.875 (Fig. 2(c)). As shown in Fig. 2(c),

the concentration distribution of contaminants were measured on the

x/L = 0.5, 0.75, and 0.875 cross sections in the xoz plane. In addition,

a concentration measuring point was placed at the exhaust duct to cal-

culate the capture efficiency of the pollutant. The capture efficiency is

equal to the concentration measured when the contaminant is released

at the source divided by the concentration when the contaminant is re-

leased directly at the exhaust outlet [23]. During the experiment, the

contaminants were uniformly released by controlling the flow rate for

each measurement, and all measurements were performed at a steady

state.

2.3. Measuring cases

Due to the complexity of the push-pull flow field, scholars have pro-

posed a variety of system design methods based on different design con-

cepts. Among these design methods, the flow ratio method is the most

widely used [17], and was adopted in this paper to determine the flow

rate of the push and pull hoods.

In order to quantitatively describe the uniformity and fluctuation of

the air supply of the push-pull ventilation system, the standard disper-

sion (SD) and turbulence intensity (Tu) indices were used [40–42], with

specific formulas as follows.

𝑢 = 1
𝑁

∑
𝑁

𝑖=1
𝑢
𝑖

(1)

𝑆𝐷 =

√√√√ 1
𝑁 − 1

𝑁∑

𝑖=1
(𝑢
𝑖
− 𝑢)2 (2)

𝑇 𝑢 =
√
𝑢
𝑖

′2

𝑢
𝑖

(3)

where ui is the velocity of the monitoring point i (m/s), ui
’

is the tur-

bulence velocity at monitoring point i (m/s), and N is the number of

measuring points.

1○ In order to compare the flow field characteristics between the

three push-pull ventilation systems, Cases 1–3 were designed to ensure

the same supply and exhaust flow rates. Case 1 was the high velocity

push-pull system using a small air supply inlet. As shown in Fig. 3(a), a

baffle was used to block the push inlet to achieve high velocity air supply

from a small inlet. Case 2 was the low velocity push-pull system using

a large air supply inlet in which the airflow was directly sent out from

the push inlet. Due to the large air supply area, the air supply velocity

was small (Fig. 3(b)).

Case 3 was the parallel push-pull ventilation system (Fig. 3(c)). In

order to achieve the parallel jet, a series of flow conditioning devices

including two orifice plates and a honeycomb were placed in front of

the push hood. The diameter of the holes in the two orifice plates was

1.5 mm, and the distance between adjacent holes was 2.5 mm. The hon-

eycomb was a hexagonal honeycomb body with each six sides of 2 mm
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Fig. 1. Experimental arrangement.

Table 1

Measurement conditions.

Cases Push-pull system Height of push

hood h
in

Height of pull

hood h
out

Flow rate of

push hood Q
in

Flow rate of pull

hood Q
out

Turbulence intensity

of push inlet Tu

Uniformity of

inlet SD

Flow ratio K

(m) (m) (m
3
/s) (m

3
/s) (%) (%)

1 High velocity 0.05 0.3 0.065 0.26 1.91 20.34 1:4

2 Low velocity 0.3 0.3 0.26 17.68 15.24 1:4

3 Parallel 0.3 0.3 0.26 1.41 4.79 1:4

4 Parallel 0.3 0.25 0.217 1.73 6.18 1:3.3

5 Parallel 0.3 0.2 0.172 2.06 5.78 1:2.6

6 Parallel 0.3 0.15 0.13 1.29 4.21 1:2

and a thickness of 75 mm. Studies have shown that the arrangement of

the orifice plate can effectively reduce the turbulence of the airflow and

improve the uniformity of the airflow velocity, while the honeycomb

directed the air supply [17,19,32,37]. Results in Table 1 also show that

the air flow supply of the parallel push-pull ventilation system was the

most uniform, and the turbulence is the lowest.

2○ Four experimental cases were design to further explore the eco-

nomic characteristics of push-pull ventilation systems. To ensure that

the air supply flow rate and the exhaust air velocity were constant, four

different flow ratios (Cases 3–6) were designed by changing the height

of the pull hood (Table 1). The flow rate ratio (K) is the ratio of the push

inlet flow rate to the pull outlet flow rate, as follows:

𝐾 =
𝑄
𝑖𝑛

𝑄
𝑜𝑢𝑡

(3)

where Qin is the flow rate of the push inlet (m
3
/s), Qout is the flow rate

of the pull outlet (m
3
/s).

2.4. Instrumentation

The Swema 3000 was calibrated prior to the experiment, and was

used to measure the velocity field. The measurement range of the Swema
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Fig. 2. Layout of velocity and concentration measurement points.

3000 is 0.05–3.00 m/s, with measurement accuracy of ±0.03 m/s. Mea-

surements time were taken for 30 s, and each group of data was mea-

sured three times to ensure the accuracy of the results [41,42].

In order to observe the control of contaminant flow by the system,

smoke from a smoke generator (YWQ-FD300B) was injected into the

pollution source to visualize the contaminant flow. The movement of

the contaminant was recorded by a CMOS industrial camera (SD-U300)

which shot at a rate of 200 frames per second for a duration of 1 s.

In order to measure the distribution of SF6, an infrared spectral gas

monitor (INNOVA 1412, Luma Sense Technologies) was used for real-

time monitoring, which was connected with a multi-point release and

sampling instrument (INNOVA 1303, Luma Sense Technologies). In the

experiment, the INNOVA 1314 and INNOVA 1412 sampling integral

time (SIT) were set to be every five seconds. The repeatability of the SF6

measurements were ±1% of the measured value, and the lower limit of

INNOVA 1412 for SF6 detection was 0.006 ppm [43,44].
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Fig. 3. Air supply devices for different push-pull

ventilation systems.

3. Results

3.1. Comparison of the three push-pull ventilation flow fields

3.1.1. Flow visualization under different push-pull systems

Fig. 4 shows the movement of the contaminant under the three tradi-

tional push-pull ventilation systems. In the high velocity system and low

velocity system, the contaminant diffused throughout whole push-pull

flow field. In contrast, under the parallel flow system, the contaminant

diffusion range was significantly reduced.

3.1.2. Velocity field

Fig. 5 shows the dimensionless centerline velocity (uc/uin) under dif-

ferent push-pull ventilation systems, where uc is the centerline velocity

along the flow path, and uin is the average velocity at the push hood. The

results showed that the degree of attenuation of the centerline velocity

varied under different push-pull ventilation systems. At the same air

supply flow rate, the centerline velocity retention was better under the

parallel flow system. The attenuation of the centerline velocity was due

to the shear effect between the supply air jet and the ambient air, which

resulted in a coherent structure at the boundary of the jet [40,45]. The

coherent structure caused the ambient fluid to be entrained and mixed

with the supply jet. The stronger the degree of mixing, the faster the cen-

terline velocity decayed. Therefore, the high retention of the centerline

velocity in the parallel flow system illustrates the low degree of mixing

of the supply jet with ambient air in the parallel flow system.

Fig. 6 shows the velocity profiles of the different push-pull ventila-

tion systems. In the section nearest to the push inlet (x/L = 0.25), it can

be seen that the velocity profiles under the parallel flow system and low

velocity system is more uniform than that of the high velocity system.

However, the velocity distribution ranges of the parallel flow system

and the low velocity system were different. As shown in the Fig. 6(a),

the velocity of the parallel flow push-pull ventilation system remained

around 0.6 m/s within the range of z/b ⩽ 1.0. The low velocity system

had a high velocity at the height of z/b = 1.25, indicating that the air

supply expanded along the z-axis. The larger the expansion range, the

higher the mixing degree of the air supply and the ambient air. When

x/L ≧ 0.5, the velocity of the parallel flow system was greater than the

velocity of the low velocity system. This was due to the uneven velocity

at the high and low velocity push inlets, which lead to a large amount

of mixing with ambient air, decreasing the velocity.

3.1.3. Concentration fields of the contaminant flow

Fig. 7 shows the concentration distribution of contaminant flow un-

der the different push-pull ventilation systems. With the flow of the con-

taminant from cross sections x/L = 0.5 to x/L = 0.875, the concentration

increased along the z-axis indicating that the supply airflow and the con-

taminant were continuously mixing during the flow process. In addition,

at x/L = 0.875, due to the increase in the suction velocity, the diffusion

range of the pollutant on the z-axis was smaller than that at x/L = 0.75.

At the section x/L = 0.5, the contaminant in the three push-pull

systems was released at the same velocity and concentration. Fig. 7(a)
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Fig. 4. Visualization of contaminant flow under different push-pull ventilation systems.

Fig. 5. The dimensionless centerline velocity under different push-pull ventila-

tion systems.

shows that the concentration of contaminants was mainly concentrated

in the range where z/b < 0.5 under all three systems. This is because

the release rate of the pollution source was small and the air supply

jet drove the polluted airflow toward the pull hood, preventing it from

spreading along the z axis.

On the x/L = 0.75 section (Fig. 7(b)), the contaminant in the high ve-

locity system spread up to z/b = 1.00, the contaminant in the low veloc-

ity system spread up to z/b = 1.25, and the contaminant in the parallel

flow system was mainly concentrated in the range of z/b < 0.5. On the

x/L = 0.875 section (Fig. 7(c)), the contaminant in the high and the low

velocity systems was mainly concentrated in the range of z/b < 0.75,

while the contaminant in the parallel flow system was mainly concen-

trated in the range of z/b < 0.5. The range of diffusion of the contami-

nants in the parallel flow system was significantly lower than the other

Fig. 6. The velocity profile along the flow path under different push-pull ven-

tilation systems.
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Fig. 7. The concentration distributions of contaminant under different push-pull ventilation systems at different cross sections.

two systems. The smaller the range of diffusion of the contaminants,

the lower the degree of mixing of the contaminant airflow and the air

supplies, which was consistent with the results in the flow visualization

analysis (Fig. 4).

The reason for this phenomenon is that the parallel jets in the paral-

lel flow system have both low velocity, uniformity, and low turbulence

intensity (Table 1), which inhibits the mixing of the supply jet, the en-

vironmental fluid, and the contaminant flow, thereby reducing the dif-

fusion of the contaminants.

3.2. Economic characteristics of the parallel push-pull ventilation system

In the high velocity system and low velocity system, the contam-

inated airflow was sufficiently mixed with the supply airflow. In this

situation, the pull hood must drain all the air supply and the contam-

inants to reduce the probability of contaminants entering the ambient

air. However, in a parallel flow system, the degree of mixing is small for

both the supply airflow and the ambient air, and the supply airflow and

the polluted airflow. The diffusion range of the contaminants is small, so

it is a question whether the parallel flow system needs the same exhaust

flow as the low and high velocity systems to control the contaminants.

This question is analyzed in the next section.

3.2.1. Flow visualization under different flow rate ratio

Fig. 8 shows the flow visualization of contaminants under differ-

ent flow rate ratios. By comparison, as the exhaust air flow rate de-

creased to 50% based on the flow ratio method, the range of diffusion

of the contaminants did not change significantly (Fig. 8(d)). This in-

dicates that for parallel push-pull ventilation systems, the significant

reduction of exhaust air flow rate will not affect the dispersion of

contaminants.

3.2.2. Velocity field

Fig. 9 shows the dimensionless centerline uc/uin velocity of the par-

allel push-pull ventilation system under different flow rate ratios. The

trend of the centerline velocity is approximately the same under differ-

ent flow rate ratios. That is, the decrease in exhaust flow rate did not

significantly affect the attenuation of centerline velocity.

Fig. 10 shows the velocity profile along the path of a parallel push-

pull ventilation system under different flow ratios. There were no obvi-

ous changes in the velocity distribution along the section. Under condi-

tions in which K ≧ 1:2, the reduction of the exhaust flow rate did not

significantly affect the flow field of the parallel push-pull ventilation

system.
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Fig. 8. Visualization of contaminant flow under different flow rate ratios.

Fig. 9. The dimensionless centerline velocity under different flow rate ratios.

3.2.3. Concentration field of the contaminant flow

Fig. 11 shows the concentration distribution of contaminants at

different sections under different flow rate ratios. In Fig. 11(a), the

x/L = 0.5 section shows that the concentration distribution of the pol-

lutants is approximately the same at different flow ratios. As can be

seen from the Fig. 11(b) and (c), the concentration distribution of pollu-

tants differed greatly at different flow ratios. However, it is worth noting

that although there are some differences in the concentration distribu-

tion, the contaminants were still mainly concentrated in the range of

z/b ≤ 0.5. This means that the reduction in flow rate of the pull hood

did not change the mixing degree of the contaminants with the supply

air.
Fig. 10. The velocity profile along the flow path under different flow rate ratios.
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Fig. 11. The concentration distribution of polluted airflow under different flow rate ratios at different cross sections.

4. Discussion

In previous push-pull ventilation design methods, whether it is the

capture velocity method proposed by Baturin [46], or the flow ratio

method proposed by Hayashi [17], or design methods proposed by

ACGIH [16]. The basic principle of these design methods was that when

the exhaust hood cannot capture all the supply air, the supply air will

carry the contamination into the ambient air. Therefore, the pull hood

must absorb all the supply air and contaminants during the design. This

design principle is applicable to high or low velocity systems, because

experiments have found that in these systems, the contaminated airflow

is sufficiently mixed with the supply airflow. When the airflow cannot

be completely captured by the exhaust hood, contaminants will enter

the ambient air. At this point, the exhaust flow rate must be many times

larger than the supply flow rate to reduce the risk of contaminants en-

tering the ambient air.

However, in a parallel flow system, experiments have found that

due to the small diffusion range of contaminants, the exhaust flow

rate is reduced by 50% on the basis of the flow ratio method, and the

contaminants can still be well controlled. This finding can be observed

in Fig. 12, in which the capture efficiency of contaminants under

different exhaust flow rates is greater than 0.95. That is, for the parallel

push-pull ventilation system, the traditional design method of push-pull

ventilation system has a large safety margin, because the exhaust hood

does not need to drain all the supply airflow, and only needs to remove

the polluted airflow from the source and the polluted supply airflow.

Fig. 12. The capture efficiency of polluted airflow under different flow rate

ratios.

4.1. Limitation of the current study and future research

This study shows that the design of parallel flow system with tra-

ditional design method has a large safety margin. However, to design

an economical and reasonable parallel push-pull ventilation system re-

quires in-depth research on the factors that influence the system per-
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formance such as the temperature, size, and location of the pollution

source. And according to the similar principle and other methods, a set

of detailed design guidelines for different types of pollutants is designed

to be applied in practical projects.

5. Conclusions

In this paper, the flow field and concentration field distribution of

three commonly used push-pull ventilation systems were experimentally

compared: a high velocity system, a low velocity system, and a parallel

flow system. On this basis, the economic characteristics of the parallel

push-pull ventilation system were explored by reducing the exhaust flow

rate. The main conclusions are as follows:

(1) The experimental results showed that in high velocity system and

low velocity system, the contaminated airflow was sufficiently

mixed with the supply airflow. In this situation, the pull hood

must drain all the air supply and the pollution air to reduce the

probability of contaminants entering the ambient air. However,

compared with the other two systems, under conditions of the

parallel air supply jet, the diffusion range of contaminants in the

push-pull flow field was the smallest.

(2) Experiments have found that due to the small diffusion range of

contaminants when using a parallel flow system, the exhaust flow

rate is reduced by 50% on the basis of the flow ratio method,

and the contaminants are well-controlled. Therefore, for a par-

allel push-pull ventilation system, the traditional design method

has large safety margin, because the exhaust hood does not need

to drain all the supply airflow, and only needs to remove the pol-

luted airflow from the source and the polluted supply airflow.
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A novel functional magnetic polyimide loaded with cobalt ferrite nanoparticles by coprecipitation method was

proposed, and XRD, FTIR, SEM technologies were employed to study their physicochemical properties. The filtra-

tion performance of non-magnetic and magnetic polyimide were examined by experimental system. The effects

of dust resistance, filtration velocity and initial dust concentration on the filtration performance of magnetic

polyimide were investigated under different dust loadings. The results revealed that presence of 𝜌-л conjuga-

tion between the cobalt ferrite and polyimide fiber resulted in easily load on the fiber surface for cobalt ferrite

nanoparticles. The magnetic polyimide exhibited good filtration efficiency especially in the range of particle size

less than 2 μm. The filtration efficiency of magnetic polyimide filter materials increased by nearly 20% com-

pared with the primary polyimide. Due to the loading of cobalt ferrite, the resistance of the magnetic polyimide

increased, while the resistance growth rate decreased from 100% to 29% with increased filtration velocity from

0.5 m/min to 2.5 m/min.

1. Introduction

One of the key parameters of dust emission control in steel industry

is PM2.5. In particular, a lot of ferromagnetic particles are discharged

during raw material transportation, treatment and stacking of iron mak-

ing, steel-making, rolling, fly ash and steel slag [1–3]. Bag filters have

been widely employed in metallurgy, chemical engineering and steel in-

dustries with the characteristics of high dust removal efficiency [4]. The

core of bag filter is fiber filter materials. At present, in order to improve

the dust collection efficiency of fiber filter materials, most researchers

have prepared fiber composites by needling, spunlacing or film cover-

ing method to improve the collection efficiency of particles. Due to the

limitation of single nonwoven fiber filter, the filtration efficiency with

less than 2.5um particle size is very low [5–7]. The PTFE (Polytetraflu-

oroethylene) film has been commonly covered onto the nonwoven fiber

filter by adhesive under high temperature to improve the collection effi-

ciency of PM2.5, but it is also easy to be damaged after long-term usage

[8–9]. Functional filter media probably can be a potential alternative

for PM2.5 collection given above limitations.

The high collection efficiency for PM2.5 can be achieved by tradi-

tional functional fiber filters with film covering. However, PPS (Pheny-

lene sulfide), PTFE (polytetrafluoroethylene), aramid and other func-

tional fiber filter materials have poor temperature resistance and expen-

sive cost [10–13]. Polyimide filter materials have excellent high temper-
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ature and corrosion resistance [14]. Particles deposit well on the filter

surface under high temperature during the dust removal. However, poly-

imide is limited to capture ferromagnetic particles with particle size less

than 2.5 μm. So it is of great significance to investigate functional poly-

imide filters for the removal of magnetic particles in steel industries.

Based on magnetic coalescence technology, PM2.5 can be agglom-

erated into large particles in the magnetic field, which will be captured

easily [15–16]. Li et al. [17] prepared PAA (Acrylic acid Polymers)

@Fe3O4 composite by electrospinning, which showed that the compos-

ite exhibited good magnetism and Fe3O4 nanoparticles were evenly dis-

persed in the material. Dong [18] prepared the polyimide PI@Fe3O4

fiber membrane composite by introducing Fe3O4 magnetic nanoparti-

cles onto it. The results revealed that magnetic Fe3O4 nanoparticles did

not destroy the chemical structure of PI (polyimide) molecule, and the

fiber membrane composite had obvious magnetism. Cobalt ferrite as a

kind of magnetic material has the advantage of high remanence com-

pared with the above magnetic materials. Ji [19] studied the influence

of various synthesis processes on the magnetization of cobalt ferrite. The

cobalt ferrite loaded with other metals with higher magnetic properties

was obtained by Sih and Shi [20–21]. In the study on PM2.5 removal

with magnetic field, the methods by laying wires outside the filter ma-

terial have been employed to generate magnetic field [16]. This method

is limited by the facilities space. In addition, most of the magnetic func-

tional materials are produced by electrospinning, which have higher

https://doi.org/10.1016/j.enbenv.2020.06.001
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Table 1

Performance parameters of polyimide filter.

Performance parameters of polyimide filter material

Evaluation index Parameter character

Organization structure Needle-punched

Fiber composition P84(polyimide)

Scrim Composition P84(polyimide)

Gram weight 700 g/m2

Thickness 1.5mm

Air permeability 8 m3/m2/min@12.5mmH2O

Radial strength ≥600 N/5cm

Weft strength ≥600 N/5cm

Radial elongation at break ≤15%

Latitudinal elongation at break ≤15%

240 °CMeridional dry heat shrinkage <3%

240 °CLatitudinal dry heat shrinkage <3%

Continuous operating temperature 260 deg C

Instantaneous operating temperature 300 deg C

Surface treatment Heat setting, singeing and

calendering

cost and lower productivity. Therefore they can not be widely used in

the application of dust removal by bag filter.

