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a b s t r a c t

This study assessed six commercially available in-duct air cleaning devices which are designed to be mounted
in the central ventilation system of offices or commercial buildings. The selected devices use different air
cleaning technologies: mechanical filtration, electrostatic precipitation, gas filtration, ionization / cold plasma,
photocatalytic oxidation (PCO) and catalysis under UV light. They were tested against particles, a mixture of
volatile organic compounds containing acetone, acetaldehyde, toluene, heptane and formaldehyde, and two bio-
contaminants: Aspergillus brasiliensis (fungus) and Staphylococcus epidermidis (bacteria).

Two different test rigs were used. The single pass efficiency of each device was determined for three airflow
rates, corresponding to face velocities ranging from 0.9 to 2.7m/s, and two sets of temperature and humidity
that are representative of indoor air conditions in wintertime and summertime. The concentration of the chal-
lenge volatile organic compounds was also varied in the 30 to 100 μg/m3 range as a way to characterize their
influence on efficiency at realistic concentration levels for non-industrial buildings. Measurements of ozone and
formaldehyde concentration downstream of the air cleaners were carried out to determine the emission rate of
by-products into the air stream. Finally, the energy issue was addressed by measuring the electric power drawn
and pressure loss of the devices.

The results showed that two devices, namely a radiant catalytic ionizer and a plasma ionizer, had a very
low single pass efficiency against all the challenge pollutants. The association of the plasma ionizer and the
electrostatic precipitator did not produce a synergetic effect between the two technologies either, contrary to what
their manufacturer claims. Finally, three of the six devices tested were effective in terms of pollutant removal,
but only two had an acceptable energy effectiveness in view of their use in low or zero energy buildings. Their
energy effectiveness ranged from a few thousand m3/kWh for VOCs at the highest airflow rate (3600 m3/h), to
more than 60 000 m3/kWh for particles and bio-contaminants at 1200 or 1600 m3/h. These results are at least
one order of magnitude higher than the majority of stand-alone air cleaners. Moreover, they suggest that optimal
IAQ and energy conditions can be achieved if variable air volume control methods are used to maintain indoor
temperature and humidity.

1. Introduction

During the past decade, various indoor air cleaning solutions have
come on to the market, including stand-alone air cleaners [1], in-duct
air cleaners, and more recently building materials containing either cat-
alysts [2], photocatalysts [3–5], physical adsorbents [6] or scavengers
[7,8]. This study deals with central air cleaners, i.e. devices that are in-
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tended to be mounted in the HVAC system of buildings as a way to clean
the air either in multiple rooms, or in large spaces such as open plan of-
fices. They are preferably used on the recycled air in air-conditioned
buildings as a way to promote effectiveness by multiple passes of the
indoor air.

Central air cleaning solutions have been assessed in the context of
either house, commercial building or office building applications, and

https://doi.org/10.1016/j.enbenv.2020.05.004
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tested accordingly at airflow rates of a few tens to few thousand cubic
meters per hour. Hanley et al. [9] were among the first to study in-duct
air cleaners. Long before standards existed, they developed a test rig
and procedure to quantify the particle fractional efficiency of twelve me-
chanical and electronic particle filters typical of those used in residential
and office ventilation systems. Several years later, similar test facilities
and methods were developed to investigate the removal effectiveness of
commercial gas-phase air cleaning devices, and how they could reduce
outdoor air supply to save energy. Some studies have addressed the is-
sue of ozone transport from outdoors to indoors [10,11], but most have
dealt with volatile organic compounds (VOCs). Bastani et al. [12] and
Haghighat et al. [13] designed and constructed a full-scale facility to test
different kinds of commercial gaseous filters against toluene, cyclohex-
ane and ethyl acetate at airflow rates of up to 3600 m3/h and relative
humidity (RH) values of 30%, 50% and 70%. Sidheswaran et al. [14] ex-
plored the potential of activated carbon fiber filters to improve indoor
air quality and decrease the ventilation energy load of commercial build-
ings by using a cyclic thermal regeneration process. Removal efficiencies
of 70–80% were obtained for most VOCs in optimal regeneration con-
ditions and a representative face air velocity of 0.5m/s. Hodgson et al.
[15] challenged an ultraviolet photocatalytic oxidation (UVPCO) device
with complex VOC mixtures at realistic concentrations and airflow rates
for office buildings. Clean air delivery rates (CADRs) varied between less
than 10 and more than 400 m3/h, depending on the VOCs and airflow
rate. Furthermore, significant amounts of formaldehyde, acetaldehyde,
acetone, formic acid and acetic acid were produced by the device due to
incomplete mineralization of common VOCs. Destaillats et al. [16] drew
similar conclusions when testing flat and pleated PCO filtering media at
flow rates in the range 178–878 m3/h. Poppendieck et al. [17] showed
that in-duct electrostatic precipitators (ESP) mounted in the central air
handling unit (AHU) of houses do not efficiently remove particles be-
tween 4 and 15nm. On the other hand, continuous operation of one
ESP raised indoor ozone concentrations to 77 ppbv. Guo et al. [18] also
emphasized the potential adverse health effects of ozone emissions by
in-duct air cleaners using various technologies. Based on published data,
they showed that the ozone emission rate of in-duct air cleaners can be
of the same order of magnitude as ozone generators, and are far higher
than the emission rates of room air purifiers, copiers, printers, and other
appliances that release ozone indoors.

This literature review shows that so far, research on central air clean-
ing has mainly focused on specific technologies, most of which have
been used for years, and related indoor air pollutants. However, more
advanced technologies and devices combining several technologies are
now available on themarket and could potentially be used to treat differ-
ent types of indoor air pollutants.. This study considers multiple perfor-
mance characteristics of central air cleaners by addressing their primary
and secondary consequences, as defined by Siegel [19]. Six commer-
cially available devices with a nominal airflow rate close to 3600 m3/h
were assessed under controlled conditions. For each device, the primary
effects were investigated by measuring the single pass efficiency and
clean air delivery rate of representative air contaminants, in realistic
operating conditions. The secondary consequences were addressed by
measuring the ozone and formaldehyde emission rates, and by comput-
ing the energy effectiveness of the devices.

2. Materials and methods

2.1. Selected devices

Six central air cleaning devices that are commercially available in
Europe were selected for the tests. All of them have a nominal airflow
rate of around 3600 m3/h, but use different technologies (Table 1).

S1 is an air filtering solution made of a particle filter and an
activated-carbon gas filter. The particle filter has a V shape and is of
class F7 according to EN 779: 2012. It is considered to be a low energy
filter. The adsorbent filter also has a V-shape. It has been designed to ad-

Table 1

Overview of the selected air cleaning devices.

Code Air cleaning device

S1 Combination of a class F7 mechanical particle filter and

an activated-carbon filter

S2 Combination of the electrostatic precipitator S5 and

negative ion and cold plasma generator S6

S3 Air handling unit containing a class F8 mechanical

particle filter, a monolith-type PCO reactor made of a

series of 3 flat TiO2-coated filters (honeycomb or

knitted metal) with UVC lamps between them, and an

activated-carbon filter, which was assumed to be the

one used in S1

S4 Radio catalytic ionizer (RCI)

S5 Electrostatic precipitator (ESP)

S6 Negative ion and cold plasma generator

sorb low-weight volatile VOCs and is therefore particularly well suited
to indoor air applications. The two filters were tested individually with
airborne particles and as an assembly with gasses and bio-contaminants.

S3 is a stand-alone and ready to use air handling unit with external
dimensions of 1.95×0.71×0.85m. The internal cross-sectional area is
0.61×0.61m. The AHU has a fan that can circulate airflow rates at up to
5600 m3/h, but it was turned off during the tests. The device is supposed
to contain an F8 class filter (EN 779:2012), a photocatalytic oxidation
(PCO) reactor, and an activated-carbon gas filter, which corresponds to
the manufacturer’s recommendation for use in office buildings. How-
ever, only the PCO reactor was tested. The efficiency and energy pa-
rameters of the whole device were subsequently computed from the
fractional efficiency and pressure loss of a representative F8-class filter,
the efficiency and pressure loss of the activated carbon filter, which was
assumed to be the same as for S1, and finally the measured efficiency
and pressure loss of the PCO reactor. The PCO reactor is made of a series
of three flat TiO2-coated filters and two series of eight UVC lamps each
with a unit power of 95W between them. The tests were repeated for
two geometries of the filters: honeycomb and knitted metal.

S4 is an air cleaning device which is inserted into a duct or an AHU.
It utilizes a radio catalytic ionization (RCI) technology, as named by the
manufacturer, to generate a plasma from a ‘UVX’ lamp that irradiates
honeycomb cells. The latter are made of a rhodium, titanium, silver and
copper alloy. The manufacturer claims that S4 destroys airborne and
deposited fungi and bacteria, and removes airborne particles and VOC
due to the production of ions, free radicals, and subsequent oxidation
processes.

S5 is a two-stage electrostatic precipitator with a positive charging
stage of particles from a 12 kV voltage applied to thin wires, and then
a collection stage involving parallel metal plates which are alternately
positively charged and grounded. S6 is a plasma ionizer filter which gen-
erates high concentrations of electrons and then up to 105/cm3 negative
ions (according to the manufacturer) in the airstream by using a corona
discharge. Here the high voltage is applied to equally-spaced gold coated
needles. S5 and S6 are made by the same manufacturer. Both have stan-
dard filter dimensions of 0.592×0.592m. The two devices were tested
separately but also as an assembly (S2 = S5 + S6) since the wholesaler
for Europe claims that the plasma ionizer is more efficient when the
electrostatic precipitator operates upstream. The explanation provided
is that the electrostatic precipitator releases ozone, which promotes ion
generation and therefore enhances the oxidation capacity of the cold
plasma.

2.2. Challenge contaminants and performance metrics

Depending on the underlying technology, the devices may only treat
certain types of indoor air pollutants. The technical information in the
product documentation has not, however, been considered here. All the
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selected devices were tested against three groups of indoor air pollu-
tants, namely:

- VOCs as an air mixture of acetaldehyde (C2H4O), acetone (C3H6O),
heptane (C7H16) and toluene (C7H8) on the one hand, and formalde-
hyde (CH2O) as an individual pollutant on the other hand. These are
the challenge contaminants specified in the European standard EN
16,846–1 to assess the efficiency of photocatalytic devices;

- Airborne particles using either latex or Di-Ethyl-Hexyl-Sebacate
(DEHS) particles as a representative aerosol model. Latex particles
exhibit a wider range of particle size (0.2–5.0 μm) than DEHS parti-
cles;

- Staphylococcus epidermidis and Aspergillus brasiliensis (previ-
ously called Aspergillus niger) are representative indoor air
bio-contaminants. Staphylococcus epidermidis are Gram-positive
bacteria. They are part of normal human flora, typically the skin
flora, and less commonly the mucosal flora. Staphylococcus epi-
dermidis has a spherical shape (cocci) of about 1 μm diameter.
Aspergillus brasiliensis are fungi and one of the most common species
of the genus Aspergillus. Their spores have a spherical shape with a
diameter of 3.5–5.0 μm.

Dedicated methods and test rigs were used to determine the single
pass removal efficiency of the pollutants, which is defined by:

𝜀 = 1 −
𝐶
𝑑𝑜𝑤𝑛

𝐶
𝑢𝑝

, (1)

where Cup and Cdown are the upstream and downstream concentrations
of the pollutant, respectively. Then, the data was converted to clean
air delivery rates by combining 𝜀 and the airflow rate through the air
cleaner, Q (m3/h):

𝐶𝐴𝐷𝑅 = 𝜀 𝑄 (2)

CADR has a wider scope than single pass efficiency since it allows
air cleaner performance to be put in the context of IAQ improvement
for a specified indoor environment. First, it is a common benchmark for
comparing the performance of different air cleaning solutions, includ-
ing exhaust by the ventilation system, and regardless of the technology
used: CADR rates a contaminant removal by reference to an additional
ventilation of the room(s) with clean outdoor air. Then, CADR provides
the means to evaluate the decrease in a contaminant concentration from
mass balance models considering all types of sources and sink processes
involved in contaminant transports in indoor settings.

One important feature to consider when dealing with central air
cleaners is that variable air volume control strategies are generally used
to maintain thermal conditions in office-like buildings. Consequently,
the airflow passing through central air cleaners can vary greatly over
time depending on the heating or cooling load of the building. Since
single-pass efficiency may depend on air speed, the definition of opti-
mal conditions for CADR is not straightforward.

Beside the removal of target contaminants, several air cleaning tech-
nologies can emit contaminants as unintentional by-products of their op-
eration [19]. For example, ozone can be produced by ionizers [18,20],
UV lamps of PCO systems [21,22], electrostatic precipitators [17,18]
and non-thermal plasma systems [23–25], i.e. the S2, S4, S5 and S6 sys-
tems used here. Formaldehyde is one of the many by-products that can
be emitted by air cleaners using PCO, plasma or any other oxidizing
technology [1,16,21,26,27], i.e. the S2, S3, S4, S5 and S6 systems used
here. The increase in the room concentrations of these two by-products
will depend on their production rate, 𝜏 (𝜇g/h), among other transport
processes in indoor settings (advection, deposition or sorption to sur-
faces, air-phase chemistry). 𝜏 is given by:

𝜏 = 𝑄

(
𝐶
𝑑𝑜𝑤𝑛

− 𝐶
𝑢𝑝

)
, (3)

where Cup and Cdown (𝜇g/h) stand for ozone and formaldehyde con-
centrations upstream and downstream of the device, respectively. The
emission rate of formaldehyde was determined when the air cleaners

were tested against the mixture of acetaldehyde, toluene, acetone and
n-heptane as a way to dissociate the removal of primary formaldehyde
from the secondary emission from other VOCs.

Zhang et al. [1] noted that energy consumption by air cleaners is of-
ten overlooked in studies whereas it has become increasingly important
as building energy consumption has been reduced. Central ventilation
air cleaners can add to the energy consumption of a building in two
ways: through pressure loss in the cleaners, which results in a higher
fan energy, and by the direct use of electricity for the air cleaning pro-
cess (called device energy hereafter).

The fan energy resulting from the use of any device in the HVAC
system of a building, Pf (W), is given by:

𝑃
𝑓
= 𝑄Δ𝑃

𝜂
𝑓

, (4)

where ΔP (Pa) is the pressure loss of the device, and 𝜂f is the fan effi-
ciency. The latter can vary over a wide range depending on the type of
fan and motor that are used in the HVAC system. A mean value of 50%
was considered here.