In a previous study [22], the polyimide filter employed in this work

was found to be an ideal support to polymerize with cobalt ferrite

nanoparticles. Based on the above researches, magnetic polyimide fil-

ter material loaded with cobalt ferrite nanoparticles by coprecipitation

method was proposed. A series of characterizations and examinations

were conducted to evaluate the filtration performance of magnetic and

non-magnetic polyimide filter material for PM2.5. In addition, the in-

fluences of resistance, filtration velocity and dust concentration on the

filtration performance of magnetic polyimide filter material were inves-

tigated, as well as the removal capacity under different dust loadings.

2. Experimental section

2.1. Materials and preparation

0.5 g of polyimide filter was immersed in hydrochloric acid solution

with mass fraction of 20% for 30 min, which was then washed by deion-

ized water to be neutral. 0.04 mol of cobalt chloride hexahydrate and

0.08 mol of iron chloride hexahydrate were put in a beaker, 400 ml dis-

tilled water was added to prepare the solution. Adding the mixed salt

ion solution to the NaOH solution in the 90 °C water bath along the

glass rod, which was stirred for 2 h continuously until the cobalt ferrite

particles completely precipitated. The titanate coupling agent NDZ-201

with mass fraction of 3% and cobalt ferrite were added into mixed so-

lution, then 1.5 g of ethyl carbamate (C3H7NO2) and 5 ml of ethanol

(C2H6O) with mass fraction of 75% were mixed into the solution. The

fiber filter was taken out upon fully precipitation and evenly dispersion

of the cobalt ferrite nanoparticles for 20 min. Putting it into the oven at

80 °C and dried it for 6 h. Magnetic polyimide filter was mixed into the

ultra-high voltage with ex 4000 V, and generated a magnetic field so

that the magnetic cobalt ferrite on the surface of the fiber filter could be

magnetized. The performance parameters of polyimide filter were listed

in Table 1.

2.2. Characterization

The physicochemical properties of magnetic polyimide were per-

formed by X-ray diffraction (XRD), X-ray photoelectron spectroscopy

(VSM), scanning electron microscopy (SEM) and transmission electron

microscopy (FITR).

2.3. Filtration performance test

As shown in Fig. 1, Topas AFC-131 filter material test bench mainly

consisted of test channel (including filter fixture), flow control unit, dust

diffuser, optical particle counter and other components as well as con-

trol and data acquisition software. The dust pipe of the horizontal device

experiment conformed to VDI-3926 test standard with steel pipe inner

diameter of 100 mm. the graded filtration efficiency of 0.3–20 μm parti-

cles could be determined by the optical particle counter equipped with

the switching valve. The experimental samples were regarded as pri-

mary polyimide, modified polyimide, hydrochloric acid pretreated poly-

imide, and hydrochloric acid pretreated magnetic polyimide. The above

filter materials were examined to achieve filtration efficiency and dust

holding resistance, especially the filtration efficiency of polyimide with

dust particle size less than 2 μm. The dust holding capacity of polyimide

before and after nanoparticles loading and the effect of filtration veloc-

ity and dust concentration on the classification efficiency of magnetic

polyimide filter materials were tested and analyzed.

3. Results and discussions

3.1. Analysis of hysteresis loop of magnetic polyimide filter material

The magnetic property such as residual magnetization was analyzed

by vibration magnetometer after the preparation and magnetization of

magnetic polyimide filter material. It could be noted from Fig. 2 that

the remanence of magnetic polyimide filter material was 3.75 emu/g.

3.2. Ultimate analysis and polyimide surface characterization

The SEM images of primary polyimide filter material and magnetic

polyimide filter material were shown in Fig. 3a and b. The magnetic

polyimide tested in this experiment can be regarded as a system with

various phases. XRD analysis can be applied to identify various phases,

crystallinity of the phases and degree of crystal dispersion. During the

characterization, magnetic polyimide was used as carriers to determine

the content of cobalt ferrate.

Fig. 3a and b showed the apparent morphologies of non-magnetic

polyimide filter material and the magnetic polyimide filter material re-

spectively, as shown in Fig. 3b, the cobalt ferrite nanoparticles on the

surface of the polyimide filter material were relatively dense and evenly

dispersed.

An absorption peak was observed in the infrared spectrum near 585

cm
−1

in Fig. 3c corresponding to the characteristic absorption peaks of

metal oxygen bonds in tetrahedral and octahedral positions in spinel

cobalt ferrite, mainly due to the vibration of ions between the lat-

tices [23]. The strong OH stretching vibration at 3400 cm
−1

indicated

that there were active -OH groups on the surface of the cobalt ferrite

nanoparticles. Since the cobalt ferrite nanoparticles were prepared in

water-based environment, it could bring the hydroxyl groups in the wa-

ter into the sample easily, resulting in a strong absorption peak near

3400 cm
−1

[24]. The stretching vibration of C = O double bond ap-

peared in the polyimide near 1750 cm
−1

with stronger polarity. In ad-

dition, it can observed the 𝜌-л conjugation between the oxygen atoms

in the active -OH group attaching on the surface of cobalt ferrite and

the carbonyl group on the polyimide fiber, which led to the stability of

the O = C–O system, making the cobalt ferrite nanoparticles easier to be

loaded on the fiber surface during the coprecipitation reaction.

Fig. 3d showed the XRD pattern of cobalt ferrite nanoparticles loaded

on polyimide filter. The analysis of phase search by the JADE software

showed that the characteristic diffraction peaks were located at near

30.1 °, 35.4 °, 43.2 °, 53.4 °, 57.0 °, and 62.6 °, just in line with (220),

(311), (111), (422), (511) and (440) corresponding to the diffractive

crystal planes on the CoFe2O4 JCPDS card (No. 22–1086), which in-

dicated that the cobalt ferrite nanoparticles were face-centered cubic

spinel. The sharper characteristic diffraction peaks located at near 31.8 °

and 45.6 ° corresponded to the (200) and (220) diffraction crystal planes

respectively on the diffraction standard data [25], indicating that NaCl

was generated during the loading process.
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Fig. 1. Schematic diagram of AFC-131 filter material test bench system. 1-Test Channel 2-Dust Generating Device 3-Test Sample 4-Backup Filter 5-Differential Meter

6-Temperature and Humidity 7-Flow Measurement 8-Vacuum Pump 9-PC 10-Optical Particle Counter 11-Electromagnetic Control Valve 12-Pressure Tank 13-Pulse

Control Valve 14-Nozzle 15-Dust Cover 16-Cleaning Bypass 17-Filter 18-Frequency Converter 19-Regulator 20-pressure regulator 21-atmospheric pressure sensor

22-particle concentration 23-data collector 24-filter.

Fig. 2. Hysteresis loop of magnetic polyimide.

3.3. Filtration performance for PM2.5

Polyimide filter and magnetized polyimide filter were examined for

their static dedusting, grading filtration efficiency and resistance char-

acteristics. The filtration velocity was 1 m/min. The initial dust concen-

tration was 70 mg/m
3
.

As shown in Fig. 4, it can be noted that the air permeability of the

modified polyimide filter increased upon acid pretreation, and the filtra-

tion efficiency of the modified polyimide filter became lower than that

of the non-magnetic filter material. The filtration efficiency of the mag-

netized polyimide filter was significantly improved compared with the

primary and magnetic polyimide filter, especially in the range of particle

size less than 2 μm. The filtration efficiency of the magnetized polyimide

filter was higher than that of non-magnetic and magnetic polyimide fil-

ter media with smaller particle size. The movement direction of aerosol

particles will deflect and collide with fibers under magnetic field, which

increased the collision probability between particles and fibers, so they

were intercepted on the surface of magnetic fibers easily. It could be

seen from Fig. 5 that it would be affected more vulnerable by smaller

particle size under the micro magnetic field on the surface of the fil-

ter material, and the filtration efficiency of filter was higher. Compared

with the resistance characteristics of four kinds of filter materials in

Fig. 5, the loading of cobalt ferrite nanoparticles showed the reduction

of the pore diameter of filter to a certain extent, resulting in the increase

of filtration resistance of the magnetic and magnetized polyimide filter

materials.

3.4. Dust resistance under different dust loadings

In order to investigate and compare the resistance variation of

magnetic and the non-magnetic polyimide filter under different dust

loadings, five different filtration velocities were selected including

0.5 m/min, 1 m/min, 1.5 m/min, 2 m/min, 2.5 m/min. Five different

dust loading conditions were selected including 100 g/m
2
, 200 g/m

2
,

300 g/m
2
, 400 g/m

2
, 500 g/m

2
, the test results were as follows.

As shown in Table 2, compared with the non-magnetic polyimide fil-

ter, the resistance of the magnetic polyimide filter increased slightly due

to cobalt ferrite, which had a certain impact on the filtration resistance.

The resistance growth rate decreased gradually as the filtration veloc-

ity increased from 0.5 m/min to 2.5 m/min. The influence of resistance

of the magnetic particle is relatively small. As shown in the Fig. 6, the
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Fig. 3. (a) SEM images of non-magnetic poly-

imide filter; (b) SEM images of magnetic poly-

imide filter; (c) FITR spectra of magnetic poly-

imide filter; (d) XRD pattern of magnetic poly-

imide filter.

Table 2

Comparison of resistance of two kinds of cleaning filters.

Resistance sample Resistance parameter (Pa)

0.5 m/min 1 m/min 1.5 m/min 2 m/min 2.5 m/min

Non-magnetic polyimide resistance 1 5 9 13 17

Magnetic polyimide resistance 2 7 12 17 22

Resistance growth rate 100% 40% 33% 30% 29%

filtration resistance of two kinds of filters increased linearly with the in-

creased velocity under the same dust loading, and the resistance of filters

increased gradually with the increased dust load during the test process.

However, it could be seen from Fig. 6 that the filtration resistance of the

magnetic polyimide filters increased with the increase of dust load, espe-

cially when the dust loadings were 300 g/m
2

and 400 g/m
2
, the growth

rate of the filtration resistance was lower than that of the non-magnetic

filters.

3.5. Effect of velocity and initial dust concentration on filtration

performance

In order to explore the influence of filtration velocity and initial dust

concentration on the filtration efficiency of magnetic polyimide filter to

catch PM2.5, the filtration tests were carried out under different filtra-

tion velocities such as 0.5 m/min, 1 m / min, 1.5 m/min, 2 m / min,

2.5 m/min with an initial dust concentration of 70 mg/m
3
. The dust
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Fig. 4. Static dust and classification filtration efficiency of different filters.

Fig. 5. Filtration resistance of different filters.

Fig. 7. Filtration efficiency of magnetic polyimide filter at different filtration

velocity.

concentration were 30 mg/m
3
, 40 mg/m

3
, 50 mg/m

3
, 60 mg/m

3
and

70 mg/m
3

respectively with an initial velocity of 1.5 m/min.

As shown in Fig. 7, when the particle size was less than 1 μm, the fil-

tration efficiency of the magnetic polyimide filter decreased under var-

ious velocities, mainly due to the low filtration efficiency of the filter

at the early stage of dust cake. The filtration efficiency increased with

the increased particle size when the particle size exceeded 1 μm. When

particle size was less than 1 μm, the filtration efficiency using the same

particle size was lower with larger filtration velocity. Negligible differ-

ence of filtration efficiency under the same particle size was achieved

as the increased velocity from 0.5 m/min to 2.5 m/min. In the case

of smaller particle size, the effect of magnetic force was gradually high-

lighted compared with that of traditional inertial force. The inertia force

became larger with the particle size larger than 2 μm, in addition, the

influence of magnetic field force became lower. Under different velocity

conditions, the variety of filtration efficiency with the increased parti-

cle size less than 1 μm was more obvious. Theoretically, if the magnetic

force was large enough, the inertial force was negligible compared with

the inertial force of traditional collision, the filtering efficiency of the

filter would be similar to the particle size curve and closed to a change

curve even in different velocities.

As shown in Fig. 8, the filtration efficiency basically showed the same

trend with the increased dust loading. The overall filtration efficiency

Fig. 6. Comparison of resistance between two filter media with different velocity and dust loadings.
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Fig. 8. Filtration efficiency of magnetic polyimide filter at different dust con-

centrations.

decreased first and then increased with the dust concentration increased

from 30 mg/m
3

to 70 mg/m
3
. During the preliminary stage, the filter

showed weak performance to trap dust particles which were easy to

penetrate from fibers after multiple collisions. When the concentration

was below 50 mg/m
3
, the dust loading and filtration efficiency were

distributed linearly. This stage could be termed as stable filtering stage.

When the concentration increased to a certain extent, the probability

of dust particles collided with each other increased, the diffusion and

magnetic field were weakened after the particles become larger through

the condensation, meanwhile the efficiency of inertial collision was en-

hanced.

4. Conclusion

In this paper, the filtration performance examinations were carried

out to compare the performance between original polyimide and mag-

netic polyimide. The filtration performance of the magnetic polyimide

loaded with cobalt ferrite nanoparticles was mainly analyzed through

classification efficiency and dust resistance. The specific conclusions

were as follows.

Coprecipitation method was used to introduce magnetic cobalt fer-

rite nanoparticles onto the surface of polyimide fibers to produce novel

magnetic polyimide filter material. The cobalt ferrite nanoparticles were

loaded on the polyimide surface through the 𝜌-л conjugation easily,

which were evenly distributed.

The magnetic properties such as residual magnetization and coer-

cive force were analyzed by vibration magnetometer. The remanence

of magnetic polyimide filter was 3.75 emu/g which provided magnetic

field to improve the removal efficiency of PM2.5.

Under the action of magnetic field, the movement direction of

aerosol particles with different charges would deflect and collide with

fiber, which led to the improvement of the collision probability between

particles and fibers. Especially in the range of particle size less than

2 μm, the filtration efficiency of magnetized polyimide filter increased

by nearly 20% compared with that of original and magnetic polyimide

filter with smaller particle size. The resistance of magnetic polyimide

filter increased with the loading of cobalt ferrite. The resistance growth

rate increased to 29% as the increased filtering velocity from 0.5 m/min

to 2.5 m/min. Meanwhile, the resistance of magnetic polyimide filter

material became larger than that of original polyimide filter with in-

creased dust concentration.

Acknowledgments

This work is supported by the National Key Research and Develop-

ment Program of China (2018YFC0705300), the Special Funds and Key

Projects of Fundamental Scientific Research Business Fees in Central

Universities (2232017A-09, CUSF-DH-d-2017097). The financial sup-

port for this work from School of Environmental Science and Engineer-

ing of Donghua University, is gratefully acknowledged.

References

[1] Z. Fang, W. Yao, X. Lou, et al., Profile and characteristics of culturable airborne

bacteria in Hangzhou, southeast of China, Aerosol Air Qual Res. 16 (7) (2016)

1690–1700.

[2] V. Tsiouri, K.E. Kakosimos, P. Kumar, Concentrations, sources and exposure risks

associated with particulate matter in the middle East area a review, Air Qual Atmos

Hlth. 8 (1) (2015) 67–80.

[3] R. Zhang, J. Jing, J. Tao, S.C. Hsu, G. Wang, J. Cao, C.S.L. Lee, L. Zhu, Z. Chen,

Y. Zhao, Z. Shen, Chemical characterization and source apportionment of PM2.5 in

Beijing: seasonal perspective, Atmos Chem Phys. 13 (14) (2013).

[4] Z.Y. Man, Problems in the application of bag filter in thermal power plants and coun-

termeasures, in: Proceedings of the 4th Chemical Professional Technology Exchange

Meeting of Thermal Power Industry, 2013, p. 6.

[5] W.L. Cai, L. Biao, W. Wang, Research on new high-precision polyimide spunlace

filter material, China Environ Protect. Ind. 9 (2017) 39–42.

[6] D. Yang, H. Xu, J.F. Liu, G.C. Zhou, Study on the influence of conventional acupunc-

ture and new spunlace technology on the performance of PPS filter material, Chem

Fiber Textile Technol. 46 (03) (2017) 29–32.

[7] T. Zhang, Y.F. Diao, F.S. Zhou, L.A. Zhang, H.G. Shen, Preparation and characteri-

zation of CoFe
2
O

4
nanoparticle magnetic fiber filter material, Funct Mater 50 (08)

(2019) 8140–8143.

[8] W.H. Zhao, Y.T. Yuan, Z. Li, et al., Development and application characteristics

of polytetrafluoroethylene membrane filter material, Build Energy Environ 25 (4)

(2006) 35–37.

[9] Q. Wang, K. F, W. Li, et al., Filtration properties of carbon woven fabric filters sup-

plied with high voltage for removal of PM1.0 particles, Sep Purif Technol 177 (3)

(2017) 40–48.

[10] W.G. Sawyer, K.D. Freudenberg, P. Bhimaraj, A study on the friction and wear

behavior of PTFE filled with alumina nanoparticles, Wear 254 (5) (2003) 573–

580.

[11] R. Park, J. Jang, Impact behavior of aramid fiber/glass fiber hybrid composites: the

effect of stacking sequence, Polym Composite 22 (1) (2010) 80–89.

[12] H.D. Simonsen, R. Paetsch, J.R. Dunphy, Fiber Bragg grating sensor demonstration

in glass-fiber reinforced polyester composite, in: Proceedings of the European Con-

ference on Smart Structures & Materials, 2017.

[13] J.M. Kenny, A. Maffezzoli, Crystallization kinetics of poly (phenylene sulfide) (PPS)

and PPS/carbon fiber composites, Polym Eng Sci. 31 (8) (2010) 607–614.

[14] E.J. Siochi, C. Park, Melt processing of SWCNT-polyimide nanocomposite fibers,

Compos Part B-Eng. 35 (5) (2004) 439–446.

[15] Y.W. Li, W. Xin, C.Y. Zhao, Experimental Study on Coal Accumulation of PM in

Gradient Magnetic Field, J Southeast U: Nat. Sci. Ed. 37 (1) (2007) 84–88.

[16] L. Zhao, X. Li, W. Sun, et al., Experimental study on bag filtration enhanced by

magnetic aggregation of PM2.5 from hot metal casting process, Powder Technol.

(2018) S003259101731046X.

[17] X.J. Li, H.H. Fu, W. Xin, Q.F. Wei, Preparation and characterization of electro-

spun polyamide acid/Fe
3
O

4
magnetic nanocomposites, Funct Mater 45 (10) (2014)

10038–10040.

[18] X.Q. Dong, L.Z. Liu, L. Weng, et al., Preparation and characterization of

polyimide/Fe
3
O

4
magnetic nanocomposite film by electrospinning, Polym Mater Sci

Eng. 34 (08) (2018) 164–169.

[19] G.B. Ji, X.L. Tang, B.L. Xu, et al., Synthesis of CoFe
2
O

4
nanowire arrays by sol–gel

template method, Chem. Phys. Lett 379 (5–6) (2003) 484–489.

[20] G.C. Sih, Z.F. Song, Magnetic and electric poling effects associated with crack growth

in BaTiO
3
-CoFe

2
O

4
composite, Theor. Appl. Fract. Mec. 39 (3) (2003) 207–209.

[21] W.B. Shi, Zhang X.D. Zhang, S.H. He, et al., CoFe
2
O

4
magnetic nanoparticles as a

peroxidase mimic mediated chemiluminescence for hydrogen peroxide and glucose,

Chem Commun. 47 (38) (2011) 10785–10787.

[22] T. zhang, Y.F. Diao, F.S. Zhou, L.A. Zhang, H.G. Shen, Preparation and characteri-

zation of Magnetic Fiber Filter loaded with CoFe
2
O

4
nanoparticles, Funct Mater 8

(2019) 1001–9731.

[23] R.D. Waldron, Infrared spectra of ferrites, Phys. Rev. 99 (6) (1955) 1727–1735.

[24] W.F. Mo, J.W. Zhai, X. Yao, Hydrothermal synthesis and performance of cobalt fer-

rite nanopowders, J. Chin. Ceram Soc. 37 (7) (2009) 1147–1152.

[25] Y.R. Wu, H.G. Gu, H.H. Liu, et al., Determination of color center spectral parameters

of colored NaCl crystals, Optron. Laser 14 (5) (2003) 515–518.