In some studies, portable air cleaners were assessed based on indoor
air quality (IAQ) and energy criteria by calculating their energy effec-
tiveness, 𝜂, defined as CADR divided by electrical power draw [28,29].
Thus, by extension, the energy effectiveness of central air cleaners can
be defined as:

𝜂 = 1000 𝐶𝐴𝐷𝑅

𝑃
𝑑
+ 𝑃

𝑓

(5)

where Pd (W) is the device energy. Practically, 𝜂 represents the volume
of air that is cleaned per unit of electricity consumption, in kWh; the
higher 𝜂 is, the better the performance of the air cleaner. This metric has
a general scope. It allows a comparison of the central air cleaners, defin-
ing their optimal operating conditions, and rating their performance in
terms of IAQ improvement and energy cost with reference to other IAQ
control solutions, such as increased ventilation or stand-alone air clean-
ers arranged in the rooms.

2.3. Test conditions

When mounted on the recycled air of the HVAC system of buildings,
air cleaners operate under time varying contaminant concentrations,
airflow rate, temperature and humidity. Therefore, for a full charac-
terization of the selected air cleaners, these parameters were varied in
a range which corresponds to realistic values for office-like buildings.
The maximum concentration to be tested was set at 100 μg/m3 for each
single VOC. Then the tests were repeated for set point concentrations
of 50 and 20 μg/m3. On the other hand, concentration was assumed to
have negligible influence upon efficiency for airborne particles and bio-
contaminants. Similarly, the devices were tested at a maximum set point
airflow rate of 3600 m3/h, corresponding to a face velocity of 2.7m/s,
and then a minimum airflow rate of 1200 m3/h (0.9m/s) for particles or
1600 m3/h (1.2m/s) for gas and bio-contaminants. When the measured
efficiencies were significantly different, the tests were repeated for an
intermediate airflow rate of 2400 m3/h (1.8m/s) for particle measure-
ments, and 2600 m3/h (2.0m/s) for gas and bio-contaminant measure-
ments. Finally, two sets of temperature and relative humidity were con-
sidered: 19 °C/45% RH and 24 °C/70% RH. These are typical set points
for wintertime and summertime indoor conditions, respectively, in air-
conditioned office buildings of European countries. For simplicity, these
conditions are referred to as winter and summer hereafter.

2.4. Test rigs and measurement methods

Two different test rigs were used to carry out the tests: rig 1 was used
for particle efficiency and pressure loss measurements, while rig 2 was
used for gas, bio-contaminant and device energy measurements.
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Fig. 1. General view of test rig 2, used for gas and bio-contaminant measurements.

Test rig 1 is made of horizontal square ducts with a cross sectional
area of 0.61m x 0.61m. Any filter of standard dimensions can be in-
serted in the open-loop and tested according to the EN 779:2012 stan-
dard. Starting from the air inlet, the test apparatus includes a diaphragm
to monitor the circulating airflow rate, a heating coil to prevent exces-
sive moisture content of the air in wintertime, and a speed-regulated
fan. A high efficiency filter (HEPA type) is mounted downstream of the
fan to remove as many particles as possible from the air. The pressure
loss of a device was measured from four tubes which were connected
to each of the four sides of the duct upstream and downstream of the
device (at a distance of 0.35m and 1.2m, respectively) on the one hand,
and to a differential pressure sensor (Rosemount) on the other hand.

Particles were generated and injected upstream of the tested device
using a Collison-type (latex) or a Laskin-type (DEHS) generator. Air sam-
ples were then collected in an isokinetic way upstream and downstream
of the device, and analysed by an optical particle counter (Lasair PMS
210). The fractional efficiency was determined as the average of 13 al-
ternate particle counts upstream and downstream of the device. Each
count lasted for one minute. The sampling line was purged with clean
air for one minute each time the system changed sampling port.

Test rig 2 was designed to test different sizes and types of air clean-
ing devices in a once-through (open-loop) mode (Fig. 1). It consists of
round or rectangular ducts made of insulated galvanized steel. Airflow
rates ranging from 1200 to 3600 m3/h can be circulated through the
apparatus by a centrifugal fan with a speed control; the fan is mounted
prior to exhausting. Outdoor air is introduced into the system through
an inlet damper and then passes through an AHU containing a G4 fil-
ter and a F7 filter, heating coils, a humidifier, a cooling coil and finally
a high efficiency particle filter (H10). The components were designed
to achieve a setup air temperature of between 19 °C and 25 °C, and a
relative humidity of between 45% and 75%, whatever the outdoor air
conditions. These parameters were monitored upstream of the tested
device using a unique probe (HOBO U14 LCD data Logger, accuracy ±
0.2 °C and ± 2.5% RH, point 4 in Fig. 1a). The airflow rate was also
monitored using a hot-wire air speed probe with an accuracy of ± 3%
(Probe 960, TSI, point 3 in Fig. 1a).

The test apparatus had two parallel lines: Line 1 is made of square
ducts and was designed to test devices with a nominal cross sectional
area of 0.61m × 0. 61m; the devices are mounted inside an AHU which
is part of the rig (see between points 5 and 6 in Fig. 2a). Line 2 can
be used to test air cleaning devices of any size and shape by connecting
flexible ducts to the device on one side, and the test rig on the other side.
This line was used to test device S3 (Fig. 1b). Low leakage dampers were
mounted at each end of the two lines to avoid air leakage through the
unused line.

The contaminants were injected far enough upstream of the air clean-
ing device, and upstream from the duct bend (point 2 in Fig. 1), to allow
mixing of the contaminants with the air. VOCs were injected from two
programmable syringe pumps (Harvard apparatus 70–4500): one con-

tained toluene, heptane, acetone and acetaldehyde while the other one
contained formaldehyde as a water solution. A. brasiliensis and S. epi-
dermidis were generated from a liquid suspension using a Collison CN25
particle generator and a stainless steel pipe going through the duct wall.
This pipe was bent inside the duct so that the contaminants were in-
jected in the direction of the airflow. The suspensions were calibrated
to concentrations of 106 ufc/ml of A. brasiliensis, and 5.106 ufc/ml of S.
epidermidis. The generator was cleaned with water and a biocide solution
after each test, and the pipe was disinfected using 70% alcohol.

The position of the sampling ports upstream and downstream of the
air cleaning device is represented by points 5 and 6 in Fig. 1. Preliminary
tests showed that contaminant concentrations were uniform throughout
the whole cross section of the duct in the upstream and downstream
zones of the tested device, thus allowing a single point sampling proce-
dure in each zone.

Bio-contaminant concentrations in the air were determined using a
single-stage Andersen impactor. Isokinetic air sampling was achieved at
a rate of 28.3 l/min for 4 to 8 min. Three replicates of samples were
taken upstream and downstream of the tested device at the same time.
Trypticase soy broth incubated at 37 °C for 48h, and malt agar incu-
bated at 27 °C for 72 h were used as culture media for S. epidermidis and
A. brasiliensis, respectively. The count uncertainty was estimated to be
±10% for S. epidermidis and ±15% for A. brasiliensis. For all tests, sam-
ple blanks were obtained by measuring the concentration of bacteria
and fungus upstream and downstream of the device before starting the
generation.

Toluene, heptane, acetone and acetaldehyde concentrations were
measured online using an Ion Molecule Reaction Mass Spectrometry
(IMR-MS) analyzer (Airsense, V and F). The limits of quantification
for acetaldehyde, acetone, heptane and toluene are 13, 17, 25 and 25
μg/m3, respectively. Formaldehyde concentrations were measured ac-
cording to the ASTM Method D5197, which consists in trapping the an-
alytes on a silica gel adsorbent coated with 2,4-dinitrophenylhydrazine
(DNPH), followed by analysis by HPLC/UV. The limit of quantification is
5 μg/m3. Finally, the concentration of ozone was measured downstream
of the tested devices using an online analyzer (03 41M, Environnement
SA, limit of detection: 1 ppb, repeatability: 1%). Continuous measure-
ments were made over a period of 10–30 min, with a time resolution of
one measurement per minute. The ozone concentration when the device
was turned off was taken as the concentration upstream of the device
to compute the ozone production rate from Eq. (3). The device energy
was measured on test rig 2 using a wattmeter.

3. Results and discussion

3.1. Single-pass removal efficiency and CADR

The radar charts on Fig. 2 provide an overview of the single pass
efficiencies of the devices for the highest and lowest airflow rates tested
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Fig. 2. Overview of efficiencies for devices S1, S3 and S5.

in winter and summer conditions. Devices S2, S4 and S6 are not dis-
played because all efficiencies were close to zero for S4 and S6, and
no significant increase in efficiency was observed when comparing S2
with S5. This means that there is actually very little impact of the ozone
generated by S5 upon the removal efficiency of S6. Furthermore, S5 ef-
ficiencies in winter and summer conditions were within the uncertainty
range for all pollutants. Hence, winter and summer conditions are not
distinguished for this device on Fig. 2.

The electrostatic filter (S5) did not have any impact on VOCs, but it
was almost 100% efficient for particles of all sizes, including S. epider-
midis and A. brasiliensis, at the lowest airflow rate tested (1200 m3/h).
The efficiency dropped to 55% and 71% for particles of 0.2–0.3 μm and
0.7–1.0 μm, respectively, but remained as high as 93% for the biggest
particles, when the airflow rate increased to 3600 m3/h. These results
are consistent with the fundamentals of electrostatic precipitation, i.e.
increasing air velocity decreases the collection efficiency of the smallest
particles due to less ionization during the charging stage. Air velocity
may also affect the single-pass efficiency of larger particles by increasing
their mass inertia, and hence the critical plate length needed for their
collection. However, in the present case, the results showed that the de-
sign of the collection unit enabled 100% collection of particles of up to
5 μm at all the air velocities tested.

Devices S1 and S3 showed typical size-resolved efficiencies for me-
chanical particle filters. The minimum efficiency was around 50% and
occurred near 0.3 μm, which is a typical result for fibrous class F7 (S1) or
F8 (S3) filters. Furthermore, efficiency was not affected by air velocity,
temperature and humidity, which is another characteristic of mechan-
ical filters. It can be noted that the particle removal efficiencies of S1

and S3 were lower than those of S5 at 3600 m3/h, but were similar at
the smallest airflow rate tested.

A 100% single pass efficiency was obtained with S3 for S. epider-
midis, which was similar to the result with the class F8 mechanical fil-
ter, with around 85% efficiency for 1 μm particles, and the PCO device.
The latter was 100% efficient against S. epidermidis in all the operating
conditions tested (Fig. 3). However, additional tests conducted with and
without the TiO2-coated filters installed in the AHU, and with the UV
lights turned on and off, revealed that the bacteria were actually inac-
tivated by germicidal irradiation rather than photocatalytic oxidation
processes (Fig. 3). These tests also showed that the PCO device had no
effect on A. brasiliensis, except by a little mechanical filtration by the
knitted metal TiO2 filters (Fig. 4).The high single pass efficiency of S3
for A. brasiliensis was therefore mainly due to the mechanical particle
filter, which was 98.8% efficient with 3–5 μm particles.

The same VOC efficiency was obtained for S1 and S3 since the mea-
surements did not reveal any removal by the PCO reactor. The results
presented in Fig. 2 are therefore the initial efficiency of the activated
carbon filter. The latter varies greatly from one challenge VOC to an-
other, with maximum values ranging from 8% for formaldehyde to more
than 90% for acetone and heptane. The efficiency decreased with in-
creasing air velocity, which is consistent with the fundamentals of ad-
sorption dynamics. However, it is interesting to note that whatever the
temperature and humidity upstream of the filter, the toluene and hep-
tane single-pass efficiency with was much less affected by air velocity
than the formaldehyde, acetaldehyde and acetone efficiency. Fig. 5 pro-
vides additional results showing that the measurements are consistent
with the theory in several other respects. First, there is a correlation
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Fig. 3. View of the trypticase soy agars (after incubation of Staphylococcus epi-
dermidis) taken from the tests of the PCO device in operating conditions: a) UV
lights OFF, knitted metal filters IN; b) UV lights ON, knitted metal filters IN; and
c) UV lights ON, knitted metal filters OUT.

between the measured efficiency and the boiling point of the VOCs: for
the same airflow rate, 𝜀 was highest for toluene (Tb =110.6 °C) and then
in descending order heptane (Tb =98.4 °C), acetone (Tb =56.1 °C), ac-
etaldehyde (Tb =20.2 °C) and formaldehyde (Tb =−19.3 °C). The studies
of Haghighat et al. [13], Bastani et al. [12] and Popescu et al. [30] high-
lighted this correlation. Then, for the same airflow rate and the same
VOC concentration upstream of the filter, the efficiency was signifi-
cantly higher at a lower temperature and a lower relative humidity.
Only formaldehyde exhibited a similar efficiency at 24 °C/70% RH and
19 °C/45% RH, which is probably due to its very high solubility in wa-
ter (Henry’s constant=0.0265Pa m3 mol−1). Indeed, in this case, the
higher amounts of liquid water in the smallest pores of the adsorbent,
and hence the higher absorption rates of the contaminant, could coun-
terbalance and even overtake the lower adsorption rates at the pore
surface when the temperature/humidity were increased. Finally, the ef-
ficiency increased with concentration upstream of the filter, except for
acetone, where the efficiency was always greater than 90%.

The cross influence of face air velocity, concentration and temper-
ature/humidity upon VOC single pass efficiency makes it difficult to
determine the most favourable operating conditions of devices S1 and
S3 (actually the activated carbon filter) in terms of VOC removal from

the air (Fig. 6). In most cases, the highest CADRs were obtained for the
highest airflow rate (3600 m3/h), but there was obviously no steady
increase of CADRs with airflow rate: for acetone, heptane and toluene,
the CADRs at 1600 and 2400 m3/h were a little different, and even sig-
nificantly higher at the lowest airflow rate in some conditions. Besides,
the highest CADRs were not systematically obtained at the highest air-
flow rate. For instance, the most efficient removal of acetaldehyde from
the air occurred at 1600 m3/h if the concentration at the device inlet
remained low to moderate.