409



Energy and Built Environment 1 (2020) 410–416

Contents lists available at ScienceDirect

Energy and Built Environment

journal homepage: www.elsevier.com/locate/enbenv

Synthesis and thermal properties of nanoencapsulation of paraffin as phase

change material for latent heat thermal energy storage

Nan Zhang, Yanping Yuan
∗

School of Mechanical Engineering, Southwest Jiaotong University, Chengdu 610031, China

a r t i c l e i n f o

Keywords:

Nanoencapsulted PCMs

Encapsulation efficiency

Thermal properties

Thermal energy storage

a b s t r a c t

In this work, a series of nanoencapsulated phase change materials (NanoPCMs) with paraffin wax (PW) as core

and melamine-formaldehyde (MF) as shell were synthesized by the in-situ polymerization method. The morphol-

ogy, chemical structure and thermal properties of prepared NanoPCMs were characterized by scanning electron

microscope, Fourier transform infrared, differential scanning calorimetry and thermogravimertic analyzer. The

results show that the PW is successfully encapsulated in the MF without chemical interaction, and the NanoPCMs

present regular spherical shape with the average diameter of 260–450 nm. The encapsulation efficiency of the

NanoPCMs increases with the augment of the supplied amount of core material. The maximum encapsulation

efficiency of the NanoPCMs can reach up to approximately 75%. The NanoPCMs can maintain excellent thermal

reliability and stability after 2000 thermal cycling. The prepared NanoPCMs can be well applied in the latent

heat thermal energy storage and thermal management systems due to their remarkable encapsulation efficiency

and thermal properties enable them to.

1. Introduction

Increasing the energy utilization efficiency is reckoned as an effec-

tive way to solve the issues of fossil energy shortage and environment

pollution in the recent years, which can be feasibly realized by using

phase change materials (PCMs) to store and release the thermal energy

circularly [1,2]. PCMs can absorb and release a large amount of ther-

mal energy during their melting and freezing process, with outstanding

advantages of storing or releasing the thermal energy at a constant tem-

perature or with a narrow temperature range [3,4]. They have attracted

much attention in developing the new applications and technologies due

to such excellent performance [5].

According to the chemical component, PCMs can be classified as in-

organic and organic PCMs. As a typical organic PCM, paraffin wax (PW)

obtains many merits like safety, reliability, high heat of fusion, chemi-

cally inert and stability, no toxicity, no phase segregation and commer-

cial availability, etc. However, it also has some undesirable properties

such as low thermal conductivity, poor mechanical property and liquid

leakage during the phase change process [6]. Microencapsulation and

nanoencapsulation technology are feasible choices to solve the inher-

ent drawbacks of PCMs [7]. The microencapsulated PCMs (MicroPCMs)

and nanoencapsulated PCMs (NanoPCMs) are small core-shell particles

of PCMs coated by inorganic materials or polymer [8]. By encapsulat-

∗
Corresponding author.

E-mail address: ypyuan@home.swjtu.edu.cn (Y. Yuan).

ing PCMs into the shell materials, it can greatly enlarge the heat transfer

area of PCMs, increase their heat transfer efficiency, make liquid PCMs

easy to be handled when the phase change occurs without extra encap-

sulation, and decrease the volume change during the solid-liquid phase

transition of PCMs [9].

The generally methods descried in the literatures to prepare the

MicroPCMs and NanoPCMs are complex coacervation [10], interfacial

polycondensation [11], emulsion polymerization [12], suspension poly-

merization [13] and in-situ polymerization [14]. Among the above

methods, the in-situ polymerization method, as one of the most feasi-

ble and widely used techniques to encapsulate PCMs, is a simple and

desirable technology for industrial manufacturing. The distinguishing

characteristic of in-situ polymerization method is that there is no chem-

ical reaction in the core material [15]. Due to the good chemical stabil-

ity and mechanical strength, urea-formaldehyde (UF) and melamine-

formaldehyde (MF) had been widely used as the shell materials in

the in-situ polymerization [16]. Fang et al. [17] prepared a series of

nanocapslues by using in-situ polymerization with n-tetradecane as core,

urea-formaldehyde resin as shell material, sodium dodecyl sulfate as

emulsifier and resorcin as system modifier. The results showed that

the nanocapsules had general size about 100 nm and the mass content

of n-tetradecane was up to 60%. The nanocapsules could be applied

for thermal energy storage and heat transfer enhancement. Fan et al.

https://doi.org/10.1016/j.enbenv.2020.04.003

Received 5 January 2020; Received in revised form 26 March 2020; Accepted 4 April 2020

Available online 15 April 2020

2666-1233/© 2020 Southwest Jiaotong University. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license.

(http://creativecommons.org/licenses/by-nc-nd/4.0/)



N. Zhang and Y. Yuan Energy and Built Environment 1 (2020) 410–416

Nomenclature

T temperature

ΔH latent heat

Subscripts

5 wt.% 5% weight loss

f Freezing

m melting

max maximum decomposition

Abbreviations

DSC differential scanning calorimetry

DTG derivative thermogravimetry

EE encapsulation efficiency

ER encapsulation ratio

FT-IR Fourier transform infrared

MF melamine-formaldehyde

MicroPCMs microencapsulated phase change materials

NanoPCMs nanoencapsulated phase change materials

O/W oil/water

PCM phase change material

SDBS sodium dodecyl benzene sulfonate

SEM scanning electron microscope

TGA thermogravimertic analyzer

PW paraffin wax

[18] prepared the microcapsules comprising n-octadecane and nucle-

ating agents encapsulated in melamine-formaldehyde resin shell with

about 1 μm in average diameter through in-situ polymerization. Wang

et al. [19] synthesized the microcapsule based on n-octadecane core

and poly(melamine-formaldehyde)/silicon carbide shell through in situ

polymerization. The prepared hybrid microcapsules were used for the

near-infrared light harvesting.

The morphology, particle size, encapsulation efficiency, thermal

property and thermal stability of encapsulated PCMs are affected

by the substeps of the preparation process: primary emulsion, pre-

polymerization preparation, and final encapsulation process [20].

Zhang et al. [21] studied the effects of stirring rate, emulsifier contents

and cyclohexane contents on diameters, morphology, phase change

properties and thermal stabilities of the capsules. Yang et al. [22] ana-

lyzed the influences of system modifiers, pH value and polymerization

reaction time on the process of microencapsulation and the morphology

of the microcapsules were investigated. Other available research also

evaluated the influences of dropping rate of MF prepolymer, type and

number of surfactants [23], homogenization speed and time [24], core-

to-shell ratio [25] on the surface morphology, particle size and thermal

properties of microcapsules in detail.

Actually, the NanoPCMs show better physical and thermal prop-

erties over MicroPCMs in the following aspects: the particle size is

smaller, heat transfer rate is faster and the heat transfer area is larger

[26]. Therefore, it is obvious that NanoPCMs are more suitable for use

in the thermal energy storage systems. So, this work aims to prepare

novel NanoPCMs with smaller particle size and higher thermal latent

heat. The influences of the above factors on the morphology, thermal

properties and encapsulation efficiency of NanoPCMs with the PW as

core and the MF resin as shell by the in-situ polymerization were stud-

ied. And the obtained NanoPCMs were characterized by scanning elec-

tron microscope (SEM), Fourier transform infrared (FT-IR), differen-

tial scanning calorimetry (DSC) and thermogravimertic analyzer (TGA).

The thermal reliability of NanoPCMs was tested by accelerated thermal

cycling.

2. Experimental

2.1. Materials

A commercial grade PW with a melting temperature of 52–54 °C

which is given by the Shanghai Hualingkangfu Machinery Factory was

used as the core material. Formaldehyde (37 wt%) and melamine was

employed as shell materials, and sodium dodecyl benzene sulfonate

(SDBS) was implemented as an emulsifier. The triethanolamine and

citric acid were purchased from ChengDu Kelong Chemical Reagent

Company were applied to control the pH of solution. During the testing

process, all the materials were used without further purification.

2.2. Preparation of NanoPCMs

The NanoPCMs were prepared by using the in-situ polymerization

method. PW was used as the core material, and melamine-formaldehyde

resin was used as the shell material. The nanoencapsulation procedure

was carried out as the followings. The MF prepolymer was prepared

firstly: 3 g melamine, 50 ml distilled water and 8 ml formaldehyde solu-

tion were added into a flask. The pH of the mixture was adjusted to 8–9

with 10wt% triethanolamine solution, then the mixture was stirred at

rate of 400 rpm for 20 min at 70 °C in a thermostat water bath. The PW

oil/water (O/W) emulsion was obtained by adding 10 g PW, 1 g SDBS

and 80 ml distilled water were in a beaker to form the solution, then

continuously stirring the solution at a rate of 5000 rpm for 30 min at

70 °C with a high-speed shearing emulsification instrument. The stable

O/W emulsion was placed into a flask, and the pH of the O/W emulsion

was adjusted to 2 by adding the citric acid solution. Then, the MF pre-

polymer solution was added drop by drop at a rate of 1.25 mL/min into

the O/W emulsion, and the solution was stirred at a rate of 600 rpm

at 70 °C. After completing dropping, the pH value of the mixture was

adjusted to 4. The polymerization reaction was controlled under 2 h,

2.5 h, 3 h and 3.5 h. When the polymerization process was completed,

the MF polymer network was fabricated attached on the surface of the

PW droplet. Finally, white powders filtered and washed with distilled

water and ethanol were dried in a vacuum oven at 45 °C for 24 h. The

encapsulated PW composite were named as P1, P2, P3 and P4. The sam-

ples obtained by changing the PW mass of 12.5 g, 15 g and 17.5 g with

the polymerization time of 3 h were named as P5, P6, P7.

2.3. Characterization

The microstructure of the prepared NanoPCMs was characterized by

scanning electronic nanoscope (SEM, Fei Inspect FEI, Netherlands). The

chemical structure was analyzed by using a Fourier transform infrared

spectrometer (FT-IR, Nicolet 6700, USA) and the FT-IR spectra were

recorded on a KBr pellet in the frequency range of 4000 cm
−1

to 400

cm
−1

. The wavenumber accuracy of the FT-IR is 0.01 cm
−1

. The phase

change temperature and latent heat were measured by a differential

scanning calorimeter (DSC, TA Q20 USA). The measurements were car-

ried out at heating or cooling rate of 5 °C/min under a constant stream

of argon at a flow rate of 50 ml/min. DSC instrument was calibrated

with indium as the standard reference material. The temperature and

enthalpy accuracy of the DSC is ±0.05 °C and ±0.1%, respectively. The

phase change temperature and latent heat of each sample was tested

three times to decrease the error and obtained by the special software

of the DSC. The thermal stability was determined by a thermogravimetry

analyzer (TGA, NETZSCH TG 209F1 Germany). The tests were carried

out in the range of 30 °C to 500 °C at a heating rate of 20 °C/min under

an inert nitrogen atmosphere. The temperature accuracy of the TGA is

0.2 °C. And the derivative thermogravimetry (DTG) curves were used to

determine the maximum mass loss rate of the sample during the TGA

test.
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Fig. 1. Schematic diagram of nanoencapsulated PW with MF shell using in-situ

polymerztion method.

2.4. Thermal cycling test

To determine the thermal reliability of the prepared NanoPCMs,

the accelerated thermal cycling test, which was carried out by a metal

bath (CHB-T2-E, BIOER, China). The prepared NanoPCMs were placed

in a 2 mL centrifuge tube and heated in the metal bath at 70 °C for

1 min, and then cooled at 30 °C for 1 min. After 2000 thermal cycles,

the NanoPCMs were tested by using the DSC. The thermal reliability of

the NanoPCMs was achieved by comparing the DSC results before and

after 2000 thermal cycles.

3. Results and discussion

3.1. Morphology of NanoPCMs

The nanoencapsulated PW with the melamine-formaldehyde shell

was synthesized by in-situ polymerization method. The schematic dia-

gram is showed in Fig. 1. As we know, insoluble PW was dispersed in the

water with the SDBS as surfactant and a stable PW/SDBS emulsion could

be fabricated under the high-speed stirring. When the MF prepolymer

solution was added drop by drop in the emulsion, it can be attracted

by the hydrophilic groups of SDBS. As the pH of the solution became

4 by adding the citric acid solution, the melamine–formaldehyde shell

Table 1

Particle sizes of the NanoPCMs.

NanoPCMs P1 P2 P3 P4 P5 P6 P7

Average Particle Size(nm) 449.6 295.5 261.3 397.8 352.3 295.5 339.4

was synthesized on the surface of the droplets of PW through in-situ

polymerization under the acidic condition. All the samples of P1~P7

can be viewed successful due to the solid state without melted PW leak-

age even under the temperature higher than the melting temperature of

PW. The SEM images of the prepared NanoPCMs are shown in Fig. 2. It

can be found that all the NanoPCMs show spherical shape with smooth

surfaces. The average particle sizes of the NanoPCMs are homogeneous

distribution and can be measured by Nano measurer software. Table 1

lists the average particle sizes of the NanoPCMs, and it can be found that

the particle sizes of the NanoPCMs are all about hundreds of nanome-

ters. These granular NanoPCMs can greatly enlarge the heat transfer

area and increase the heat transfer efficiency. Shown in Fig. 2(a)~(d)

and Table 1, it can be obviously found that the average particle size of

P3 is smaller than that of P1, P2 and P4 containing the same supplied

amount of core material. Based on this result, the optimization polymer-

ization time was determined to 3 h.

3.2. FT-IR spectra

Based on the SEM images of NanoPCMs, it can be found that the MF

resin was successfully synthesized on the surface of the core droplets.

The MF resin acts as the shell material to prevent the leakage of the

melted PW which solves the inherent drawback of the liquid-solid PCMs.

In order to investigate interaction between PW and MF resin, the FT-IR

was used to characterize the PW, MF resin and the NanoPCMs of sam-

ple P3, and the results are indicated in Fig. 3. Fig. 3(a) represents the

spectrum of PW. The peaks at 2920 and 2850 cm
−1

are characteristic

of C–H stretching vibrations, the peak at 1460cm
−1

corresponds to the

C–H bending vibration and the peak at 719 cm
−1

represents the in-plane

rocking vibration of the CH2. These absorption peaks are the character-

istic for paraffin compounds. As seen from Fig. 3(b), the peak around

3380cm
−1

is a characteristic broad band responsible for hydroxyl, imino

and amino stretching. The peaks at 2950 and 1560 cm
−1

are assigned

to the alkyl C–H stretching vibration and the C–N multiple stretching

one in the triazine ring, respectively. The C–H bending vibrations in

methylene group are observed at 1480 and 1350 cm
−1

due to methy-

lene bridges. The characteristic peak for the C–N vibration appears at

1170 cm
−1

, while the characteristic triazine ring bending at 810 cm
−1

is found. Fig. 3(c) indicates that all of the characteristic peaks for PW

and FM resin can be clearly distinguished in the spectrum of P3 with

no distinct new absorption peaks appear. The result verifies that there

Fig. 2. SEM micrographs of NanoPCMs:

(a)~(g): P1~P7.
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Fig. 3. FT-IR spectra of (a) PW, (b) FM resin, (c) P3.

Fig. 4. DSC curves of paraffin wax and the NanoPCMs during the melting pro-

cess.

is no chemical interaction between PW and FM resin, so that PW was

successfully encapsulated by the MF resin.

3.3. Thermal properties of NanoPCMs

The phase change temperature and latent heat of the prepared

NanoPCMs were determined by the DSC. The DSC curves during the

melting and freezing process of the PW and NanoPCMs are showed

in Figs. 4 and 5. It can be found that the DSC curves of the prepared

NanoPCMs during the melting and freezing processes are very similar

to these of the PW, which is another dominant evidence of encapsulat-

ing successfully. There are two phase change peaks in the DSC curves:

the left minor one is the solid-solid phase change peak, and the sharp

peak corresponds to the solid-liquid phase change. The melting (Tm)

and freezing (Tf) temperature are defined by the onset temperatures of

the sharp peaks in the melting and freezing process which can be de-

termined by drawing a tangent through the point of maximum slope

on the front of the peaks and intersecting with the extrapolated base-

line. The melting (ΔHm) and freezing (ΔHf) latent heat are obtained by

numerical integration of the area under the solid-solid and solid-liquid

peaks with the special software of the DSC. The thermal properties of

PW and NanoPCMs are listed in Table 2. The melting temperature of the

Fig. 5. DSC curves of paraffin wax and the NanoPCMs during the freezing pro-

cess.

Table 2

Thermal properties of the NanoPCMs.

Examples Duration of

synthesis (h)

PW

(g)

T
m

( °C) ΔH
m

(J/g)

T
f

( °C) ΔH
f
(J/g)

ER

(%)

EE

(%)

PW – – 48.73 182.6 53.25 172.5 – –

P1 2 10 49.65 107.4 54.42 111.6 58.82 61.67

P2 2.5 10 49.14 113.3 54.11 115.4 62.05 64.40

P3 3 10 49.13 118.6 54.09 119.5 64.95 67.05

P4 3.5 10 48.95 107.8 53.74 109.8 59.04 61.28

P5 3 12.5 49.11 123.4 54.15 124.5 67.58 69.81

P6 3 15 48.73 129.9 53.56 127.8 71.14 72.57

P7 3 17.5 48.71 135.3 53.58 133.1 74.10 75.58

Table 3

Comparison of the NanoPCMs with some microencapsulated PCMs in literatures.

composites T
m

( °C) ΔH
m

(J/g) ER(%) reference

n-Teradecan/MF 9.01 134.16 61.8 [17]

Decanoic acid/MUF 30 88.0 53.9 [23]

Paraffin/Silicon dioxide 58.37 107.5 87.5 [27]

Paraffin/P(St-co-MMA) 41 87.5 43.17 [28]

Stearic acid/PC 60 91.4 52 [29]

PW/MF 48.71 135.1 74.10 Present study

PW is 48.73 °C, which is a little lower than that given by the merchant.

This may due to the different measure method and the purity of the

raw material. All the melting and freezing temperatures of the prepared

NanoPCMs are about 49 °C and 54 °C, which is in good agreement with

these of PW. The melting and freezing latent heats of P3 are 118.6 J/g

and 119.5 J/g respectively, which are higher than those of P1, P2 and

P4 with same supplied amount of core material. The melting and freez-

ing latent heats of P5, P6 and P7 are 123.4 J/g, 129.9 J/g, 135.3 J/g

and 124.5 J/g, 127.8 J/g, 133.1 J/g correspondingly. It can be found

that the latent heats of NanoPCMs increase with augment of the content

of PW.

The encapsulation ratio (ER) and encapsulation efficiency (EE) are

the two important parameters in researching of encapsulated phase

change materials for thermal energy storage. They can be determined

by the Eqs. (1) and (2) [26]. It can be found that the ERs of NanoPCMs

are 58.82 %−74.10 % in Table 2. The ER of P3 with the same content

of PW, and synthesis duration of 3 h is higher than P1, P2 and P4, with

a corresponding tendency to the particle size. And the ER of P3, P5,

P6 and P7 are increasing as the increase of the core material supply.

Table 3 shows the comparisons of thermal properties of the prepared
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Table 4

Thermal properties of the NanoPCMs after 2000 thermal cycles.

Samples T
m

( °C) Change ( °C) ΔH
m

(J/g) Change (%) T
f

( °C) Change (%) ΔH
f
(J/g) Change (%)

P1 50.17 0.52 100.9 −6.08 54.86 0.44 107.7 0.31

P2 49.82 0.68 109.7 −3.18 54.65 0.54 114.4 1.00

P3 49.65 0.51 113.5 −4.27 54.36 0.27 117.0 −1.35

P4 49.56 0.61 104.3 −3.22 54.29 0.55 107.6 −0.22

P5 50.18 1.06 118.8 −3.73 54.94 0.79 122.9 −0.41

P6 49.53 0.81 127.7 −1.72 54.72 1.16 127.8 −1.64

P7 49.12 0.41 133.6 −1.26 53.97 0.39 131.3 −2.98

Fig. 6. SEM image of P3 (a) and P7(b) after 2000 thermal

cycles.

NanoPCMs in present study with those of some encapsulated PCMs in

available literatures. It can be noted that the prepared NanoPCMs have

comparable latent heat and encapsulation ratio in comparison to other

encapsulated PCMs. This result indicates that the prepared NanoPCMs

have admirable thermal properties potential for applications in thermal

energy storage and thermal management.

ER =
ΔHm, NanoPCM
ΔHm, PW

∗100%

EE =
ΔHm, NanoPCM + ΔHf , NanoPCM

ΔHm, PW + ΔHf , PW
∗100%

where, ΔHm, PW and ΔHf, PW are the melting and freezing latent heat

of the PW, respectively, ΔHm, NanoPCM and ΔHf, NanoPCM are the latent

heats of melting and freezing of the prepared NanoPCMs, respectively.