The impact of airflow rate on CADR was more straightforward for
particulate matter, including microorganisms. Overall, the CADRs pre-
sented on Figs. 6–8 show that, with the exception of S5, the devices
tested could be considered for use in large areas of buildings. The As-
sociation of Home Appliance Manufacturers (AHAM)’s rating rule for
portable air cleaners specifies that, to be efficient in removing parti-
cles from indoor air, a unit should have a CADR that is at least two-
thirds the room or building area. Here, devices S1, S3 and S5 have a
minimum particle CADR of 2100 m3/h for airflow rates of 3600 m3/h
(Fig. 7). Thus, extending the AHAM’s rule to central air cleaners, and
also considering typical occupancy ratios of 6–10 m2/person for land-
scaped and partitioned offices, respectively, these devices could operate
in the ventilation system of office buildings housing up to 525 work-
ers.

Another point that could be used to rate the removal performance of
central air cleaners is that the particle CADRwas higher than 1000 m3/h
when the airflow rate decreased to 1600 m3/h m3/h. In comparison,
according to the 2020 directories of the Association of Home Appliance
Manufacturers (AHAM [33], dated February 2020), the median CADR
of certified portable air cleaners is about 150 m3/h for tobacco smoke
(0.1–1 μm size) and dust (0.5–3.0 μm size), and 160 m3/h for pollen
(5.0–11.0 μm size). Moreover, all microorganism CADRs, with the ex-
ception of S6, were higher than 1500 m3/h, and a majority of VOC
CADRs were higher than 500 m3/h, which is also much higher than the
CADR of stand-alone air cleaners. For instance, Kim et al. [31] tested
18 household air cleaners containing various types of activated-carbon
filters. The maximum measured CADR was 23 m3/h for acetaldehyde
and 78 m3/h for toluene. For the same kind of air cleaners, Zhu et al.
[32] reported a formaldehyde CADR as high as 77 m3/h (n=4), but
the tests were conducted at very high concentrations. Finally Costarra-
mone et al. [26] assessed the removal performance of five photocatalytic
stand-alone air cleaners; maximum CADRs of 10, 7.5, 20 and 22 m3/h
were measured for toluene, acetaldehyde, heptane and acetone, respec-
tively.

3.2. Production of ozone and formaldehyde

No secondary formaldehyde could be detected downstream of de-
vices S2, S3, S4, S5 and S6 when they were tested against the mixture
of toluene, heptane, acetone and hexaldehyde. This is in agreement with
the very low efficiencies demonstrated above that suggest negligible ox-

Fig. 4. Removal efficiency of Aspergillus brasilien-
sis by the PCO device equipped with honeycomb
TiO2-coated filters (left) or knitted metal TiO2
coated filters (right).
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Fig. 5. Single-pass efficiency of S1 and S3 as a function of VOC concentration and temperature / humidity upstream of the device.

Fig. 6. VOC clean air delivery rates of devices S1 and S3 as a function of airflow rate (Q), setup concentration (Cup) and temperature / humidity of the air upstream
of the device.
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Fig. 7. Particle clean air delivery rates as a function of airflow
rate (Q).

idation of the challenge VOCs. No ozone was detected downstream of
S3 and S4 either, although these air cleaners use UV lamps. On the other
hand, S2 and S5 emit ozone in the circulating air in a way that depends
on both the airflow rate and the temperature and humidity conditions
of the air (Fig. 9). In summertime conditions, the emission rate was

higher for S2 than for S5 for all the airflow rates tested, which indicates
that both the electrostatic precipitator and the plasma ionizer gener-
ate ozone. The production rate at 3600 m3/h was about twice that at
1600 m3/h. It may be that ozone production increased steadily with
airflow rate, but this is not visible on Fig. 9 since the measured rates at
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Fig. 8. Microorganism clean air delivery
rates as a function of airflow rate (Q)
and temperature / humidity of the air up-
stream of the device.

Table 2

Device energy and fan energy of the selected air cleaners.

Energy (W) S1 S2 S3 S3 S4 S5 S6
Honeycomb Knitted metal

Device energy 0 24 1520 1520 20 15 9

Fan energy for 𝜂f = 0.5

Q=1200 m3/h 17 5 1 12 5

Q=1800 m3/h 49 15 5 40 15

Q=2400 m3/h 142 46 13 131 46

Q=3600 m3/h 310 104 29 272 104
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Fig. 9. Production rate of ozone by devices S5 and S2.

Fig. 10. Computed energy effectiveness of de-
vices S1, S3 and S5 as a function of operat-
ing conditions and a setup concentration of
100 μg/m3 upstream of the devices for VOCs.
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Fig. 10. (continued)

2400 m3/h are probably underestimated due to technical problems that
led to a relative air humidity that was far below the set point (41% vs
70%). As highlighted inmany studies, relative humidity also has a strong
influence upon ozone production. For winter conditions, the production
rates of S2 and S5 were roughly the same, flow invariant, and about 3
times lower than in summertime air conditions. Overall, the measured
emission rates are in agreement with the average value of 62.8mg/h
reported by Guo et al. [18] for in-duct air cleaners.

3.3. Energy consumption and efficiency

Table 2 presents the electrical power draw and the fan energy com-
puted from Eq. (4) for the six devices tested. Negligible pressure loss
was measured for S4 and S6, which occupy a very small percentage of
the AHU cross sectional area. Hence, no fan energy is reported for these
devices.

The energy effectiveness 𝜂 was computed for devices S1, S3 and S5
and for all the operating conditions based on the fan energies reported
in Table 1 (Fig. 10). Only the configuration of S3 with honeycomb PCO
filters was represented since the configuration with knitted metal led
to the same results. As explained above, devices S2, S4, S6 were not
considered since no significant removal efficiency was observed for S2
and S6, and the association of the plasma ionizer S6 and the electrostatic
precipitator S5 within the AHU did not increase the efficiency of S5.

Fig. 10 shows that the energy effectiveness of S3 was 30 times lower
than that of S1 and S5. The reason is that the PCO reactor adds little to
the pollutant removal of the mechanical and activated carbon filters, as
noted earlier, but a lot to the energy consumption of the device due to
the pressure loss generated by the 3 PCO filters, and overall the huge
UV light power used (1520W, see Table 2). Such an electric power draw
would actually prove to be prohibitive in the context of zero or low
energy office buildings.

For S1 and S5, the best trade-off between IAQ improvement and en-
ergy was obtained when the devices operated at the lowest airflow rate
tested (1200 or 1600 m3/h) while the CADR was maximum at the high-
est airflow rates (Fig. 6–8). Furthermore, the energy effectiveness of S5
steadily increased with decreasing airflow rate. On the other hand, the
drop in energy effectiveness of S1 was much greater when the flow rate
went from high to medium than when it went from medium to low. In
a general way, these results emphasize that the device energy effective-
ness is actually strongly dependent on the way thermal conditions and

ventilation are controlled in buildings. Variable air volume approaches
promote periods where the airflow rate passing through the air cleaners
are low to moderate, and hence 𝜂 is highest. This should be preferred to
on/off cycles.

The energy effectiveness values presented in Fig. 10 may raise the
question of whether it is better to use a central air cleaner in the AHU of
a building or to use several stand-alone air cleaners in the rooms. One
answer comes from the US-EPA database of room air cleaners that are
both AHAM and Energy Star certified (Energy Star website [34], dated
February 2020). Among the 226 appliances listed, the highest energy
effectiveness is 22,667, 25,500 and 25,500 m3/kWh for tobacco smoke,
dust and pollen, respectively, and the median is 4936, 4690 and 5302
m3/kWh, respectively. Thus, regarding particle matter, the energy ef-
fectiveness of devices S1 and S5 will most often be much higher than
that of stand-alone air cleaners. Furthermore, although the most effi-
cient appliances can be more efficient than S1 at high airflow rate, the
latter removes VOCs from the air in addition to particles of different
sizes. Energy effectiveness, as defined by Eq. (5), can be used to com-
pare systems based on individual pollutants. One limitation to its use as
a fully objective benchmark is that it does not reflect the simultaneous
removal of gasses, particles and bio-contaminants that an air cleaner can
achieve.