3.4. Thermal reliability of NanoPCMs

It is particularly importance that PCMs used in the thermal energy

storage applications should have no or less changes in thermal properties

and no chemical structure after a large number of heating and cooling

cycles. In this work, an accelerated thermal cycle test was conducted

to investigate the changes of the phase change temperature and latent

heat of the prepared NanoPCMs after 2000 thermal cycling. Table 4 lists

the phase change temperature (and their variable quantity) and latent

heat (and their change rate) of the NanoPCMs after thermal cycling.

It can be found from Table 4 that the melting and freezing tempera-

tures of the NanoPCMs only changed approximately 0.41–1.06 °C and

0.27–1.16 °C with related melting and freezing latent heats dropped

1.26%−6.08% and −0.31%−2.98%, respectively. It is also clear that

the phase change temperature and latent heat after 2000 thermal cy-

cling have light and reasonable changes, indicating that the NanoPCMs

have remarkable thermal reliability for the thermal energy storage in

the building energy conservation.

The shell structure should be mechanically stable to tolerate the ther-

mal expansion and compression during the melting and solidifying cy-

cles [30]. Fig. 6 shows the SEM images of P3 (a) and P7 (b) after 2000

thermal cycling test. It can be seen that the microstructure has no change

comparing with P3 and P7 before the thermal cycling, indicating that

Fig. 7. FT-IR spectra of P3 before (a) and after (b) 2000 thermal cycles.

the shells of the prepared NanoPCMs have a good mechanical property.

The chemical stability of the NanoPCMs after 2000 thermal cycling was

also investigated by FT-IR, and the results are showed in Fig. 7. It can be

found that the peak positions are not changed after the thermal cycling

test. The result indicates that the chemical structure of the NanoPCMs

was not affected by the thermal cycling process, which means there was

no chemical degradation occurs during the thermal cycling. Based on

above results, the prepared NanoPCMs have superior thermal reliability

and chemical stability.

3.5. Thermal stability of NanoPCMs

Thermal stability is one of the most important factors in thermal

properties of PCM applied in the thermal energy storage applications.

The TGA and DTG curves of the PW and NanoPCMs sample of P3 are

shown in Figs. 8 and 9. The 5% weight loss temperature (T5wt.%), tem-
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Fig. 8. TGA curves of PW and nanoPCMs of sample P3.

Fig. 9. DTG curves of PW and nanoPCMs of sample P3.

Table 5

TGA data of the PW and NanoPCMs of sample P3.

Samples T
5wt.%

( °C) T
max

( °C) charred residue amount (%) at 400 °C

PW 183 279 2.46

P3 195 315 6.65

perature of maximum decomposition (Tmax) and the charred residue at

400 °C [31] are listed in Table 5. From the table, it can be found that

the prepared NanoPCMs could work at the environment temperature of

about 200 °C. Shown in Fig. 9, there is a DTG peak for PW and two DTG

peaks for P3, which point out that there is a single degradation process

for PW and two steps thermal degradation process for P3. For P3, the

first step corresponds to the thermal degradation of PW and the second

step is the thermal degradation of the FM resin. Referring to Table 4,

the T5wt.%, Tmax and charred residue at 400 °C of P3 are all higher than

those of the PW, which indicates that the MF resin is advantageous to

insulate the core material and slow the escape of the volatile products

generated during thermal degradation. There is a little weight loss be-

tween 30 and 100 °C in the TGA curve of P3, which is mainly because

of the incomplete removal of water when drying the sample. From the

above results, the prepared NanoPCMs show a good thermal stability.

4. Conclusion

In this work, a series of NanoPCMs of PW as core and MF resin as shell

were synthesized by in-situ polymerization method. The effects of poly-

merization time and supplied amount of core material on the particle

size and encapsulation efficiency of NanoPCMs were also studied. The

SEM results show that the NanoPCMs present the regular spherical shape

with smooth surface, and the average particle size of NanoPCMs is de-

creased firstly and then increased with the increasing of polymerization

time in the range of 260–450 nm. DSC results indicate that the melting

and freezing temperatures of the prepared NanoPCMs are about 49 °C

and 54 °C, respectively, which are similar to these of PW. The melting

and freezing latent heat of the NanoPCMs are 107.4 J/g-135.3 J/g and

109.8 J/g-133.1 J/g, respectively. The encapsulation ratio of NanoPCMs

is increase with the increasing of the supplied amount of core material

and the maximum encapsulation efficiency of NanoPCMs is as high as

75%. FT-IR results indicate there is no chemical interaction between PW

and MF. The accelerated thermal cycling test results show that there is a

slight change of the thermal properties of NanoPCMs after 2000 thermal

cycling. TGA analyses reveal that the prepared NanoPCMs show a good

thermal stability. Based on all above results, the prepared NanoPCMs

can be considered as candidate for the latent heat thermal energy stor-

age applications.
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a b s t r a c t

In Japan, in order to determine the capacity of air-conditioning equipment, designers usually use the weather

database of Reference Weather Year (RWY) to obtain the design air-conditioning load by using software such

as New HASP/ACLD and Building Energy Simulation Tool (BEST) that are often used in Japan. In recent years,

with the global warming due to climate change, the weather database used to calculate air conditioning load

also changes. Thus, in order to determine an appropriate capacity of air-conditioning equipment for energy

conservation of buildings, the deviation of design air-conditioning load calculated using the weather database of

RWY and Actual Weather Year (AWY) should be discussed.

In this paper, New HASP/ACLD was used to calculate the building heat loads of eight major Japanese cities over

30 years (1981–2010) between RWY and AWY. The heat load at an exceedance probability of 2.5% is defined as

the design air-conditioning load in this paper. Comparing the design air-conditioning load obtained from RWY

and AWY, it is shown that it is not necessarily the most appropriate when using the RWY to calculate the design

air-conditioning load, especially for heating load in winter. Additionally, it is also shown that the annual heating

load time ratio has decreased and the annual cooling load time ratio has increased over the 30 years.

1. Introduction

In the past, it was difficult to evaluate the heat loads of buildings

due to the lack of weather data and computer performance. In order to

evaluate heat loads of buildings and prevent the evaluated values from

getting too larger or too small that may lead to excessive or small air-

conditioning capacity selection, the Reference Weather Year (RWY) has

been designed to calculate the design air-conditioning load [1,2]. In EU

and US, it is also called “Typical Meteorological Year (TMY)” [3].

Up to now, Expanded Automated Meteorological Data Acquisition

System (AMeDAS) weather data from 1981 to 2010 were developed for

842 locations in Japan [4,5], and each location has three types of RWY

weather data, that are the period from 1981 to 1995 (RWY_1), the pe-

riod from 1991 to 2000 (RWY_2), and the period from 2001 to 2010

(RWY_3).

Currently, with the global warming due to climate change, the de-

sign air-conditioning load for building energy savings is also changing.

Under the call of environmental improvement and energy conservation,

the accuracy of the design air-conditioning load calculation from RWY

needs to be improved. There are several methods to calculate the design

air-conditioning load [6–9], and the method which is choosing the 2.5%

∗
Corresponding author.

E-mail addresses: yuan@ace.tut.ac.jp (J. Yuan), emura@life.osaka-cu.ac.jp (K. Emura).

exceedance probability heat load as the reference standard is selected

in this study [10].

In order to evaluate the effect of climate change on design air-

conditioning load of buildings in Japan [11], the deviation of design

air-conditioning load based on the weather database of RWY and Ac-

tual Weather Year (AWY), and the change in annual cooling and heat-

ing load time ratio over 30 years (1981–2010) is analyzed using the

program “New HASP/ACLD” [12,13] in this paper.

2. Reference weather year

Japan has been producing and using RWY to calculate heat load of

buildings since 1970. So far, there have been two main methods of mak-

ing RWY, one is the Society of Heating, Air-Conditioning and Sanitary

Engineers of Japan (SHASE) method, and the other is the Expanded

AMeDAS (EA) method [14,15]. SHASE method is almost same as Inter-

national Standard (ISO15927-4: 2005) [16], and it chose the candidate

month from statistics determined by using three elements; dry bulb tem-

perature, absolute humidity, and horizontal global solar irradiation. The

deviation of these three elements times weight coefficient determined

by data of building monthly names “DM” is calculated at first, then the

https://doi.org/10.1016/j.enbenv.2020.04.010
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Table 1

Location of eight main cities in Japan.

Location Sapporo Sendai Tokyo Nagoya

Longitude 141.33°E 140.90°E 140.76°E 136.96°E

Latitude 43.06°N 38.26°N 35.69°N 35.17°N

Location Osaka Hiroshima Fukuoka Naha

Longitude 135.52°E 132.46°E 130.38°E 127.69°E

Latitude 34.68°N 34.40°N 33.58°N 26.21°N

Fig. 1. Typical level of simulation building with 605m
2

air-conditioning area.

typical month with minimum “DM” is selected, and the 12 selected typ-

ical months are concatenated to form a complete year finally.

The RWY made by EA method has three types, based on EA weather

data from 1981 to 1995 (1995 version), from 1991 to 2000 (2000 ver-

sion), and from 2001 to 2010 (2010 version), Unlike SHASE method,

EA method [17,18] has added two elements for choosing the candidate

month, wind speed and precipitation. Because of the change of build-

ing insulation performance and others, 2000 and 2010 versions of EA

method chose typical month with minimum deviation of monthly av-

erage temperature but not “DM” value, and it could eliminate the in-

fluence of the building conditions, compared to SHASE method. How-

ever, if only the “temperature” factor is considered to select the typical

months of RWY instead of three factors (dry bulb temperature, abso-

lute humidity and horizontal global solar irradiation), it may leads to a

deviation in calculating air conditioning load based on RWY.

3. Study target and simulation building

3.1. Main cities of Japan

In this paper, in order to know the deviation of design air-

conditioning load based on RWY and AWY and the difference between

different cities of Japan, eight major cities in Japan from north to south

are selected. The geographic locations of eight cities are detailed in

Table 1.

3.2. Simulation building

To make the results representative and in accordance with the build-

ing use standards [19,20] in different areas, a standard office building

model [21] with an air-conditioned area of 605m
2

(shown in Fig. 1)

often used in Japan [22–24], is adopted as the building simulation in

this study, and it is assumed to be located in eight major cities of Japan.

Windows account for one-third of the outer wall area. The details of the

building simulation and the operation schedule of air-conditioning are

shown in Table 2.

4. Methodology

4.1. New HASP/ACLD

New HASP/ACLD is a typical simulation program often used in Japan

[25,26], and the program use triangle pulse wave to calculate the indoor

temperature, absolute humidity and air-conditioning load hourly, the re-

sult that we get is 1-hr averages of air-conditioning load. The weather

data for calculating the air-conditioning load of simulation building by

New HASP/ACLD include 7 hourly elements in a specific form; dry-

bulb temperature, absolute humidity, wind direction, wind speed, cloud

cover or nocturnal radiation, direct solar radiation and diffuse solar ra-

diation.

4.2. Load exceedance probability

Based on the relation between load exceedance probability and tem-

perature exceedance probability, an exceedance probability of 2.5% of

heat loads including cooling load and heating load, is selected as design

air-conditioning load in this study. The selection method is described as

follows:

■ 1st step: set the device capacity be infinity for simulation.

■ 2nd step: take four months respectively as cooling period (from June

to September) and heating period (from December to March).

■ 3rd step: calculate the hourly heat load respectively for the cooling

period and heating period.

■ 4th step: arrange and rank the calculated hourly cooling load and

heating load, select the value at the exceedance probability of 2.5%

(large value in descending order for design cooling load and small

value in ascending order for design heating load).

4.3. Deviation of design air-conditioning load and change in annual load

time ratio

In order to know the effect of climate change on the design air-

conditioning load, the deviations of design air-conditioning load based

on RWY and AWY weather database over 30 years (1981–2010) are

calculated for eight main locations of Japan. Moreover, the frequency

distributions of design air-conditioning load deviation are analyzed for

eight main locations in this study. Because the weather data from 1991

to 1995 are existing in both versions of RWY (1995 ver. and 2000 ver.),

in order to integrate meteorological data for a 10-year period of RWY,

the RWY of 2000 version has been used to evaluate the deviation in this

study.

In addition, the change in annual load time ratio that includes heat-

ing load ratio, cooling load ratio and zero load ratio are also analyzed

for eight main locations in this study.

5. Results and discussion

The deviation of design air-conditioning load (cooling load and heat-

ing load) between RWY and AWY over 30 years and its frequency distri-

bution for eight main locations of Japan are respectively shown in Fig. 2

and Fig. 3.

Fig. 2 shows the changes in deviation of design air-conditioning load

over 30 years (1981–2010) between RWY and AWY in eight main cities

of Japan. The result showed the deviations of design cooling load in

Tokyo and Naha are almost negative over 30 years, and it is found that

the mean temperature of RWY used for calculating design cooling load

are almost higher than the temperature of AWY, thus it may lead to such
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Table 2

Details of the building simulation and the operation schedule of air-conditioning.

Type of building Office building

Amount of fresh air Infiltration Air conditioning ventilation

0.2 times/hour 6 m3/m2h

Air conditioning service Weekday 8:00~18:00 (8:00~9:00 without ventilation)

Temperature and humidity Heating season (Dec~Mar) Cooling season (Jun~Sep) Heating season (Apr~May;Oct~Nov)

Temperature( °C) 22 26 22~26

Humidity(%) 40 50 40–50

Internal heat Expectation rate 100% 50% 75%

Internal heat generation and using

schedule

Lighting Body OA Equipment

Efficiency: 0.9 0.2 person/m2 Sensible heat

20 W/ m2 119 W/person 30 W/m2

Schedule 9:00~18:00 (100%)

Thickness of external wall insulation

material

Cold area (Sapporo) Warm area (Six cities) Hot area (Naha)

50 mm 25 mm 0 mm

Fig. 2. Deviation of design air-conditioning load over 30 years (1981–2010) ((a): design cooling load; (b): design heating load).

a result the design air-conditioning cooling load based on AWY is less

than that based on RWY in the two cities. However, the deviations of

design cooling load in the other six cities are almost normalized.

For deviation of design heating load in Naha, it is shown that it is al-

most negative from 1981 to 2000, and becoming normalized from 2000.

In addition, the deviation of design heating load in Nagoya is almost

negative until 1988, and it starts showing positive values after 1988. In

Tokyo, Osaka, Hiroshima and Fukuoka, the deviations of design heating

load are positive from 1988 to 2000, a report [27] described that most

locations of Japan had a warm winter from 1988 to 2000, and it was

relatively warmer than the other periods. However, the deviations of

design heating load in Sapporo and Sendai are showing normalized.

Fig. 3 shows the frequency distribution of design cooling and heating

load deviation over 30 years (1981–2010) between RWY and AWY in

419



Z. Jiao, J. Yuan and C. Farnham et al. Energy and Built Environment 1 (2020) 417–422

Fig. 3. Frequency distribution of design air-conditioning load deviation over 30 years ((a): design cooling load; (b): design heating load).

eight cities. The dotted borders in Fig. 3 represent 95% confidence in-

terval of design air-conditioning load deviation. The result showed the

frequency distributions of design cooling and heating load deviations

are very close to a normal distribution for eight main cities. It is shown

the mean deviation of design cooling load between RWY and AWY in

Tokyo and Naha are approximately −5.0 W/m
2

(the largest), and within

approximately −2.2 W/m
2

in the other cities except for Sapporo (with

the mean deviation of design cooling load of about +1.9 W/m
2
). For the

mean deviation of design heating load, Naha has the largest deviation of

approximately −5.3 W/m
2
, and the mean deviations in the other regions

are within ±3.9 W/m
2
. The mean deviation of design cooling and heat-

ing loads in eight main cities of Japan are calculated and summarized

in Table 3.

The design air-conditioning loads calculated by AWY weather data

fluctuate around that calculated by RWY, thus the result more or less can

explain why we use RWY weather database to do the air-conditioning

load design. In addition, the result indicated the latitude has a relative

influence on the design air-conditioning heating load over these 30 years

from 1981 to 2010.

Fig. 4 shows the change in annual air-conditioning load time

ratio over 30 years (1981–2010) in eight main locations of

Japan.

Table 3

Details of mean deviation of design air-conditioning load in eight locations.

Location Mean deviation of design air-conditioning load [W/m
2
] (AWY-design

air conditioning load minus RWY-design air conditioning load)

Design cooling load Design heating load

Sapporo +1.85 −1.88

Sendai −1.95 −1.69

Tokyo −5.09 +0.80

Nagoya −0.36 +2.10

Osaka −1.58 +1.37

Hiroshima −2.15 −2.49

Fukuoka −0.50 3.85

Naha −4.91 −5.25

Results showed that the annual cooling load time ratios are on the

rise, and the annual heating load time ratios show a downward trend in

eight locations of Japan, especially in Sapporo and Sendai. The result is

considered to be the effect of global warming.

With the call of improving environment and saving energy, to create

an appropriate RWY weather database used for air-conditioning load

design of buildings is becoming more important and necessary in current

years.
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Fig. 4. Change in design air-conditioning load time ratios in eight locations over 30 years.

6. Conclusions and future work

In order to know the effect of climate change on the design air-

conditioning load of buildings, the deviation of design air-conditioning

load over 30 years between RWY and AWY in eight main locations of

Japan are analyzed. Additionally, the change in air-conditioning load

time ratios is also discussed to evaluate the effect of global warming in

Japan.

The main points obtained in this study are summarized in the fol-

lowing.

■ New HASP/ACLD is utilized to evaluate the deviation of design

air-conditioning load between RWY and AWY and change in air-

conditioning load time ratios over 30 years under specified condi-

tions.

■ In most cities, the design air-conditioning loads calculated by AWY

weather data fluctuate around that calculated by RWY. Thus, it more

or less can explain why we use RWY weather database to do the air-

conditioning load design of buildings.

■ However, there is a relatively larger deviation between design air-

conditioning cooling load based on RWY and AWY in Tokyo and

Naha while compared to the other cities, and the deviations of design

air-conditioning heating load based on RWY and AWY were also a

little larger in Fukuoka and Naha while compared to the other cities.

Therefore, it is considered it maybe not the best choice if we just use

the RWY database to calculate the design air-conditioning load.

■ Due to the effect of global warming, the annual cooling load time

ratios are on the rise and the annual heating load time ratios show a

downward trend in eight locations of Japan, this is also in agreement

with the observations [28,29] by Japanese and American meteoro-

logical agencies, it shows that summer gets longer and winter gets

shorter in Japan and around the world. Thus, it is considered that

the creation and update of an appropriate RWY weather database

are becoming more important and necessary as time for the aim of

energy conservation and environment improvement.

The future work aims to calculate the deviation of design air-

conditioning load based on RWY and AWY in the other more than 800

locations of Japan. Moreover, the effects of urbanization, different lat-

itudes and different terrains are also analyzed to find the cause of the

deviation.
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Heterogeneous distribution of indoor environmental quality is known to have a great impact on human health,

comfort, and productivity. A personalized work environment, that creates a localized and independent environ-

ment with capsules or partitions, is being developed worldwide to provide workers with a space that enables

undisturbed concentration on studying and working. However, the minimized interior space of a personalized

work environment can immediately cause adverse health impacts for occupant if the air quality and thermal en-

vironment in the personalized work environment is not controlled appropriately. Particularly, constant breathing

can sharply increase the CO
2

concentrations in an interior space with an insufficient ventilation rate. In order

to design a healthy and comfortable indoor environment, especially in a personalized work environment, it is

important to predict precisely and comprehensively the transient and heterogeneous structure of the indoor envi-

ronment formed around a human body. With this background, we have developed an in silico human model that

integrates a computational human model (virtual manikin combined with thermoregulation models) and respi-

ratory model (virtual airway) for estimating indoor environmental quality, targeting the microclimate around a

human body and breathing zone with high accuracy.

In this study, we report the applicability of a comprehensive in silico human model to estimate the environ-

mental quality in a personalized work environment. A coupled analysis of heat and contaminant transfer with

computational fluid dynamics was conducted targeting the space around the in silico human model installed in

a virtual personalized work environment. The informative data including human thermal comfort and breathing

air quality were obtained, potentially forming the basis for the development of a digital twin of the personalized

work environment and contributing to the design of a healthy, comfortable, and productive personalized work

environment.

1. Introduction

With the sophistication of the control methods of indoor environ-

mental quality, there is a strong demand for the development of a

fundamental technology that can precisely predict and evaluate the

comprehensive interaction between occupants and the environment,

which is the basis of indoor environmental design [1,2]. In a modern

society where people spend a majority of their time in indoors, indoor

environmental quality has a tremendous effect on the human body.