4. Conclusions

As a conclusion to a consensus paper whose aim was to define guide-
lines for research on air cleaners, Zhang et al. [1] wrote that “researchers
who study air cleaning devices should determine and report CADR, by-
products, and energy requirements (perhaps CADR/energy consump-
tion), and that peer reviewers of related submissions should require this
information”. Later, when reviewing the impacts of air cleaning, Siegel
[19] came to the conclusion that to better characterize the performance
of any type of air cleaner, testing should meet the following four re-
quirements: it must be “(1) conducted in well-characterized indoor en-
vironments; (2) occur over a long duration to capture any change in
performance; (3) examine both the primary and secondary impacts of
air cleaners; and (4) consider air cleaning impacts on multiple contam-
inants”. Given that secondary impacts are the result of by-products and
energy consumption, this study meets all these requirements except the
second. All the devices tested were brand new and the measurements
reflect their initial performance. Measurements of aged systems would
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undoubtedly have given even more value to the results, but maintain-
ing the performance over time was considered here to be a maintenance
issue.

Only a few central air cleaners are available on the market and not
many studies have been conducted on them when compared to stand
alone air cleaners. Thus, the results presented in this paper are a first
insight into their ability to improve indoor air quality while preserving
energy in office-like or commercial buildings. Six devices using differ-
ent technologies were tested in realistic operating conditions, leading
to mixed results. Two of them showed no efficiency, or a very low effi-
ciency, for all challenge contaminants. Of these, the plasma ionizer (S6)
is nevertheless a special case since it can actually promote particle depo-
sition onto the surfaces of a room, and hence improve IAQ, but this was
not visible from the concentration measurements upstream and down-
stream of the device. Nonetheless, the combination of the plasma ionizer
and the electrostatic precipitator in no way increased their efficiency,
as the manufacturer of the two devices claims. Similarly, the PCO reac-
tor used in S3 added little to the removal efficiency of the mechanical
particle and gas filters, and had an electric power draw that is barely
acceptable in low energy buildings. Finally, the electrostatic precipita-
tor and the combination of the mechanical particle filter and gas filter
proved to be the most suitable solutions for particle removal in the first
case, or a more comprehensive treatment of indoor air pollution in the
second case. These two systems were highly energy effective, especially
when operating at low to medium face velocity for HVAC plants. Thus,
optimal performance based on energy and IAQ can be achieved when
the devices are mounted on the recycled air loop, and the control of the
air conditioning system is based on a variable air volume approach. In
these conditions, central air cleaning is much more efficient than having
stand-alone air cleaners in the rooms.
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a b s t r a c t

Under the dual effects of aerodynamic heating and high-power electronic equipment heating, the heat sink and
power demand of advanced high-speed aircraft have been exponentially rising, which seriously restricts the
aircraft performance. To improve system cooling and power supply performance and reduce engine performance
loss, a power and thermal management system (PTMS) with high performance, low energy consumption, and
light weight urgently needs to be developed. In this paper, three modes of a potential PTMS with different heat
sinks and bleed air sources are further discussed to analyze and compare the optimal matching with the flight
mission at Mach 1–4.4. The equivalent mass method is used to uniformly assess the costs of the fixed weight,
bleed, resistance, etc. as a function of the fuel weight penalty, which is chosen as the optimization objective.
The optimization variables consist of the compressor outlet temperature, cooling air flow rate, and fan duct heat
exchanger structure size. The results show that the intermediate-stage bleed air and fan duct heat sink are more
suitable when the Mach number is less than 2, but the ram air bleed is highly suitable for flight missions at a
high Mach number. Especially at Mach 3.4–4.4, the ram air bleed mode can respond to the cooling and power
demands with a simple architecture.

1. Introduction

With the development of aircraft multi-electrification and the ad-
vancement of electronic equipment integration technology, on-board
cooling and power demands have been increasing exponentially [1].
Particularly, the deployment of high-energy equipment such as laser
weapons, long-range radar, and electronic countermeasure platforms
has dramatically increased the demand for heat sinks [2]. Combined
with the continuous accumulation of external aerodynamic heat, the
fuselage temperature of high-speed aircraft may keep rising. However,
the limited heat sink has difficulty addressing the cooling requirements,
which makes the thermal problem a technical obstacle for high-speed
aircraft. The performance of the power and thermal management sys-
tem (PTMS) needs to be further improved and upgraded to meet the
requirements of different missions [3].

The European Space Agency and the United States Air Force have
carried out energy-optimized aircraft projects to improve and redesign
the PTMS by integrated thermal-energy design. Their research proves
that multi-electric aircraft can significantly reduce the thrust loss, fuel
consumption and power demand of the environmental control system
[4,5] and proposes that the refrigeration system occupies an unprece-
dentedly important position in energy-optimized aircraft [6–8].

∗ Corresponding author.
E-mail address: pangliping@buaa.edu.cn (L. Pang).

Many scholars have also conducted research on the PTMS for ad-
vanced aircraft, although most of them have focused on traditional
PTMSs using the Brayton refrigeration cycle. Roberts et al. [9,10] es-
tablished the tip-to-tail model of a PTMS with a flight control sys-
tem, fuel system, etc., which laid the foundation for PTMS optimized
design combined with a flight envelope. Although their flight enve-
lope is subsonic, the modeling method is still applicable to super-
sonic flights. Figliola et al. [11] carried out an optimization anal-
ysis of a PTMS and chose the exergetic efficiency and total take-
off weight as the optimization objectives. Doman [12] and German
[13] conducted mission planning studies on thermal management sys-
tems. However, to date, research studies on PTMSs have been mainly
conducted by system architecture design [14,15], thermodynamic char-
acteristic optimization [16,17], and component-level lightweight design
[18,19], while there have been few studies on system-level lightweight
design.

In this paper, three modes of a potential PTMS will be analyzed and
compared at Mach 1–4.4. To seek the optimal matching of different heat
sinks and bleed air sources with the flight mission, an optimization de-
sign for the PTMS will be developed to minimize the total fuel weight
penalty.

https://doi.org/10.1016/j.enbenv.2020.06.006
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Fig. 1. Principle diagram of the power and thermal management system
(PTMS).

2. System architecture

An advanced PTMS which is considered a potential system for high-
speed aircraft, was developed by Honeywell [20,21]. Instead of using
the Brayton refrigeration cycle, the indirect regenerative air cycle was
used for the integrated power and cooling machines in the PTMS. A
simplified architecture of the potential PTMS was studied in this paper,
as shown in Fig. 1.

The PTMS is powered by engine intermediate-stage bleed air (IB)
or a ram air bleed (RB). Part of the bleed air enters the compressor
(C) after being cooled by fan duct air (in heat exchanger FDHX) or a
polyalphaolefin (PAO) coolant (in heat exchanger PAO HX1). The heat
absorbed by the PAO coolant is further transmitted to the fuel sink via
the PAO/fuel heat exchanger, which is not shown in Fig. 1. A second
PAO heat exchanger (PAO HX2) and a recuperative heat exchanger (Re-
cup HX) are arranged at the outlet of the compressor to decrease the
compressed air temperature. Finally, the bleed air is sent to the cooling
turbine (CT), where it is cooled by expansion. The expansion process
drives the compressor and provided electrical power through the gen-
erator (Gen). Cooled air is used to remove airborne heat loads (in heat
exchanger Load HX), such as avionics, and is then exhausted into the
ambient environment.

Part of the bleed air is sent to the combustor, where it is mixed with
fuel and burned to raise the temperature, and finally sent to the power
turbine (PT) for expansion. The power absorbed through expansion is
used to produce electricity by the generator (Gen).

Based on the different bleed air sources and heat sinks, the PTMS
reconfigures itself into three working modes: (1) Engine intermediate-
stage bleed air with a fan duct air heat sink mode (IB-FD), the work-
ing mode of its cooling and power subsystems are shown by ’1-3-4-
6-7-8-9-10-11′ and ’1-12-13-14′ in the Fig. 1, respectively. (2) Engine
intermediate-stage bleed air with a PAO heat exchanger mode (IB-PAO),
the working mode of its cooling and power subsystems are shown by ’1-
3-5-6-7-8-9-10-11′ and ’1-12-13-14′ in the Fig. 1, respectively. (3) Ram
air bleed air with a PAO heat exchanger mode (RB-PAO), the working
mode of its cooling and power subsystems are shown by ’2-3-5-6-7-8-9-
10-11′ and ’2-12-13-14′ in the Fig. 1, respectively.

Thanks to previous studies on thermodynamics, models of compres-
sors, turbines and heat exchangers have been developed. In this study,
the heat exchangers are modeled after a counterflow, plate-fin com-
pact heat exchanger, which has been described in detail by Weise [22].

The bleed air undergoes an isentropic adiabatic process in the compres-
sor and turbine, considering adiabatic and mechanical efficiencies. The
models of the compressor and turbine have been illustrated by Roberts
[23].

When the temperature of bleed air is below 920K, the fuel is used to
raise the gas temperature before it is supplied to the power turbine. The
specific fuel consumption can be calculated:
{

𝑓 = ℎPT,in−ℎPT,out
𝐻

𝑢
𝜀
𝑐
−ℎPT,in

,when𝑇bleed ≤ 920K

𝑓 = 0,when𝑇bleed > 920K
(1)

where f is the fuel-bleed ratio; Hu is the calorific value of unit fuel com-
bustion, J/kg; ɛc is the fuel combustion complete factor; hPT, in is the
enthalpy of gas at power turbine inlet, J/kg; hPT, out is the enthalpy of
gas at power turbine outlet, J/kg; Tbleed is the temperature of bleed air,
K.

The relationship between the Mach number and cruising altitude is
considered as follows:
{

𝐻= 10 + 7.5(𝑀𝑎 − 1), for1 ≤ 𝑀𝑎 < 3

𝐻=25, for3 ≤ 𝑀𝑎 ≤ 4.4
(2)

where H is the cruising altitude, km; and Ma is the Mach number.
With increasing Mach number, the temperature and pressure of the

incoming gas increased. If above Mach 3 or if the turbine engine is
turned off, then ram air is used to drive the PTMS, and fan duct air
cannot be used as a heat sink [24]. Thus, only the RB-PAO mode can
work when above Mach 3.

3. Equivalent mass method

With different bleed air sources, heat sinks, and component perfor-
mances, the three modes of the PTMS are not directly comparable, even
when working under the same flight conditions. To effectively analyze
and compare the modes, the equivalent mass method [25] is adopted
to evaluate the costs of the PTMS. For the three modes with different
system architecture and energy consumption, it provides a common de-
nominator for comparing systems.

For the same flight mission, during the cruise stage the lift-to-drag ra-
tio and the specific fuel consumption can be considered to be essentially
constant. Therefore, the heavier the equipment carried by the aircraft,
the more fuel it needs to carry. Similarly, the more the intermediate-
stage bleed air or ram air bleed, the more fuel is consumed per second,
and the heavier fuel is carried on takeoff. So the components due to the
PTMS are uniformly equivalent to the fuel weight penalty, as tabulated
in Table 1 [26]. The lower the fuel weight penalty is, the lower the flight
envelope cost is, which is beneficial for aircraft performance.

According to the sources of the fuel weight penalty listed in Table 1,
the total fuel weight penalty of the PTMS can be calculated:

𝑚total = 𝑚bypass + 𝑚F + 𝑚rim + 𝑚E + 𝑚fuel (3)

where mbypass is the inlet resistance penalty caused by the fan duct heat
exchanger, kg; mFis the fixed weight penalty, kg; mrim is the ram air
bleed penalty, kg;mEis the intermediate-stage bleed air penalty, kg;mfuel
is the fuel consumption penalty caused by the power subsystem, kg; �̇�a
is the cold side mass flow rate of the fan duct heat exchanger, kg/s; v is
the inflow velocity of the inlet, m/s; vout is the air flow velocity at the
outlet of the duct, m/s;MHX,MC,MCT andMPT are the weights of the heat
exchanger, compressor, cooling turbine and power turbine, respectively,
kg; �̇�e is the mass flow rate of the bleed air, kg/s; H∗ is the specific
enthalpy of the engine turbine inlet, J/kg; 𝜋0 is the engine compressor
pressure ratio of the intermediate stage (i.e., the bleed air); 𝜋c is the
engine compressor pressure ratio; Ce is the specific fuel consumption,
kg/(N · s); 𝜏0 is the endurance time, s; g is the acceleration of gravity,
m/s2; and K is the lift-to-drag ratio.
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Table 1

Sources and calculations of the fuel weight penalty.

Penalty source PTMS modes Penalty equation

1 2 3

Inlet resistance ● ○ ○ 𝑚bypass =
�̇�a (𝑣−𝑣out )𝐾

𝑔

(exp( 𝐶𝑒
𝜏0𝑔

𝐾

) − 1)
Heat exchanger weight ● ● ● 𝑚F = 𝑀HX(exp(

𝐶e𝜏0𝑔

𝐾

) − 1)
Compressor weight f f f 𝑚F = 𝑀C(exp(

𝐶e𝜏0𝑔

𝐾

) − 1)
Cooling turbine weight ● ● ● 𝑚F = 𝑀CT(exp(

𝐶e𝜏0𝑔

𝐾

) − 1)
Power turbine weight f f f 𝑚F = 𝑀PT(exp(

𝐶e𝜏0𝑔

𝐾

) − 1)
Ram air bleed ○ ○ ● 𝑚rim = �̇�e𝑣𝐾

𝑔

(exp( 𝐶e𝜏0𝑔

𝐾

) − 1)

Intermediate-stage bleed ● ● ○ 𝑚E = ( �̇�e𝐻
∗ (𝜋

𝑘−1
𝑘

0 −1)

𝐻
𝑢
𝜀c (𝜋

𝑘−1
𝑘

c −1)
+ �̇�e𝑣𝐶e)

𝐾(𝑒
𝐶e 𝜏0 𝑔

𝐾 −1)
𝐶e𝑔

Fuel consumption f f f 𝑚fuel =
𝑓 ⋅�̇�e𝐾

𝐶e𝑔
(𝑒

𝐶e 𝜏0 𝑔
𝐾 − 1)

Note: ● indicates that there is this item; ○ indicates that there is no such item; f indicates that this item may or may not exist.