Therefore, it is important to understand the short-term and long-term

effects on the human body from the viewpoint of health, comfort, and

productivity [3.4]. In particular, evaluating the indoor thermal and air

quality environment based on comprehensive numerical analyses that

integrate non-uniform flow, temperature, and pollutant concentration

∗
Corresponding author.

E-mail address: ito@kyudai.jp (K. Ito).

distributions in a room using computational fluid dynamics (CFD) with

a computer-simulated person would be an essential and promising tech-

nique for achieving high quality indoor environmental design [5–9].

There have been numerous reports on the effects of indoor environ-

mental quality on the health, comfort, and performance of office work-

ers [10–13]. In some developed countries, increasing worker produc-

tivity has become an urgent social issue with the decline in population

and strict total working hour regulations. In order to optimize human

capital, designing an office space that enhances the performance and

productivity of workers is an important issue [14,15]. Notably, because

the effects of indoor environmental quality on worker performance and

productivity will vary from person to person, it might not be possible to

bring out the maximum potential of an individual in an existing homoge-

neous workspace environment. In other words, because workers prefer

diverse indoor environments for maximizing their performance and pro-
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ductivity, creating a space that ensures personal environmental control

according to individual preferences is effective [16]. In this respect, pi-

oneering works have done by Melikov in terms of the development of

personalized ventilation and air conditioning system [17], and applica-

bility of CFD analysis methods for the design of personalized ventilation

system have been discussed [18]. The importance of local environment

control around the human body has been widely recognized via these

pioneering studies.

The human body is a heat engine and regulates body temperature by

exchanging heat with the surrounding indoor environment. The human

body has a complicated geometrical shape, and the thermos-regulation

mechanism of each part of the human body also has heterogeneity. From

this perspective, the understanding of the non-uniformity of indoor en-

vironmental quality, e.g. contaminant concentration and temperature

distributions around human body, will be key factor to elucidate the

local interaction between the human body and the surrounding envi-

ronment.

Recently, the importance of a partitioned personal work booth or

space where a worker can concentrate and work without being disturbed

by the surroundings has been recognized. In this context, a personalized

work environment (PWE) where office workers can concentrate on their

work and can control the environmental quality at the individual level

could be an effective solution. According to a recent report by Tanabe

et al. [19], the novel concept of a PWE that provides more efficient and

productive work environment has been proposed, aiming for a paradigm

shift from a uniform office environment to a workplace where each per-

son can demonstrate their best performance and abilities. Especially in

Japan, one of the main objectives of the PWE concept is to provide an

environment where people can concentrate on their own work in a rel-

atively small area because the work area per person is very limited.

Significant challenges remain to improve design quality of a PWE.

Because of the space volume restrictions in a PWE, the effects on the

workers from changing the indoor thermal and air quality are direct

and instantaneous compared with normal indoor environments. For ex-

ample, if the ventilation rate in a PWE is insufficient, there is a concern

that the CO2 concentration in a PWE rapidly rises with the steady breath-

ing of the worker, which may result in serious health risks [20]. If the

PWE is a small space, the ratio of the worker (volume of body) to the

space volume will be very large, and in terms of the design of a healthy

and hygienic environment, the accurate reproduction of environmental

factors within the PWE, including the user, is critical. In this sense, a

comprehensive in silico human model, i.e., a computer-simulated per-

son (CSP), could be a practical tool to reproduce individual differences

of workers. Additionally, an integrated estimation method of an in silico

human model with elaborate indoor environmental analysis based on

CFD has great potential in designing PWEs. Experiments are recognized

to be an essential research method of great importance, however exper-

iments using human or human body as subjective panel have strong eth-

ical constraints. Therefore, we have been developing a comprehensive

CSP that has reproduced a detailed body surface shape in addition to

the shape of a respiratory tract, aiming to supplement or alternative the

experiments with human volunteer on indoor air quality and thermal

environment assessment [21]. Furthermore, we have also determined

coupled numerical simulation results for skin surface temperature dis-

tributions of a human body and inhalation and dermal exposure risk

using a physiologically based pharmacokinetic (PBPK) model [22–25].

In this study, we aimed to create a numerical simulation model as a

basic tool for optimized design of indoor environmental quality formed

in a personalized work environment (PWE), and the transient forma-

tion of indoor environmental quality, e.g., flow, temperature, humidity,

and CO2 concentration distributions, immediately after the user or oc-

cupant enters the PWE was clarified by numerical analysis using a CSP.

In particular, a detailed analysis of the unsteady temperatures and hu-

midity distributions formed around the human body in a PWE were an-

alyzed by integrating a multi-segmented thermoregulation model (Stol-

wijk model) into the CSP. Additionally, the variations in the CO2 concen-

tration distribution were also predicted by integrating a CO2 generation

model with the numerical respiratory model for the CSP. We undertook

a comprehensive demonstrative analysis by integrating indoor CFD and

CSP with thermoregulation and CO2 generation models, for elucidat-

ing the transient and heterogeneous condition of the formation of local

environmental quality distributions around human body.

2. Methods

2.1. Conceptual Prototype Model for Personalized Work Environment

(PWE)

An outline of the PWE prototype model for single worker or resident

is shown in Fig. 1. This prototype PWE consists of a hexagonal prism-

shaped enclosed space and is intended as a PWE for concentration. Two

supply inlet openings on the walls and one exhaust outlet on the ceil-

ing are present for air conditioning. In this study, two types of working

postures, i.e., seated condition and standing condition, were assumed in

the PWE.

2.2. Computer Simulated Person (CSP)

A comprehensive CSP has been developed by integrating a virtual

manikin with a virtual airway. Fig. 2 shows the outline of the virtual

manikin, virtual airway, and comprehensive CSP as the result of the

combination.

The virtual manikin was created based on the detailed geometric

shape of an adult male in the standing and seated postures. Base on this

virtual manikin, we integrated and connected the numerical respiratory

tract model and virtual airway with virtual manikin through the nostrils

and mouth.

We carefully created an analytical grid around the numerical hu-

man body based on the previously reported quality control guidelines

and benchmark test results for CFD analysis [26–30]. A low-Reynolds-

number-type k-𝜀 model was used as turbulence model in this analysis

to analyze the flow structure, temperature, humidity, and CO2 concen-

tration profiles inside the viscous sublayer [31, 32]. Alongside this, ap-

proximately ten layers of prism cells with a thickness of 0.1 mm were

applied over the entire surface of the body and respiratory tract, and

the dimensionless wall distance (y+) below 1.0 over the entire surface

of the body was checked under the analytical condition of this study.

A virtual airway replicating the detailed geometry of a human respi-

ratory tract was created based on computed tomography (CT) data on

healthy Japanese man. This virtual airway was modeled based on the

respiratory area from the nostril and oral openings to the bronchioles via

the nasal and oral cavity, pharynx, larynx, and trachea. The area inside

the virtual airway was filled with more than 7 million unstructured cells.

Detailed information and validation results for CFD simulations have

been reported in our previous studies [33–36]. Finally, comprehensive

CSPs were developed by integrating the virtual manikins and airways.

These two models, i.e., virtual manikin and virtual airway, were phys-

ically combined through the nasal and oral openings to create a con-

tinuous analytical area from the indoor space to inside the respiratory

tract, and a continuous grid design was prepared to predict contaminant

inhalation and exhalation and respiratory heat exchange.

2.3. Transient respiration cycle model

In this study, an unsteady breathing airflow model that was devel-

oped based on the model proposed by Gupta et al. was adopted to re-

produce the realistic transient respiration process of a human being with

different intensities of activity, i.e. metabolic rate [25, 37]. In our model,

the minute volume (MV; volume of air expired in a minute) was calcu-

lated using Fanger’s equation as a function of metabolic rate instead of

the equation used in Gupta’s original model that was a function of the
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Fig. 1. Conceptual prototype model for personalized work environment (PWE)

Fig. 2. Computer-simulated person (CSP)

surface area [25].

MV = 0.006M∕(60ρ), (1)

where M is the metabolic rate and 𝜌 is the density of expired air.

Based on Gupta’s study, the functional form of flow rate during

breathing can be expressed as

Q = 𝛼
𝑥
sin

(
𝛽
𝑥
𝑡

)
, (2)

where Q is the transiently changing breathing flow rate. The subscript

“x” can be replaced by “in” and “out,” and the parameters 𝛼 and 𝛽 denote

the amplitude and angular frequency of the sine wave, and are expressed

by Eqs. (3) and (4), respectively.

𝛼
𝑥
= 𝑇𝑉 𝜋𝑅𝐹

𝑥
∕60 = (𝑀𝑉 ∕60 × TC) 𝜋𝑅𝐹

𝑥
∕60, (3)

𝛽
𝑥
= 2𝜋∕𝑇

𝑥
= 2𝜋∕

(
2 × 𝑇𝐶

𝑥

)
, (4)

where RFx is the respiration frequency, and TCx is the time cost of the

inhalation and exhalation process.

The calculated flow rate from this unsteady breathing air flow model

was translated as the mean velocity on the nostril surface using the nasal

breathing direction and area of the nasal opening published by Gupta et

al. [34] and was then used as the fixed value of velocity on the nostril

surface of the virtual airway in the CFD simulation. Based on this model,

a detailed transient respiration process was simulated by the CFD to pre-

dict the transient respiratory heat loss and CO2 generation from a human

body. The detail of this transient respiration cycle model, including the

derivation, have been reported in our previous paper [25].

2.4. Human Thermoregulatory Analysis

A multi-segmented thermoregulation model, the Stolwijk model, was

adopted and integrated into CSP for reproducing the metabolic heat gen-

eration from the human body and skin surface temperature distribution

[38–40]. The multi-segmented thermoregulation model developed by

Stolwijk has been widely used to simulate the responses of physical hu-

man bodies to thermal environments and confirmed to have high and

reasonable prediction accuracy. In this model, the entire body is ideal-

ized as six spherical and cylindrical segments (head, trunk, arms, hands,

legs, and feet); both arms, hands, legs, and feet are represented by one

cylinder each. Each segment is subdivided into four concentric layers

(i.e., nodes): the core, muscle, fat, and skin layers. This division yields

a total of ten areas on the body surface by counting the left and right

arms, hands, legs, and feet as different elements. All the characteristics

are lumped together, and a uniform temperature is assumed within the

nodes. Heat transfer in the radial direction between different layers is

calculated using an equivalent conductance. However, direct heat con-

duction in adjacent segments is neglected, and heat can be exchanged

between segments through the blood circulatory system.

In the original Stolwijk thermoregulation model, radiant and con-

vective heat exchange on the body surface were calculated based on the

average heat transfer coefficient obtained from experimental data. In

this study, a detailed transient CFD calculation was conducted to an-

alyze precisely the non-uniform radiative and convective heat flux on

the skin surface and these analyses results of radiative and convective

heat flux were directly applied as the boundary condition of the Stolwijk
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Fig. 3. Velocity distributions in the PWE (10 minutes after the start of calculation)

Fig. 4. Temperature distributions in PWE (10 minutes after the start of calculation)

thermo-regulation model. The Stolwijk model predicts the body surface

temperature and water vapor flux through the skin surface, which are

then fed back to CFD model as transiently changing boundary condi-

tions. Furthermore, using the integrated CFD analysis between the hu-

man body and respiratory tract models, a detailed simulation result for

latent heat loss through transient respiration in the virtual airway model

is provided as feedback to the thermoregulation model to improve the

prediction accuracy of heat release from the body.

2.5. Carbon Dioxide Generation from Respiratory System

The main function of the respiratory system is gas exchange of CO2

and O2. The total amount of CO2 emitted from a human body varies

depending on metabolic and environmental conditions. However, under

healthy and general activity conditions, the CO2 concentration in the

alveoli does not change significantly and is known to be approximately

5%. In this study, a simplified CO2 generation model was integrated

into the transient breathing cycle model discussed in Section 2.4. To be

more precise, the average CO2 concentration of 5% was used for the air

passing through the terminal of the airway model, i.e., the outlet at the

fourth branch of the bronchial tubes in the expiratory mode.

2.6. Numerical and Boundary Conditions

The PWE was designed with two small supply inlets with a time-

averaged supply inlet velocity set at 1.21 m/s, corresponding to a total

of 30 m
3
/h of fresh air supply inside the PWE. In this condition, air

change per hour (ACH) is calculated to be 12 h
−1

(5 min for nominal

time constant). Fresh air conditioning from the supply inlets were con-

trolled at a constant temperature of 298.15 K and a CO2 concentration

of 408 ppm.

An unsteady breathing cycle model was applied to the nostril open-

ings and a thermo-regulation model for reproducing metabolic heat gen-

eration and skin surface temperature control, the Stolwijk model, was

coupled with the CSP. Long wave radiative heat transfer was also cou-

pled with a convective heat transfer analysis with CFD. The details of

the numerical and boundary conditions are shown in Table 1. Initial en-

vironmental conditions of indoor temperature and CO2 concentration in

PWE for unsteady analysis were set uniformly at 298.15 K and 408 ppm

respectively.

2.7. Quality control and Validation Work

As previously stated, polyhedral cells with boundary prismatic lay-

ers were used for the CFD simulation to ensure the prediction accu-

racy of the flow field around the CSP and in the factory space. A grid-

independence check using three types of grid designs was carefully con-

ducted prior to the final calculation, and the cell quality (e.g., expan-

sion ratio and aspect ratio) was also precisely controlled. The turbulence

model was selected considering the flow pattern, including impinging,

recirculation, and a backward-facing step flow, for a given velocity and

range of Reynolds numbers (Re) at the supply inlet and over the entire

domain. There have been numerous studies applying the low-Re-type k-

𝜀 model adopted in this study to enclosed spaces, and a high prediction

accuracy of flow and the corresponding passive scalar distributions were

confirmed by various benchmark test results. The advantage in adopt-

ing the low-Re-type k-𝜀 model as the turbulence model is the ability to
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Table 1

Numerical and Boundary Conditions

Turbulent model

Low Reynolds number K-epsilon model

(Abe-Kondoh-Nagano)

Radiation S2S

Density Boussinesq approximation for buoyancy term

Thermal expansion

coefficient

0.0033 [1/K]

Skin / airway surface

of CSP

Temperature and humidity: Calculated using

Stolwijk model

CO2: gradient zero

Velocity: No-slip

Airway outlet of CSP Temperature and humidity: Calculated using

Stolwijk model

CO2 concentration: 0.087 [kg/kg]

Walls & table surfaces

of PWE

Temperature, humidity, and CO2: Gradient zero

Velocity: No-slip

Supply inlet of PWE Boundary type: Velocity inlet

Air velocity: 1.21 [m/s] (Equivalent to 12 h−1

ACM, 5 minute nominal time constant), TI=10 %

Temperature: 298.15 [K]

Humidity: 0.009925 [kg/kg] (Relatively

humidity: 50 %)

CO2 concentration: 0.00062 [kg/kg] (408 ppm)

Exhaust outlet of PWE Boundary type: Pressure outlet

Water vapor and CO2: gradient zero

precisely predict both the concentration profile inside the viscous sub-

layers formed on the surface of the emission source (leaked liquid chem-

ical compound in this study) and on the skin surfaces of the CSP and the

complicated flow distribution including detachment and re-attachment

in a factory. We carefully followed and checked benchmark test guide-

lines for outdoor/indoor CFD applications and grid independence to en-

sure quality control.

3. Results

Fig. 3 shows the analysis results of the velocity distribution in the

PWE at 10 minutes after the start of the calculation, i.e., after the occu-

pant entered the PWE. This analysis time (10 minutes) is equivalent to

twice the nominal time constant (𝜏n=5 minutes) and it was confirmed

that the room-averaged temperature and CO2 concentration in PWE be-

came almost steady state after 10 minutes. Flow field in breathing zone

of human body was continuously fluctuating because of the reproduc-

tion of transient breathing cycle. It was observed that the complex ge-

ometry of a CSP contributed to forming a non-uniform flow field in the

PWE. In this simulation, the buoyancy effect was calculated based on

the Boussinesq approximation; therefore, a thermal flume was gener-

ated around the human body as a result of metabolic heat production.

Moreover, different shapes of the stagnant region in seated and stand-

ing case were found, which is intimately related to the location of inflow

boundary and the desk. These flow field distributions are also expected

to have a dominant influence on the temperature and CO2 concentration

distribution in the PWE.

Fig. 4 indicates the temperature distributions in the PWE after 10

minutes had elapsed. Similar to the velocity distribution in the PWE,

complicated temperature distributions around the CSP were found. In

the seated posture, a well-mixed temperature distribution resulted from

the inflow air, while a higher temperature distribution was formed in

the space below the desk because of the relatively stagnant flow field

and heat generation from legs of the CSP. In the standing posture, how-

ever, a higher temperature distribution was concentrated in the upper

part of the PWE, from the change in the proximity between the inflow

boundary and the desk. Although a well-mixed temperature distribution

was observed in the space below the desk, the analysis of the standing

posture case demonstrated relatively wide vertical temperature differ-

ences compared with the seated posture, which may cause thermal dis-

Fig. 5. Skin surface temperature distributions (10 minutes after the start of

calculation)

comfort. The volume-averaged air temperature increased more than 5

°C from the initial temperature.

Fig. 5 shows the skin surface temperature distributions of the CSP

with seated and standing postures after 10 minutes elapsed. We con-

firmed that the skin surface temperature shown in Fig. 5 reached a

nearly steady state solution. The Stolwijk model applied in this study

considers six segments of the human body; therefore, the temperature

distribution between each segment was confirmed. When the results of

the two cases were compared, no significant skin temperature differ-

ences were found, which indicates that there is no critical impact of the

vertical temperature differences in the PWE.

Fig. 6 shows the CO2 concentration distributions in the PWE after 10

minutes had elapsed, and non-uniform distributions had been formed.

Both the seated and standing cases show dramatically increased CO2

concentrations in upper part of the PWE, especially in the breathing

zone with a concentration of 1,000 ppm or more. It is considered that

different concentration distributions resulted from the proximities of the

inflow boundary, the desk, and nostril opening, which is a discharge

point of CO2. Notably, a completely different distribution shape was

found than with the temperature distribution, even though both dis-

tributions developed under the same flow field. This is because of the

separate locations and characteristics of the heat or contaminant gener-

ation source, although heat and contaminant transfers are highly similar

phenomenon, with scalar transport with the air flow.

Fig. 7 shows the time series of the heterogeneous CO2 concentration

distributions in the breathing zone from the start to the end of calcula-

tion (10 minutes) for seated condition. The concentration distribution

formed around the breathing zone changed significantly with time, and

as a result, the inhaled CO2 concentrations also changed significantly.

Fig. 7 also indicates that a certain amount of exhaled CO2 was re-inhaled

into the respiratory tract. However, it was observed that the represen-

tative concentrations in the breathing zone dominantly influence the

inhalation concentrations with continuous breathing.

The comparison of the transient characteristics of the volume-

averaged CO2 concentrations and inhalation concentrations are shown

in Fig. 8. In both cases, seated and standing condition, not only the

volume-averaged CO2 concentration but also the inhalation concentra-

tion gradually increased over time, and the inhalation concentration was

relatively higher than the volume-averaged concentration over time,

which could be caused by the non-uniform concentration distribution

in the PWE. In terms of room-averaged CO2 concentration, the CO2

concentration in PWE reached almost steady state 10 minutes after the

start of the analysis in the standing condition, while the CO2 concentra-
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Fig. 6. CO
2

concentration distributions in PWE (10 minutes after the start of calculation)

Fig. 7. Time series of CO
2

concentration distributions in respiratory tract and around breathing zone (Seated condition)
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Fig. 8. Time series of volume averaged CO
2

concentration and inhalation con-

centration (a) Seated condition (b) Standing condition

tion in PWE was still upward trend in the seat condition. The inhaled

CO2 concentration by unsteady breathing via nares could vary widely.

In the standing condition, despite the room-averaged CO2 concentra-

tion of about 1000 ppm, the inhaled CO2 concentration was very high

and instantaneously about three times higher than the room-averaged

concentration due to the formation of high concentration region in the

upper part of PWE.

4. Discussion

As shown in Fig. 4, the average room temperature rose to 30°C af-

ter 10 minutes after entering the workplace, resulting in an uncomfort-

able thermal environment. In this analysis, the breathing flow rate and

metabolic rate of the standing human body model were set 20% higher

than for the seated condition; however, no large differences were found

between the seated and standing models in the average room tempera-

ture, to stretch a point, the analysis of the standing model determined

the average room temperature to be a bit lower than that for the seated

model. This result implies that there is a significant difference in the

indoor flow fields formed around human body and in PWE, and the

distributions of local ventilation efficiencies are different between two

cases. In two cases, the seated and standing conditions, the temperature

distributions were significantly different. Additionally, the varied tem-

perature distributions of the seated and standing models may have dif-

ferent effects on the thermo-regulation of the human body in the PWE by

exposing different local thermal loads on the surface of the body, while

there is no significant difference in the skin surface temperature between

the seated and standing models. Since the Stolwijk type thermoregula-

tion model adopted in this study calculates the skin surface temperature

as the area averaged value for each segment, the calculation results of

area averaged skin surface temperature tend to be smoothed out com-

pared to the resolution of indoor environmental analysis using CFD. The

enhancement of the thermoregulation model in terms of body segmenta-

tion refinement will be necessary for further improvement of prediction

accuracy.

In this simulation, the airflow rate of the supply inlet was set to

30 m
3
/h, meeting an air change rate of 12 h

−1
. However, as shown in

Fig. 8, the inhaled CO2 concentrations of CSP in the PWE in the seated

and standing conditions exceeded about 1500 ppm and 2500 ppm, re-

spectively, which might present a health risk and lower the performance

and productivity of the worker. In the standing condition, a high air tem-

perature and high CO2 concentration region are observed in the upper

space of the PWE. In the standing condition, the desk was located at

a higher position than the supply inlet openings, and the mixing and

diffusion of the fresh outdoor air supplied to the PWE was possibly dis-

turbed. From these results, we concluded that it is vital to improve the

ventilation efficiency around the breathing zone through an appropriate

layout of supply inlets to prevent exceeding healthy CO2 concentration,

allowing an improvement in worker performance and productivity.

We have also tried to reveal the impact of the different inflow tem-

perature on the indoor microclimate in PWE considering its narrow in-

door space. Fig. 9 shows the demonstrative analysis results of cooling

condition in the case of standing condition. In this cooling condition,

supply inlet temperature was set to be 293.15 K (5°C lower condition).

A slightly lower skin surface temperature was found under the cool-

ing condition as a result of thermoregulatory analysis, because of lower

temperature distribution formed around human body compared to the

standard temperature condition. Slightly different pattern of stratifica-

tion in CO2 distribution was observed in PWE which may be occurred by

changes of flow pattern around human body, including thermal plume.

We confirmed that our in silico human model could be utilized for de-

signing PWE even considering various thermal environmental condition

based on the coupled CFD simulation with thermoregulatory analysis.

5. Limitations of this Study

The objective of this study was to create a digital twin of a human

body in a PWE. The nominal time constant (time scale directly calcu-

lated by room volume and ventilation rate) of this target PWE envi-

ronment was 5 minutes (this corresponds to 12 ACH), and this analysis

focused on the formation of an unsteady and heterogeneous indoor en-

vironment for 10 minutes after entering and starting to use the PWE.

Although the target PWE in this study had a considerably limited space

volume and a relatively large ventilation rate, the flow and scalar fields

were extremely inhomogeneous in the PWE. In this study, we focused on

the environmental changes in the short time immediately after entering

a PWE, the prediction of the changes in indoor environmental quality

and thermal environment and their impact on human health due to pro-

longed use of PWE will be an important and will be for the future issue.

Further, the numerical prediction results of flow, temperature, humid-

ity, CO2 concentration distributions, and human responses in the PWE

were not directly validated by experimental results in this study. The

quality control procedure of numerical analyses reported in this study

was followed the guidelines and benchmark tests for indoor CFD appli-

cation, however, it will be always necessary to verify the accuracy of

numerical analysis results by experiments, and this is another issue that

needs to be addressed in the future.
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Fig. 9. Flow, temperature, and CO
2

concentration distributions in PWE under (a) standard condition, (b) cooling condition (a) Analysis results under normal

temperature condition(T
in
=25°C) (b) Analysis results under cooling condition(T

in
=20°C))

6. Conclusions

In this study, we focus on the numerical analyses of a transient

and heterogeneous thermal and air quality environment formed in the

short time immediately after entering a personalized work environment

(PWE). To achieve this objective, we created an in silico human model,

i.e. digital twin of a human, for future optimized environmental designs

and detailed environmental analysis of PWE. Detailed analyses for the

micro-climate structure formed around the human body in PWE were

performed using an in silico human model that reproduced the respi-

ratory function and skin temperature control and reproducing the un-

steady sensible and latent heat and CO2 transport in the PWE. Regard-

less of the small space and designated outdoor airflow rate supply, un-

steady and heterogeneous indoor environments were formed in PWE.

Especially, the average room CO2 concentrations in the PWE exceeded

1,000 ppm even though a fresh outdoor airflow rate of 30 m
3
/h was

secured, and the CO2 concentrations inhaled through the nasal opening

were estimated to be much higher.
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While space cooling currently represents less than 1% of final energy use in the residential sector of the Euro-

pean Union (EU-28), it was the fastest growing end-use during the 2000-15 period with a mean annual growth

rate of 6% per year. Currently, little is known about factors which have driven regional air-conditioning (AC)

energy consumption over time, since the literature is limited to cross-sectional studies that lack differentiation

between climatic and non-climatic influences. Future projections for the EU’s electricity sector may therefore

neglect the potential implications of rapidly growing AC demand. We develop a novel decomposition framework,

which breaks down residential space cooling energy consumption in EU-28 countries into the effect of different

components from 2000 to 2015. Decomposition is extended to panel data models identifying specific drivers of

space cooling’s climate-sensitive components. Finally, we explore scenarios of residential AC energy consumption

up to 2050 and evaluate their impact on summer time peak loads. AC diffusion was found to be the key driver of

space cooling energy consumption, but this effect was partly counterbalanced by efficiency gains. While weather

influences AC equipment ownership rate in EU-28 households, personal income has a larger marginal effect. In

baseline scenarios, AC diffusion saturates by 2050, while modestly increasing sectoral final energy use. Still, our

range of scenario values for space cooling energy consumption in 2050 exceed the majority of those originat-

ing from recently published projections. In a future renewables-driven electricity system, energy security risks

may emerge from a scenario of fast AC up-take in new and renovated buildings, especially for colder European

countries where modelled peak cooling electricity demand is shown to outgrow the projected expansion of solar

capacity. These findings have important implications for the EU’s strategy to decarbonise energy supply.

1. Introduction

Global energy consumption for space cooling has increased three-

fold between 1990 and 2016 and has been accompanied by a tremen-

dous growth in air-conditioning (AC) sales [1,2]. The diffusion and use

of air-conditioning across the globe has been strongly linked to chang-

ing climatic and economic conditions [3]. In the European Union (EU-

28), while residential space cooling currently forms a minor share of

sectoral final energy use (0.6% in 2015) it was the fastest growing

household end-use during the time period 2000-15, recording an aver-

age consumption growth rate of 6.3% per year (Fig. 1) [4]. Residential

air-conditioning also has an enormous future growth potential in the

EU-28 as less than 10% of household floor area is currently cooled [5].

Since space cooling in EU-28 households is usually supplied through

electric room air-conditioners (RACs) [6], the expected growth of resi-

dential AC markets across Europe [7] will intensify pressure on national

electricity sectors. This translates into a need for additional generating

∗
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E-mail address: eeaan@leeds.ac.uk (A. Andreou).

capacity and more effective management of summer time peak loads;

issues which are already evident in Mediterranean EU-28 countries [8].

In the absence of granular household end-use consumption data,

studies analysing the EU’s current space cooling energy use involve es-

timates obtained mostly through bottom-up technology-based energy

models. These in turn depend on technical parameters gathered over

tiny time frames, overlooking past variation of AC use [5,9]. These mod-

els provide limited value to the policy making process as they do not

facilitate a broader discussion about the relative importance of the var-

ious factors driving air-conditioning use in different EU Member States.

These historical estimates are subsequently mixed with crude assump-

tions about the future development of modelled parameters, such as a

100% AC technology saturation rate [10,11] or using current diffusion

data from United States as a proxy [12,13], to define ceiling values for

EU-28 space cooling energy consumption. The adoption of such simpli-

fied methodologies limits understanding about the potential trajectories

residential AC markets could follow in the near-future and how different
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Nomenclature

FEU Final energy use (TWh/y)

A, S, I Activity, Structural, Intensity parameters

Hou Number of households (hh)

Diff Air-conditioning diffusion (%)

Qspec Useful specific cooling demand (useful kWh/hh•y)

Eff Efficiency indicator of air-conditioning systems

Sat Air-conditioning saturation (%)

X Predictor variables of air-conditioning diffusion

Pop Population

INC Personal income (2011$/pop PPP)

TMP Mean outdoor temperature (
◦
C)

t Time trend

𝛼, 𝛽, 𝛾, 𝛿 Estimated model parameter coefficients

𝜀 Residual error

AREA Useful household area (m
2
/hh)

CDD Cooling degree days (
◦
C•d)

SSP Shared socio-economic pathway

RCP Representation concentration pathway

Peak Potential peak electricity demand (GW)

Cap Rated capacity (kW)

SEER Seasonal energy efficiency ratio

w Share of air-conditioning technologies (%)

NrAC Number of air-conditioning units

new New and renovated households

old Old households

AC Air-conditioning

y Year

c Country

NUTS Nomenclature of Territorial Units for Statistics

n Number of NUTS regions

JJA June-July-August

d Day

tech Type of air-conditioning technology

warm Warm group of EU-28 countries

cold Cold group of EU-28 countries

factors, including climate change and economic growth, could affect its

evolution. Even if the impact of these two factors is taken into consid-

eration, projections of AC diffusion are based on functions which were

not calibrated using historical data for the EU-28 region only [14–16].

This paper uses the novel Integrated Database of the European En-

ergy Sector (IDEES), published by the European Commission’s Joint Re-

search Centre (JRC) in 2018, which provides consistent and detailed

data about the residential space cooling sector of EU-28 countries over

an extended time period (2000-15) [4]. This permits the development

of a multi-method modelling framework for studying historical trends

of space cooling energy consumption, which is inclusive of the broader

non-technology factors. We use the term ‘space cooling (or AC) energy

consumption’ to equate to the ‘electricity-based final energy use for

space cooling’ from this point onwards in the paper. Moreover, it adopts

a more scenario-based approach to evaluate potential future pathways of

residential AC energy consumption for different EU-28 countries. More

specifically, this paper tackles the following research questions:

i. What was the main driving force of EU’s residential space cooling

energy consumption in the time period 2000-15? This question is

tackled with index decomposition analysis (IDA), which helps link

the variation of household air-conditioning energy consumption to

relevant activity, structural and intensity components.

ii. Which are the specific drivers of the climate-sensitive components

of space cooling energy consumption? This objective is achieved by

extending decomposition analysis to a set of panel data econometric

models aiming to explain the influence of climatic and non-climatic

factors on national AC penetration rates and households’ useful space

cooling demand.

iii. What are the impacts of future AC diffusion trajectories on

electricity-based final energy use for space cooling in the EU-28 res-

idential sectors and potential peak cooling electricity demand, as

projected up to 2050? This paper develops baseline AC diffusion

scenarios incorporating projections of socio-economic and climatic

data, while alternative policy cases consider unit efficiency targets

and AC installation rates in new and renovated buildings.

The rest of the paper is organised as follows: Section 2 describes

the novel modelling framework adopted in this study and summarises

the data requirements. Section 3 presents the results of the histori-

cal analysis (2000-15) and the future scenario modelling (2016-50).

Section 4 then discusses potential areas for EU policy intervention, while

section 5 concludes.

2. Methodology

2.1. General modelling framework

The analysis is performed across two overlapping layers, as shown

in Fig. 2: (A) Traditional decomposition analysis [17–19] is first

Fig. 1. Indexed evolution of EU-28 residential final

energy use by end-use (2000-15) [4]
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Fig. 2. General modelling framework

employed to quantify the effect of changes in different components (i.e.

household numbers, unit AC efficiency, useful specific cooling demand

and AC diffusion) on historical variation (2000-15) of EU-28 residential

AC energy consumption. Panel data models are then utilised to study

the sensitivity of AC penetration rates and useful specific cooling de-

mand to climatic and non-climatic influences. (B) Finally, scenarios are

developed to analyse the impact of distinct AC diffusion trajectories on

EU-28 sectoral space cooling energy consumption in the time period

2016-50, as well as on potential peak cooling electricity demand. Fu-

ture baseline AC diffusion estimates are derived from the econometric

model developed in (A), when enacted with country-level projections

of climatic and socio-economic data. These are benchmarked against

two policy cases concerning unit efficiency improvements and diversi-

fied installation rates, for which the assumptions are presented in the

following sections.

2.2. Decomposition analysis (2000-15)

Sectoral-level decomposition analysis is a very useful tool for energy

policy-making, especially in the context of residential sector mitigation

strategies where it has been applied to understand the temporal dynam-

ics of energy consumption and the corresponding carbon emissions [20].

This approach offers the advantage of attributing changes of final energy

use to a set of pre-specified factors which can be unique for each end-

use service, thus facilitating the design of more tailored energy reduc-

tion policies. In its simplest form, index decomposition analysis (IDA) is

performed via Eqn. (1):

𝐹𝐸𝑈 = 𝐴 × 𝑆 × 𝐼 (1)

where FEU, final energy use of a sector or for a specific end-use, is ex-

pressed as the product of Activity (A), Structure (S) and Energy Inten-

sity (I). The first component, namely A, denotes the primary driver of

final energy use, while S captures additional parameters having an im-

pact on its size. On the other hand, factor I represents energy consumed

per unit of activity, which is influenced by weather, building and AC

technology characteristics, as well as lifestyle patterns [21]. In the case

of residential space cooling energy consumption, the number of house-

holds and diffusion rate of AC equipment is respectively ascribed to the

activity and structural parameter [12]. The intensity indicator is then de-

fined as space cooling energy consumed per air-conditioned household.

Space cooling energy consumption (FEUAC) in EU-28 countries is there-

fore expressed in annual steps (TWh/y) between 2000 and 2015, using

Eqn. (2):

𝐹𝐸𝑈
𝐴𝐶

= 𝐻𝑜𝑢 ×𝐷𝑖𝑓𝑓 ×𝑄𝑠𝑝𝑒𝑐 ÷ 𝐸𝑓𝑓 (2)

where Hou is the number of households (hh) and Diff the share of resi-

dential buildings equipped with air-conditioning (%), conforming to the

adopted framework. Moreover, useful specific cooling demand (useful

kWh/hh), captured through Qspec, is converted into units of specific

space cooling energy consumption (kWh/hh) via the cooling system’s

efficiency indicator, Eff.

Log Mean Divisia Index – method I (LMDI-I) is the preferred tool to

explain the year-to-year variation of residential AC energy consumption

via the contribution of the 4 pre-selected components, due to its theo-

retical and methodological advantages [22]. These advantages include

leaving no residual term since absolute annual FEUAC changes over time

can be completely decomposed to individual components, in an additive

fashion through Eqn. (3):

Δ𝐹𝐸𝑈
𝐴𝐶
=Δ𝐹𝐸𝑈

𝐴𝐶

𝐻𝑜𝑢+Δ𝐹𝐸𝑈
𝐴𝐶

𝐷𝑖𝑓𝑓 + Δ𝐹𝐸𝑈
𝐴𝐶

𝑄𝑠𝑝𝑒𝑐 − Δ𝐹𝐸𝑈
𝐴𝐶

𝐸𝑓𝑓

(3)

where differences in FEUAC between a specific year, y, and base year,

0, equates to the sum of partial temporal effects arising from changes

in household numbers, AC appliance ownership, useful specific cooling

demand and efficiency improvements. Given the logarithmic form of the

decomposition, the impact of individual components on FEUAC, such as

that of the housing stock is calculated via Eqn. (4):

Δ𝐹𝐸𝑈
𝐴𝐶

𝐻𝑜𝑢 =
𝐹𝐸𝑈

𝐴𝐶𝑦
− 𝐹𝐸𝑈

𝐴𝐶0

𝑙𝑛𝐹𝐸𝑈
𝐴𝐶
𝑦

− 𝑙𝑛𝐹𝐸𝑈
𝐴𝐶0

×
(
𝑙𝑛𝐻𝑜𝑢

𝑦
− 𝑙𝑛𝐻𝑜𝑢0

)
(4)

2.3. Panel data econometric modelling (2000-15)

Diffusion (Diff) of residential air-conditioners in EU-28 countries dur-

ing the baseline period is studied in a panel data setting through an

“s-shaped” logistic curve; a common functional form first adopted by

McNeil and Letschert [23,24] to construct a global AC diffusion curve.

Similar to [25], we modify the logistic function via Eqn. (5) to account

for intra-country data variation:

Dif𝑓
𝑐,𝑦
=

Sa𝑡
𝑐

1 + 𝛼
𝑐
exp

(
𝛽X

𝑐,𝑦

) (5)

Saturation (Sat) represents the maximum attainable up-take level of

air-conditioning in residential buildings which is invariant with time,

measured in years (y), and can be unique for each EU-28 country (c).

Without imposing any ad-hoc restrictions, Sat can theoretically vary be-

tween 0 and 100%. The horizontal position of the logistic curve is ad-

justed by the constant 𝛼, while its slope is controlled by X, an array of

variables expected to have a positive or negative temporal impact on

AC diffusion rates.

Besides local climate, a number of studies have concluded that grow-

ing personal income has been a strong determinant of worldwide AC

up-take ([25] for China; [26] for United States; [27] for Mexico). Evi-

dence has also shown that energy efficiency improvements and reduc-

tion in equipment prices has a reinforcing effect on consumer purchasing

decisions with respect to air-conditioners [28]. Bringing these elements

together, our model explicitly accounts for weather and income changes
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and implicitly controls for evolving energy efficiency standards and AC

prices through a time trend, t. Rearranging Eqn. (5) and taking log-

arithms on both sides produces the following linear model given in

Eqn. (6):

ln

(
Sa𝑡

𝑐

Dif𝑓
𝑐,𝑦

− 1
)
= ln

(
𝛼
𝑐

)
+ 𝛽1𝑡 + 𝛽2IN𝐶𝑐,𝑦 +

𝐾∑

𝑘=0
𝛽3𝑦−𝑘TM𝑃

JJA

𝑐,𝑦−𝑘 + 𝜀𝑐,𝑦 (6)

where INC denotes annual personal income in individual EU-28 coun-

tries, as approximated by per capita GDP which is adjusted to represent

between-country price-level differences based on purchasing power par-

ity (PPP). The response of AC diffusion to weather variation is captured

through TMPJJA
which accounts for mean outdoor temperature in the

summer months June-July-August (JJA), while a TMPJJA
lag (K=1) is

subsequently added to control for the delayed impact of extreme heat

events on ownership rates [25]. Since the impact of a unit change of

temperature is expected to be stronger in areas with larger population

[3], we adjust TMPJJA, through Eqn. (7), to account for the heteroge-

neous distribution of residents across each EU-28 country, by applying

weights corresponding to 2014’s population count of “Nomenclature of

territorial units for statistics – level 3” (NUTS-3) sub-regions:

TM𝑃
JJA

𝑐,𝑦
=

∑
𝑛

𝑁𝑈𝑇𝑆=1 TM𝑃
JJA

NUTS,𝑦
Po𝑝NUTS,𝑐

∑
𝑛

𝑁𝑈𝑇𝑆=1 Po𝑝NUTS,𝑐

(7)

where n is the number of NUTS-3 sub-regions in each EU-28 country.

Instead of estimating Eqn. (6) through Ordinary Least Square (OLS)

regression, which would yield 28 unique sets of model coefficients cor-

responding to each EU-28 country, the effect of weather and income on

residential AC diffusion is more accurately identified via fixed-effects

(FE) panel data estimation. Unlike OLS, panel data models can han-

dle a data structure involving both a temporal and spatial dimension,

thereby recognising the heterogeneity of behaviours observed in in-

dividual countries. Moreover, panel data estimators control for time-

invariant, country-specific characteristics (𝛼s) which can be correlated

with explanatory parameters, thereby reducing omitted variable bias

[29]. In the FE case, generated model coefficients resemble the effect

on the dependent variable – on average across EU-28 countries – from a

unit change in the independent variable along the temporal dimension.

A Hausman test is also performed to confirm the superiority of the FE

estimator to the random-effects (RE) one [30].

Matching future Sat levels in EU-28 countries with present-day AC

diffusion rates observed in regions of United States with similar climatic

conditions – the so called “Climate Maximum” [12,21,23] – would cloud

analysis with strong assumptions about the pace of evolution of regional

AC markets. Instead, a different approach is followed to determine these

ceiling values empirically. EU-28 countries are first split in two groups

according to long-term (1995-2015) cooling degree days (CDDs), mea-

sured in
◦
C•d, each of them assumed to reach a unique saturation point:

countries with higher than average CDDs are labelled as warm, while

the rest of them are named as cold. The performance of the Diff model

is iteratively evaluated (at steps of 10%) for various group-level Sat

values through the adjusted-R
2

criterion. Satcold is constrained to be

always smaller or equal to Satwarm, while both are set to vary above

the highest current AC diffusion level in each region. A combination of

saturation points that maximise the model’s goodness-of-fit are finally

adopted.

Useful demand for space cooling per unit of activity has been pre-

viously econometrically estimated based on cross-sectional models us-

ing climatic variables, in the form of CDDs, and economic development

indicators, such as personal income [21] and household expenditures

[31,32]. In a cross-sectional setting, the positive effect of income on spe-

cific cooling demand was demonstrated to diminish in wealthier coun-

tries, as occupants choose to use their AC equipment irrespective of their

financial status [33]. Since the vast majority EU-28 nations are high-

income economies a different model specification, described in Eqn. (8),

has been chosen to study the within-country variation of Qspec:

Qspe𝑐
𝑐,𝑦
= 𝛾

𝑐
+ 𝛿1ARE𝐴

𝑐,𝑦
+ 𝛿2AREAS𝑄

𝑐,𝑦
+ 𝛿3CD𝐷

𝑐,𝑦
+ 𝜀

𝑐,𝑦
(8)

Useful floor area (AREA) is selected as a more straightforward ex-

planatory parameter of Qspec; in larger households, containing more

rooms and communal areas, maintaining desired indoor temperature

level demands either more intense use of existing space cooling equip-

ment or acquisition of additional AC units, both having a significant

effect on Qspec [34]. Moreover, past research has shown that household

floor area is strongly connected with personal income [3] and so the in-

clusion of both variables in the FE panel data model has been avoided.

A quadratic floor area term (AREASQ) is also included to capture any

additional non-linear effects.

Cooling degree days (CDDs) characterize the climate-sensitive part

of useful specific cooling demand. They quantify the annual sum of daily

deviations of mean outdoor air temperature from a pre-specified fixed

threshold [35], in line with Eurostat’s definition
1
, below which no me-

chanical space cooling is needed to restore thermal comfort in house-

holds. Using a high temperature threshold (here set at 24
◦
C) ensures

that days with low average temperature, when building energy demand

is essentially climate-insensitive, are excluded from CDD calculations.

CDDs in essence capture the cumulative effect of warm temperatures on

specific AC demand more effectively than using an absolute measure of

temperature, which was the approach used in the AC diffusion model. As

in the standard FE model specification, 𝛾s refer to country-level factors

and 𝜀 to the residual error term.

2.4. Scenario analysis (2016-50)

Future pathways of space cooling energy consumption (FEUAC) and

potential peak cooling electricity demand (PeakAC) in the EU-28 re-

gion are evaluated though a scenario modelling process which extends

the analysis to the period 2016-50. The scenarios focus on incorporat-

ing anticipated changes in the stock and efficiency of residential air-

conditioners in accordance with the specifications of a baseline and two

policy cases. In the baseline case, country-level AC penetration rates are

projected in annual steps up to 2050 via the diffusion model in Eqn. (6),

for combinations of personal income (INC) and mean summer tempera-

ture (TMPJJA
) trajectories.

Future personal income is derived from the Intergovernmental Panel

on Climate Change’s Shared Socio-economic Pathways (SSPs), which

provide plausible narratives for the long-term evolution of various socio-

economic drivers [36]. Baseline AC diffusion scenarios adhere to 3 SSPs

which cover the full spectrum of projection uncertainty, including a

“middle-of-the-road” trajectory (SSP2) and a fast vs. slow economic

growth case (SSP5/SSP3). With respect to increasing summer temper-

atures across Europe, Representative Concentration Pathway (RCP) 8.5

was selected since it describes the high-end of projected climate change,

whereby radiative forcing is boosted up to 8.5 Wm
-2

in 2100 due to un-

mitigated greenhouse gas emissions [37].

The sensitivity of country-level FEUAC to growing AC up-take is as-

sessed in 2016-50 by adjusting the Diff factor in Eqn. (2) to match the

respective scenario’s value, while holding household count (Hou), AC

efficiency (Eff) and useful specific cooling demand (Qspec) constant at

the level in 2015. Future residential AC energy consumption is therefore

estimated using Eqn. (9):

𝐹𝐸𝑈
𝐴𝐶𝑐,𝑦

= 𝐹𝐸𝑈
𝐴𝐶𝑐,2015 ×

𝐷𝑖𝑓𝑓
𝑐,𝑦

𝐷𝑖𝑓𝑓
𝑐,2015

(9)

We define potential peak cooling demand as the maximum theoret-

ical load which a national electricity system would have to sustain if

1
𝐶𝐷𝐷

𝑦
=
∑
𝑑

𝑖=1{
(𝑇𝑀𝑃𝑑 − 21◦C), 𝑇𝑀𝑃𝑑 > 24◦C

0, 𝑇𝑀𝑃𝑑 ≤ 24◦C
, where d is the number of

days in year, y, and TMPd
is daily mean outdoor temperature [59].
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Table 1

Composition and technical parameters of buildings

RAC stock at the EU-15 level [6]

AC technology w (%) Cap (kW) SEER

Split systems 61.8 3.50 3.22

Multi-split systems 5.3 16.0 2.12

Single-duct systems 15.7 10.5 4.75

Packed units 17.2 4.75 2.12

the full residential AC stock in a given year was operating at nameplate

capacity; a condition which is more likely be fulfilled during periods

of high extreme temperature. Maximum peak cooling demand (PeakAC)

is then calculated as the product of total annual AC stock in a coun-

try and full space cooling (electric) load. Stock size is first obtained as

a percentage from the projections performed through the AC diffusion

model (Eqn. (6)) in the 2016-50 period and then converted into number

of units (NrAC) using the number of houses in 2015. The latter param-

eter is estimated with the help of EU-15 inventory data obtained from

Pezzutto et al. [6], including different RAC systems’ rated capacity (Cap)

and seasonal energy efficiency ratio (SEER), as well as their respective

share (w) in total buildings’ sector stock. Estimation of potential peak

cooling demand is given in Eqn. (10):

𝑃𝑒𝑎𝑘
𝐴𝐶𝑐,𝑦

= 𝑁𝑟𝐴𝐶
𝑐,𝑦
×
∑4
𝑡𝑒𝑐ℎ=1𝑤𝑡𝑒𝑐ℎ × 𝐶𝑎𝑝𝑡𝑒𝑐ℎ ÷ 𝑆𝐸𝐸𝑅𝑡𝑒𝑐ℎ

∑4
𝑡𝑒𝑐ℎ=1𝑤𝑡𝑒𝑐ℎ

(10)

where tech= split, multi-split, single-duct and packed systems; which are

currently the technologies with highest diffusion in the household sec-

tor. Amongst available room systems (Table 1), split AC units form the

largest portion of the installed RAC stock (~60%), while they have the

smallest average capacity size and highest conversion efficiency factor.

Given the absence of data about the future composition of residential

AC stock, peak cooling electricity demand scenarios in 2050 are built

based on the assumption that the relative share of individual technolo-

gies remains unchanged.

We subsequently devise two policy case scenarios, whose aim is to

assess the sensitivity of future AC energy consumption trajectories to

varying assumptions for factors which can be tackled by policy makers,

namely the level of unit efficiency improvements and diffusion rates

in new and renovated buildings. In this way, we demonstrate the wide

range of possible outcomes in 2050 under various policy regimes, in-

stead of attempting to quantify the possibility of each scenario being

realised in the future.

Case 1 - Unit Efficiency Improvement: We explore the size of

energy savings which could be achieved due to significant increases

in AC equipment efficiency. Tighter minimum energy performance

standards (MEPS) and stricter labelling schemes are the main mecha-

nisms which currently enforce improvements in the performance of air-

conditioners in EU-28 markets [1,3]. These measures along with techno-

logical change are expected to have a major contribution in alleviating

the foreseen pressure on electricity systems exerted by peak AC demand

[38,39].

This scenario adopts the 20% and 30% general efficiency goals en-

dorsed through the EU’s mid-term energy strategy for 2020 and 2030,

while it assumes that super-efficient units dominate the market by the

end of mid-21
st

century, increasing average AC efficiency by 40% in

2050, relative to 2015. Based on JRC-IDEES data, the efficiency param-

eter (Eff) of residential AC systems at the EU-28 level is equal to 3.0

in 2015. Incremental technical improvements, imposed in the future

through this policy scenario, result in assumed EU-level Eff factors of

3.6, 3.9 and 4.2 in 2021-30, 2031-40 and 2041-50, respectively for our

study. While our assumed average AC efficiency of 4.2 in 2050 is slightly

higher than the one adopted by JRC in [40] (~4.0), this is a feasible tar-

get since it is still lower than the Eff value of the best available technol-

ogy currently marketed in the EU-28 region [1] Electricity-based final

energy use for space cooling in 2016-50 is calculated via Eqn. (11), after

expanding Eqn. (9) to incorporate changes in space cooling efficiency:

𝐹𝐸𝑈
𝐴𝐶𝑐,𝑦

= 𝐹𝐸𝑈
𝐴𝐶𝑐,2015 ×

𝐷𝑖𝑓𝑓
𝑐,𝑦

𝐷𝑖𝑓𝑓
𝑐,2015

×
𝐸𝑓𝑓

𝑐,𝑦

𝐸𝑓𝑓
𝑐,2015

(11)

A similar approach is followed in obtaining modified potential peak

cooling electricity demand (PeakAC) estimates through applying effi-

ciency improvements on the current SEER values of individual RAC tech-

nologies in Table 1.

Case 2 - New Buildings AC Rates: About 3% of housing stock across

the EU-28 region every year (2000-15) consists of new and renovated

buildings, which generally display higher AC diffusion rates than ex-

isting, non-renovated, ones [4]. In 2015, 17.1% of new and renovated

EU-28 households were equipped with an air-conditioner, while only

8.9% of old residential buildings had one installed. Future develop-

ments in the construction industry could facilitate easier installation

of air-conditioning in the former group of buildings, as shown by the

experience of the USA [26]. A drop in installation costs could work as

an incentive for investing in room AC units; an economic behaviour

which if mimicked by more and more newly-constructed households

could abruptly transform the EU’s residential space cooling market.

This “bad case” scenario is assumed to have an additive effect on

baseline residential AC diffusion trajectories. The diffusion parameter

is modified each year (Diff’) to account for the growing number of new

and renovated units, 𝑁𝑟𝐴𝐶
′
𝑛𝑒𝑤

, in total air-conditioning stock, added to

the previous year’s stock, 𝑁𝑟𝐴𝐶
′
𝑦−1, as well as to old households’ AC

equipment replacements and additions, 𝑁𝑟𝐴𝐶
′
𝑜𝑙𝑑

, as demonstrated by

Eqn. (12):

𝐷𝑖𝑓𝑓
′
𝑐,𝑦
= 𝐷𝑖𝑓𝑓

𝑐,𝑦

+

(
𝑁𝑟𝐴𝐶

′

𝑛𝑒𝑤
−𝑁𝑟𝐴𝐶

𝑛𝑒𝑤

)
+
(
𝑁𝑟𝐴𝐶

′

𝑜𝑙𝑑
−𝑁𝑟𝐴𝐶

𝑜𝑙𝑑

)
+
(
𝑁𝑟𝐴𝐶

′

𝑦−1−𝑁𝑟𝐴𝐶𝑦−1
)

𝐻𝑜𝑢
𝑐,2015

(12)

Our assumptions for this high penetration scenario is that diffusion

rates for air-conditioning in new and renovated buildings, 𝐷𝑖𝑓𝑓
′
𝑛𝑒𝑤

, in-

crease from around 17% in 2015, in 10-year time steps, from 80% in

2021-2030, to 90% in 2031-40, and eventually reach full saturation

(100%) in 2041-50. These values are benchmarked against baseline

Diffnew projections constructed to 2050 by means of linear extrapolation

based on historical diffusion data (2000-15). The fraction of new and

renovated buildings in the total housing stock per year in EU-28 coun-

tries is assumed to remain constant at 3% in the future; which equals the

ambitious building stock renovation target set in the EU’s Directive on

Energy Performance of Buildings [41] and lies within the range of reno-

vation rates selected in [42] for Germany’s household sector. Since this

set of rules does not affect AC purchasing decisions in old households,

the NrACold terms can be removed from Eqn. (12) as they cancel each

other. Based on these assumptions, the modified AC diffusion parameter

can be calculated under this scenario using Eqn. (13):

𝐷𝑖𝑓𝑓
′
𝑐,𝑦
= 𝐷𝑖𝑓𝑓

𝑐,𝑦
+ 3% ×

(
𝑁𝑟𝐴𝐶

′
𝑛𝑒𝑤

−𝑁𝑟𝐴𝐶
𝑛𝑒𝑤

)

+

(
𝑁𝑟𝐴𝐶

′
𝑦−1 −𝑁𝑟𝐴𝐶𝑦−1

)

𝐻𝑜𝑢
𝑐,2015

(13)

2.5. Data requirements

For the purposes of index decomposition analysis, the JRC-IDEES

database was accessed to obtain information regarding space cooling en-

ergy consumption (FEUAC), household numbers (Hou), air-conditioning

stock and efficiency status of AC systems (Eff) [4]. Based on these data,

response variables of panel data models (i.e., useful specific cooling de-

mand (Qspec) and AC diffusion (Diff)) were derived. Moreover, econo-

metric modelling required the input of PPP-adjusted GDP data which
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Table 2

Descriptive statistics of country-level variables during the historical period 2000-15

Variable Symbol Mean Std. Dev. Max Min

AC energy consumption (TWh/y) FEUAC 0.40 1.07 7.84 0

Useful specific cooling demand (useful kWh/hh•y) Qspec 1,656 1,070 5,241 333

AC diffusion (%) Diff 6.4 9.3 48.6 0

Number of households (hh) Hou 7,459,383 9,998,632 40,558,210 134,669

AC system efficiency Eff 2.18 0.48 3.62 1.40

Personal income (2011$/pop PPP) INC 32,684 14,914 98,646 8,811

Household floor area (m2/hh) AREA 89.9 21.9 142.6 41.8

Mean JJA temperature (°C) TMPJJA 19.35 3.35 29.19 13.19

Cooling Degree Days (◦C•d) CDD 108 174 781 0

were obtained from the World Bank [43], expressed in constant inter-

national dollars for the year 2011. National and NUTS-3 EU-28 popula-

tion statistics, as well as annual (1995-2015) cooling degree days (CDDs)

were sourced from Eurostat [44,45].

Monthly mean, near-surface, temperatures during the historical pe-

riod (2000-15) were retrieved for every EU-28 country from Climatic Re-

search Unit’s (CRU’s) time-series dataset, which is available in 0.5°x0.5°

resolution [46]. For this task, the geographic centroid of each NUTS-3

sub-region was previously matched to the 4 nearest grid points and grid

temperatures were aggregated to the NUTS-3 level via inverse distance

weighting (IDW) interpolation. The coordinates of these geographic cen-

tres were extracted from shapefiles depicting the geometries of NUTS-3

regions in 2013 [47].

Descriptive statistics for all variables in the 2000-15 period are

presented in Table 2. In absolute terms, Italy is the country with by

far the largest residential AC energy consumption having mean an-

nual FEUAC levels of 5.4 TWh/y, which is 4 times larger than the

quantity consumed by either Spain or Greece. Italy, Spain and Greece

were collectively responsible for 70% of EU-aggregate residential space

cooling energy consumption in 2015. Small northern EU-28 coun-

tries such as Estonia and Latvia had negligible FEUAC levels in 2015

(<0.001 TWh/y).

In per household terms, Cyprus and Malta, which are the two hottest

EU-28 countries according to the long-term CDD criterion (1995-2015),

recorded the highest levels of useful specific cooling demand, with Qspec

values of 4974 useful kWh/hh•y and 3977 useful kWh/hh•y, respec-

tively, when averaged over the 2000-15 period. On the other hand, EU-

28 countries found on the low-end of the annual Qspec distribution -

Latvia (364 useful kWh/hh•y) and Lithuania (392 useful kWh/hh•y)

- do not coincide with those having the lowest number of long-term

CDDs, namely Ireland and Sweden. Finally, the highest residential AC

diffusion rates in 2015 were recorded in Croatia (48%), Greece (33%)

and Italy (30%). Croatia’s exceptionally high penetration rates is unex-

pected, given its milder summer seasons and lower consumer affluence

levels.

In order to devise baseline scenarios of AC penetration rates in

EU-28 households, long-term projections regarding the annual growth

of GDP per capita (PPP-adjusted) were collected for 3 SSP storylines

from the database of International Institute for Applied Systems Anal-

ysis [36] and then averaged over the time period 2015-50. Daily

mean, near-surface, temperatures were extracted for the same time-

frame from 19 regional climate projections, which have been performed

under the EURO-CORDEX downscaling experiment and simulate the

effects of an extreme climate change scenario (RCP8.5) [48]. These

Table 3

Long-term mean (2015-50) annual growth rates of baseline variables in

the EU-28 region

Annual growth rate (%)

Category Variable Low-Range Mid-Range High-range

Socio-economic INC 1.1 1.2 2.2

Climatic TMPJJA n/a (RCP8.5)

projections were then translated into monthly, country-level, temper-

ature statistics following the same aggregation procedure as in sub-

section 2.2. Table 3 provides a summary of climatic and non-climatic

assumptions governing AC diffusion projections under the baseline

case.

3. Results

3.1. Decomposition analysis of FEUAC (2000-2015)

During the time period 2000-15, EU-28 residential space cooling en-

ergy consumption increased from 6.4 to 15.8 TWh/y. Fig. 3 displays the

results of the additive decomposition for all 1-year time bands, whereby

the annual variation in EU-aggregate FEUAC levels, represented by dia-

mond markers, is broken down into the contribution of single compo-

nents (Hou, Diff, Qspec, Eff), illustrated by the uniquely coloured column

bars. As an example of this method, the +0.88 TWh/y change in FEUAC

observed between 2007 and 2008 comprises the 0.12, 1.23 and 0.08

TWh/y positive impact attributed respectively to housing stock, AC dif-

fusion and specific cooling demand, and to the 0.55 TWh/y negative

effect from efficiency improvements.

Fig. 3 shows that the diffusion of AC units in residential buildings

had the strongest increasing impact on EU-28 space cooling energy con-

sumption across all 15 time bands, having a mean effect (2000-15) on

FEUAC of +1.02 TWh/y. The second largest contribution to FEUAC vari-

ation is attributed to AC system efficiency, with an average decreasing

effect being half the size of diffusion-related one (-0.51 TWh/y). Useful

specific cooling demand and housing stock size had smaller influences

on annual AC energy consumption levels in the EU-28 region, with an

average impact amounting to +0.04 and +0.08 TWh/y, respectively.

This highlights the significance of studying "extensive margins" in more

detail [40], relating partly to understanding the role climatic and non-

climatic factors play in residential AC adoption.

Moreover, the largest diffusion effect on FEUAC (+1.5 TWh/y) is

found for the 2011-12 time band, which co-occurs with a 49.3% rel-

ative increase in EU-wide cooling degree days, whose annual change is

also plotted in Fig. 3. One would expect that the Diff effect would have

peaked in 2002-3, as a result of the severe heatwave which struck the Eu-

ropean continent; however, this is not evident from EU-aggregate data.

On the other hand, useful specific cooling demand influences FEUAC the

most in the 2010-11 time band, during which mean CDDs across the EU

dropped by 19.2%. While this finding is counterintuitive, one should

also note that this effect peaks due to a sharp increase in Qspec lev-

els across Italy, which indeed faced increasing CDDs in 2010-11. It is

therefore vital to evaluate the specific drivers of Diff and Qspec, while

accounting for the heterogeneous behaviour of EU-28 countries; an ob-

jective which is tackled next.

3.2. Panel data modelling of Diff and Qspec (2000-2015)

EU-28 countries qualifying in the warm group, exceeding the region’s

average long-term annual CDDs (102
◦
C•d), are Croatia (121

◦
C•d), Bul-
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Fig. 3. Decomposition of residential space cool-

ing energy consumption at the EU28-level with

comparison to change in cooling degree days

[LHS: Decomposition of 4 drivers of annual res-

idential AC energy consumption (FEU
AC

): Use-

ful specific cooling demand (Qspec); Number of

households (Hou); AC diffusion (Diff); AC system

efficiency (Eff)

RHS: Annual change in cooling degree days

(CDD)]

Table 4

FE estimation results of AC diffusion model with Sat
warm

=60% and

Sat
cold
=30%

Variables (1) (2) (3)

INC (000$/pop) -0.086∗∗∗(0.033) -0.078∗∗(0.031) -0.150∗∗∗(0.046)

𝑇𝑀𝑃
𝐽𝐽𝐴

𝑦
(°C) -0.043∗∗∗(0.014) -0.034∗(0.019) -0.030∗∗∗(0.009)

𝑇𝑀𝑃
𝐽𝐽𝐴

𝑦−1 (°C) -0.025∗(0.014)

Trend -0.137∗∗∗(0.011) -0.142∗∗∗(0.012) -0.152∗∗∗(0.013)

ln(𝛼
𝑐
) 7.503∗∗∗(1.117) 7.570∗∗∗(1.095) 3.964∗∗∗(0.110)

Observations 448 420 448

F-test 128.5∗∗∗ 130.8∗∗∗

Hausman test 18.0∗∗∗ 11.5∗∗

R2 (adj.) 0.753 0.745 0.727

Statistically significant
∗

at the 10%,
∗∗

at the 5% and
∗∗∗

at the 1% confidence

level. Note: Standard errors in the parenthesis are clustered by country (a la

Arellano covariance matrix).

garia (145
◦
C•d), Portugal (170

◦
C•d), Italy (201

◦
C•d), Spain (205

◦
C•d), Greece (300

◦
C•d), Malta (606

◦
C•d) and Cyprus (678

◦
C•d),

which together represented 26.2% of total EU-28 housing stock in 2015

(57.7 million units). The rest 20 EU-28 countries (i.e., Austria, Belgium,

Czech Republic, Denmark, Estonia, Finland, France, Germany, Hun-

gary, Ireland, Latvia, Lithouania, Luxembourg, Netherlands, Poland,

Romania, Slovakia, Slovenia, Sweden and United Kingdom) were as-

signed to the cold group. The residential AC diffusion model in Eqn.

(6) is run initially without a lagged temperature variable, while the ob-

tained R
2

(adj.) statistic is compared for all potential combinations of

Satwarm (50-100%) and Satcold . (20-100%). Model diagnostics which in-

volved application of an F-test for country-level effects and a Hausman

test demonstrated the suitability of fixed-effects over the pooling and

random-effects panel data estimator, accordingly. The optimal model

fit is achieved when the saturation parameter for warm countries is set

at 60%, while that for cold ones at 30%.

Table 4 reports FE estimator’s output following implementation of

the empirically-derived saturation levels. Column (1) includes generated

coefficients, along with their robust standard errors. Results show that

both personal income (INC) and contemporaneous mean summer tem-

perature (TMPJJA
) exhibited a highly statistically-significant (p<0.01)

positive effect on AC up-take in households during the time period 2000-

15, while a strong trend is also present
2
. Overall model performance is

deemed very good, as independent variables collectively explain 75%

of observed variation in data.

Delayed temperature effects are assessed by re-running the AC diffu-

sion model with a summer temperature variable lag (Column (2)). Inter-

estingly, the coefficient of 𝑇𝑀𝑃
𝐽𝐽𝐴

𝑦−1 also turns out to be statistically sig-

2
Due to the transformation of the logistic model, a negative change in one of

the variables on the right-hand side of the equation results in an increase of Diff

variable, when other terms are kept constant.

Table 5

FE estimation results of specific cooling

demand model

Variables

AREA (m2/hh) -36.595#

(23.465)

AREASQ 0.339∗∗

(0.145)

CDD (◦C•d) 0.103∗

(0.062)

(𝛾
𝑐
) 2004.117∗∗

(907.279)

Observations 432

F-test 440.2∗∗∗

Hausman test 8.3∗∗

R2 (adj.) 0.394

Statistically significant at # at the 12%,
∗

at the 10%,
∗∗

at the 5% and
∗∗∗

at the 1%

confidence level.

nificant, albeit at lower confidence level (p<0.1). This finding suggests

that EU-28 households respond to warmer weather through purchasing

AC units at two time steps, one occurring the same year during which a

heat event took place and another the year after. The marginal impact of

lagged temperature on the response variable is however smaller than the

one attributed to contemporaneous TMPJJA
. One should also note that

inclusion of a lagged TMPJJA
term in the model does not come without

a cost, as model parameter estimation is less accurate and resulting R
2

(adj.) statistic is smaller compared to the basic specification.

Comparing the size of temperature and income marginal effects on

AC diffusion requires a standardization procedure which puts both pre-

dictors on the same measurement scale. Re-scaling variables effectively

harmonizes FE regression coefficients as they now represent the re-

sponse of dependent variable due to a standard deviation of either

TMPJJA
or INC (Column (3)). The new income estimate is about 5 times

larger than the one for temperature, implying that growing household

affluence levels have larger influence on AC purchasing decisions in

the EU-28 region, compared to increasing outdoor temperatures. The

greater importance of income versus temperature on AC diffusion is re-

flected in the ratio of INC to TMPJJA
effect on penetration, which we

obtain as around ~5 in this paper, being roughly similar to a study re-

ported for Chinese provinces (~6) [25].

The model of useful specific cooling demand in Eqn. (8) is run after

ensuring the suitability of the FE estimator via the same confirmatory

tests. Ireland is the only EU-28 country with zero cooling degree days for

all years in the sample (2000-15), thus it is excluded from the analysis.

The estimated FE model generally has less explanatory power relative to

the AC diffusion one, with an R
2

statistic close to 0.4 (Table 5). Param-

eter estimation shows the presence of a non-linear relationship between

useful specific cooling demand and household floor area, since the AR-

EASQ term has a statistically-significant coefficient. The marginal effect
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Fig. 4. Past and future residential AC energy consumption at the

EU-28 level under different scenarios. Note: Error bars represent

the range of uncertainty in RCP and SSP projections

of AREA on Qspec (𝛿1 + 2𝛿2𝐴𝑅𝐸𝐴) becomes positive when household

floor area exceeds 54 m
2
/hh. This is much lower than the EU’s average

household area recorded in the 2000-15 period (89.5 m
2
/hh).

On the other hand, the temporal effect of weather on useful spe-

cific cooling demand is less evident. Although the estimated CDD co-

efficient exhibits the correct (+) sign, it is only marginally significant

(p≈0.097), while its inclusion has a minor impact on model perfor-

mance. Nevertheless, the soft link between Qspec and CDD demonstrated

through our results supports the argument brought forward later in

peak cooling electricity demand calculations that simultaneous AC use

across multiple households would more likely occur during extreme heat

conditions.

3.3. Future scenarios of residential AC energy consumption (2016-2050)

This section explores the range of potential FEUAC and PeakAC out-

comes under different trajectories of air-conditioning market develop-

ment in the 2016-50 period. AC diffusion levels are projected in the

future using the basic Diff model specification (without a TMPJJA
lag).

In the baseline case, residential air-conditioning markets across warm

and cold countries reach almost full saturation by the end of the pro-

jection period, increasing EU-aggregate, mid-range, AC diffusion from

9.2% in 2015 to 37.6% in 2050. Saturation is virtually reached under all

personal income and summer temperature projections in 2050, albeit at

varying paces. A steeper AC diffusion curve at intermediate market de-

velopment stages, arising from a high-income (SSP5) and extreme tem-

perature trajectory (maximum of multi-model ensemble), would result

in a higher amount of cumulative energy consumption over the period

(2016-50).

Penetration levels of residential air-conditioning deviate signifi-

cantly from the Baseline scenario in the “New Buildings AC rates” case,

with the largest impact observed in cold countries where new and reno-

vated buildings have low installation rates during the historical analysis

period. Under mid-range trajectories, residential AC ownership rate in

cold countries reaches 87.5% in 2050 without any signs of saturation,

while diffusion in warm countries stagnates at 78.5%. Overall, aggre-

gate space cooling diffusion in the EU-28 region reaches 85.1% in 2050

under this "bad case" scenario.

Residential space cooling energy consumption is calculated at one-

year time steps from 2016-50, under each of the 3 scenarios (Fig. 4). In

the baseline case, mid-range FEUAC across the EU increases by a factor

of 3.4 in 2050 (53.7 TWh/y) relative to 2015. The contribution of cold

countries to total FEUAC levels rises from 21.9% in 2015 to 39.5% in

2050, whereas that of warm states declines from 78.1% to 60.5% in the

same time period. Italy and Spain together represent the largest portion

of EU-28 space cooling energy consumption (46.4% compared to 59.8%

in 2015). Despite its growth, AC energy consumption in the baseline

case still accounts for a modest share of EU’s residential total (1.9%)

and electricity-based (6 %) final energy use in 2050, as projected by

the International Energy Agency (IEA) in their Reference Technology

Scenario (RTS) [2].

As expected, the sharpest increase of EU-28 residential AC energy

consumption in the future is estimated under the “New Buildings AC

rates” scenario (104.1 TWh/y in 2050 for the mid-range trajectory). Due

to the radical transformation of national AC markets, the cold group of

countries account for the largest share of household space cooling en-

ergy consumption in 2050 (60.1%), with Germany and France having a

combined contribution of 54.7% to total FEUAC, as opposed to 11.5% in

2015. On the other hand, the future share of Spain, Italy and Greece in

FEUAC drops to a third. Under this scenario, space cooling in 2050 rep-

resents about 3.7% of final residential energy and 11.7% of electricity

use at the EU level.

With respect to capacity-related impacts, potential peak cooling elec-

tricity demand in the EU-28 household sector increases from 43.3 GW

in 2015 (26.7/16.6 GW in warm/cold countries) to 177.7 GW in 2050,

under the mid-range baseline projection, with 103.7 GW attributed to

cold countries. Moreover, in agreement with FEUAC findings, PeakAC is

affected the most under the extreme AC diffusion scenario, recording

a 9-fold increase by 2050 (401.9 GW, of which 304.9 GW is in cold

countries). As anticipated, the smallest change in peak cooling electric-

ity demand is projected for the strong unit efficiency case (127 GW in

2050, of which 74.1 GW is in cold countries).

While knowledge about the future size of potential peak cooling de-

mand is essential for electricity capacity upgrades, what is also of prin-

cipal value for electricity network operators is the timing of integration

of new plants to the grid. Given the fast-growing residential AC mar-

kets and ambitious EU plans to decarbonise electricity grids by 2050,

adequate provision of renewable capacity will be required to manage

peak loads emerging during summer, mostly in the form of solar which

has high seasonal output potential. Fig. 5 benchmarks the growth of

PeakAC under the 3 scenarios against the projected expansion of solar-

based generating capacity [49], separately for warm and cold EU-28

countries. Potential peak residential AC demand across cold countries is

shown to outgrow forecasted expansion of solar capacity during most of

the projections period. This is especially the case for “New buildings AC

rates” scenario, whereby aggregate PeakAC increases by as much as twice

(~1.9) the size of total solar capacity in cold countries, highlighting po-

tential risks of electricity system failure if other sources of generating

capacity are not added to meet peaking demand and alternative cooling

options are not provided. In contrast to cold Member States, growth in

solar capacity in warm countries catches up with that of potential peak
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Fig. 5. Ratio of potential peak cooling electricity demand to solar-based capacity for cold (left) and warm (right) EU-28 countries

cooling demand much earlier in the 2016-50 period, with the latest turn-

ing point occurring by 2025 under the extreme AC diffusion scenario.

4. Discussion

4.1. Comparison with previous studies

Our findings agree with the general trend found in previous studies,

which predict a significant increase of electricity-based final energy use

for space cooling in the EU’s residential sector [3]. However, discrepan-

cies arise between projections about the exact level of AC energy con-

sumption in 2050. Our baseline FEUAC estimate for the EU-28 region in

2050 is roughly 2.5 times as large as the IEA’s RTS projection for space

cooling energy consumption (21.8 TWh/y) [2]. The latest FEUAC esti-

mate for 2050 for the EU-28 region is found in the JRC POTEnCIA cen-

tral scenario (42.5 TWh/y) [40], which compares well with our strong

unit efficiency projection (38.4 TWh/y). Unlike this study’s modelling

approach, these assessments did not examine potential implications of

climate change on future residential AC energy consumption.

Our paper generally finds important differences from other studies

which also accounted for the effects of temperature and income on AC

diffusion and useful specific cooling demand. The JRC projected EU-28

residential AC energy consumption to reach 33 TWh/y by 2050, with-

out the influence of climate change, and to increase up to 78 TWh/y

under an RCP8.5-like set of climate simulations [14]. While the JRC’s

highest FEUAC estimate lies within the range of values obtained in this

paper (38-104 TWh/y), they predict a much stronger impact on the

growth of AC penetration rates for southern European countries in 2050

than our baseline case. These were shown to exceed the 80% diffu-

sion level by 2050 and continue to ascend thereafter, due to higher as-

sumed saturation rates and the determinant role of climate. On the other

hand, mid-21
st

century’s AC ownership rates across northern European

countries in [14] were found to remain well below the 30% saturation

point adopted in this paper.

Dittmann et al. [9] presented similar trends to [14] about the spa-

tial heterogeneity of future climatic impacts on the share of residential

cooled areas in southern and northern EU-28 countries. For a moderate

climate change trajectory (RCP4.5), their EU-level estimate of FEUAC

in 2050 amounts to 31 TWh/y, which is lower than the range of our

estimates. Mima and Criqui [15,16] were the only studies which pro-

jected a significantly larger increase of future levels of space cooling

energy consumption. They estimated EU-27 residential final electricity

use for space cooling to reach 129-233 TWh/y [16] and 634-754 TWh/y

[15] in 2050. Each range represents the difference in predicted AC en-

ergy consumption levels for a constant climate case and a medium-high

greenhouse emissions scenario in 2050.

4.2. Policy recommendations

In general, our findings highlight the expected important contribu-

tion of future space cooling diffusion trajectories to the increasing stress

felt by regional power systems, particularly through requiring additional

capacity to meet summer time AC loads. A number of energy policies

could therefore be promoted to limit the growth of EU-28 residential

electricity use from AC growth to 2050:

(i) Effective promotion of passive cooling designs: Passive cool-

ing comprises all those natural or passive techniques that can help main-

tain indoor thermal comfort, while requiring minimal or zero energy in-

put [3]. These can be split into processes preventing solar heat gains (e.g.

better shading systems, roof and glazing properties), those modulating

heat through utilisation of buildings’ thermal mass and those dissipat-

ing heat (e.g., natural ventilation and evaporative cooling) [50]. Passive

cooling needs to receive further support in the Energy Performance of

Buildings Directive [41], as a tool which can not only enhance energy

conservation efforts in residential buildings, but more importantly can

help minimise the chance of mass penetration of mechanical space cool-

ing technologies in the future.

(ii) Encouraging further efficiency improvements: Our scenario

analysis results show that increasing the efficiency of RAC systems by

40% in 2050 significantly reduces EU-28 space cooling energy con-

sumption and potential peak cooling electricity demand. In the base-

line case, faster diffusion of residential air-conditioners in the medium

term results in higher annual growth rates of space cooling energy

consumption relative to those observed in the 2041-50 period, when AC

markets have approached saturation (Fig. 4). Earlier action to enforce

stricter minimum AC performance standards could therefore reduce the

excess space cooling loads which electricity systems will have to sustain

over successive years in the medium term. Achieving faster penetra-

tion of highly-efficient AC units in the EU-28 residential sector should

not only rely on strengthening regulatory measures, such as mandatory

MEPS. It will also require that national governments increase funding

towards cooling-related research, prioritise consumer information pro-
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grammes about the benefits of using energy efficient AC units and pro-

vide financial incentives which increase the market availability of these

products [1].

(iii) Amendment of renovation strategies: EU-28 Member States

are obliged, under the Energy Efficiency Directive [51], to publish long-

term renovation strategies with a description of current housing stock

and cost-effective approaches to achieve deep renovation. While the ma-

jority of countries were found to be compliant with this requirement

[52], there is still not a unifying approach towards curbing demand

for space cooling. Moreover, the growing role of air-conditioning in

achieving renovation goals has been overlooked by many of cold coun-

tries. Updated strategies should parameterise anticipated changes in lo-

cal climate characteristics, and also address other risk factors, such as

increased consumers’ thermal comfort expectations [53].

(iv) Diversification of cooling supply: While residential space cool-

ing is usually supplied through electric room air-conditioners, decen-

tralised, small-scale, production sites are emerging as alternative cold

providers. Amongst available technologies, district cooling (DC) is con-

sidered by the EU as an integral part of a future highly-efficient space

cooling sector [51], as it offers substantial environmental and primary

energy savings benefits [54]. Installing decentralised DC plants in urban

areas with high cold demand density can more importantly increase flex-

ibility of cooling supply by reducing the stress on European electricity

systems.

However, the size of DC systems in terms of peak demand capacity

is presently limited to 1.7 GW in cold EU-28 countries and 0.5 GW in

warm ones [55], which we estimate represents only 10% and 2% of the

cold and warm sub-regions’ potential peak cooling electricity demand in

2015 respectively. Furthermore, local authorities need to design a com-

bination of fiscal incentives and bonus mechanisms for DC suppliers in

order to overcome market obstacles and increase this technology’s share

in EU-28 space cooling supply. In addition to minimising market risks,

innovation in building engineering could facilitate easier connection of

buildings to nearby decentralised systems.

5. Conclusions

This paper has developed and applied new approaches to decipher-

ing drivers of past and future trends of electricity-based final energy

use for air-conditioning in EU’s residential sector; an end-use charac-

terised by tremendous growth potential. A novel multi-method mod-

elling framework was constructed, which used index decomposition

analysis as a reference point for understanding the drivers of past space

cooling energy consumption, then extended this to a set of panel data

models estimating climatic and non-climatic effects on AC components.

Finally, a combination of the two methods led to the creation of sce-

narios of residential AC energy consumption and potential peak cooling

electricity demand in EU-28 countries up to 2050.

First, index decomposition analysis showed that penetration of air-

conditioning and technical efficiency improvements, to a lesser extent,

shaped past trends (2000-15) of space cooling energy consumption in

EU-28 households. AC diffusion was by far the key driver in the past,

contributing to the annual increase of EU-28 space cooling energy con-

sumption on average by 1 TWh each year. This increasing effect was

only partly counterbalanced by AC unit efficiency gains over the same

time period. Econometric analysis also suggested that both the diffusion

of air-conditioning in households and useful specific energy demand de-

pend on temperature variation. However, personal income was found to

be the most important determinant of past AC diffusion, having a five

times larger marginal effect compared to mean summer temperature.

Second, through scenario analysis we devised three potential trajec-

tories of AC diffusion and unit efficiency, based on which EU-28 ag-

gregate residential space cooling energy consumption grows from 16

TWh/y in 2015 to 38-104 TWh/y in 2050. This represents an increase

in the share of space cooling in EU-level residential final electricity use

from 2% in 2015 to 4-12% in 2050. Our baseline estimate of house-

hold AC energy consumption in 2050 (54 TWh/y) is 32 TWh/y and 11

TWh/y higher than projections from IEA [2] and JRC [40], respectively,

which do not forecast potential temperature-driven increases of AC us-

age in the future. When compared to other climate change impact as-

sessments, our study generally finds important differences regarding the

degree of north-south polarisation of AC diffusion in the EU-28 region

[9,14] and the aggregate level of residential AC energy consumption in

2050 [15,16].

Third, our study showed that electricity systems will have to sustain

a higher level of peak cooling demand in the future if met by mechanical

air-conditioners, which could challenge generation and network perfor-

mance, subject to the size of electrical capacity installed [56]. This could

be a particular issue in EU-28 countries whose power infrastructure is

currently designed to face the highest loads during the winter season

[57]; a potential seasonal shift of peak electricity demand to summer

months, as a result of increased AC usage, would have implications for

improved inter-seasonal storage of renewable electricity, which could

be then transmitted across the EU to places with high peak cooling de-

mand. Future work could focus on devising future projections of actual

peak cooling demand in EU-28 countries, which are based on functions

that explain the variation in number of residential AC units being active

in a region according to a set of climatic and non-climatic conditions,

similar to [58].
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