Table 2

Constraints for optimization.

T1/(K) �̇�H,1∕(kg∕s) �̇�H,2∕(kg∕s) ΔPmax, c/(kPa) ΔPmax, h/(kPa)

Mode 1 LB 𝑇
𝑧
+ 50 0.1 0.1 0 0

UB 1000 20 4 0.9Pz-P0 5

Modes 2 & 3 LB 473.15 0.1 0.1 —
UB 1000 4 4

4. Optimization of the PTMS

4.1. Optimization objective and variables

The design objective of the PTMS is the minimum total fuel weight
penalty, min (mtotal), which can be expressed as follows:

𝑓

(
�⃗�

)
=𝑚total

(
�⃗�

)
(4)

where ⃖⃗𝑥 expresses the vector of the optimization variables:

⃖⃗𝑥=
[
⃖⃖⃖⃗𝑥1, ⃖⃖⃖⃗𝑥2

]
(5)

where ⃖⃖⃖⃗𝑥1 is a vector related to the system temperature-pressure de-
sign, which can be expressed by Eq. (6); ⃖⃖⃖⃗𝑥2 is a vector related to the
lightweight design of the system heat exchanger. The lightweight design
method and variable settings of the heat exchanger have been described
in detail by Weise [22].

⃖⃖⃖⃗𝑥1 =
[
𝑇1, �̇�H

]
(6)

4.2. Constraints for the optimization

Constraints for the optimization design include constraints on the
design variables, constraints on the heat capacity ratio of the heat ex-
changer, and constraints on the pressure loss, which can be expressed
as follows:
⎧
⎪
⎨
⎪
⎩

LB ≤ �⃗� ≤ UB
𝐶min
𝐶max

≤ 𝜁HHX

Δ𝑃 ≤ Δ𝑃max

(7)

where LB and UB are the upper and lower limit vectors of the optimiza-
tion variables, respectively; 𝜁HHX is the minimum heat capacity ratio of
the heat source heat exchanger, which is usually 𝜁HHX ≥ 1.5 to increase
the efficiency of the heat exchanger; the third term is an empty vector
for the case where there is no fan duct heat exchanger; otherwise, it is
necessary to restrict the internal pressure drop of the inlet to not higher
than (𝜎𝑃z − 𝑃0), where 𝜎 is the inlet recovery factor, and Pz and P0 are
the total pressure and static pressure, respectively. The constraints for
the optimization method are listed in Table 2.

4.3. Calculation methods of the optimization

In this paper, the optimization method is established by using MAT-
LAB software. The PTMS models and flight conditions are programmed

in the M-file of MATLAB, and sequential quadratic programming (SQP)
is selected by the ’fmincon’ function in MATLAB to obtain optimal re-
sults.

The optimization procedure is shown in Fig. 2. First, the mission pa-
rameters are read according to the flight envelope. Second, the optimal
design initial conditions are set according to the constraints in Table 2.
Then, the lightest heat exchanger is obtained by iterative calculation un-
der the initial conditions. The lightweight design of the heat exchanger
takes the structure size of the heat exchanger as the optimization vari-
able (finwidth s, fin internal height h, fin staggered length l, fin thickness
tf, plate spacing b, partition thickness t and non-flow direction length L)
and continuously modifies the structure size until the optimal solution
for the heat exchanger weight is achieved. Thus, the working condi-
tions of the PTMS are determined and used as the input for calculating
the fuel weight penalty. Finally, the total fuel weight penalty of the cur-
rently designed PTMS is calculated according to Eq. (1). If the minimum
condition is not reached, then return to the second step to modify the
optimization variables and iteratively calculate until the optimal PTMS
is achieved.

5. Optimization results and analysis

5.1. Parameters for PTMS optimization

Optimal solutions can be obtained by using the above optimization
method. The corresponding parameters of the PTMS are listed in Table 3.
At Mach 1-4.4 and a 100 kW demand for both cooling and power, the
optimal solutions for the objective function can be obtained.

5.2. IB-FD mode

Optimal solutions can be obtained by using the above optimization
method. The optimal fuel weight penalties in the IB-FD mode are shown
in Fig. 3, in which the penalty of each component is clearly shown. The
following is observed:

(1) The refrigeration subsystem is the main source of penalty for the IB-
FD mode. With an increase in the Mach number, the refrigeration
subsystem penalty gradually increases, and the intermediate-stage
bleed penalty accounts for the largest proportion.

(2) With an increase in the Mach number, the fuel weight penalty caused
by the power subsystem bleed and fuel consumption are gradually
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Fig. 2. Optimization procedure of the PTMS.

reduced. When the Mach number is greater than 2.2, the power sub-
system is no longer required. This condition means that the power
generated by the refrigerated system has exceeded the preset power
demand of 100 kW.

More details on the above phenomenon can be revealed by the char-
acteristics of the cooling subsystem, as shown in Figs. 4 and 5.

Fig. 4 displays the optimal temperature-entropy diagram of the cool-
ing subsystem, which can explain the increase in power generated in the
cooling subsystem. As shown in Fig. 4, the compressor inlet temperature
T2 gradually increased to be equal to the outlet temperature T3 until the
Mach number reached 2.2. In this case, the intermediate-stage bleed air
enters the cooling turbine through the fan duct and PAO heat exchanger
except the compressor. This case is because the heat transfer capacity
of the fan duct heat exchanger decreases. In the IB-FD mode, the fan
duct heat exchanger is directly affected by the Mach number. As the
flight speed increases, the heat sink temperature of the fan duct heat
exchanger increases accordingly. Thus, the inlet temperature difference
between the cold and hot sides of the fan duct heat exchanger decreases,
and the heat transfer capacity decreases, which is unexpected.

Fig. 5 shows the optimal solutions of the bleed flow rate, compressor
and turbine pressure ratios. The bleed flow rate increases with increas-
ing Mach number, but the pressure ratios decrease. In this mode, the
pressure of intermediate-stage bleed air decreases when the Mach num-
ber increases since the total compressor pressure ratio decreases as the
incoming gas temperature increases. Therefore, the available pressure
ratio of the cooling turbine is reduced, and the outlet temperature grad-
ually increases, as shown in Fig. 4, which leads to an increase in the
amount of bleed air and a corresponding increase in the bleed penalty.

5.3. IB-PAO mode

The IB-PAO mode is similar to the IB-FD mode with intermediate-
stage bleed air, but the IB-PAO mode only uses PAO heat exchangers,
which is less affected by the Mach number than system 1. Fig. 6 shows
the optimal fuel weight penalty of the IB-PAO mode. The intermediate-
stage bleed penalty has the largest proportion and increases with in-
creasing Mach number, while the other penalties indicate a slight
change.
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Table 3

Parameters of the PTMS.

Parameter Value

Cruising duration/(s) 4200

Temperature of PAO/(°C) 150

Maximum allowable temperature of the equipment/(°C) 70

Lift-to-drag ratio 4.62

Thrust specific fuel consumption /(h−1) 3600(Ct,1+ Ct,2Ma)

Constant Ct,1/(s
−1) 1.1e-04

Constant Ct,2/(s
−1) 6.8e-05

Inlet resistance coefficient 0.9

Adiabatic efficiency of the turbine and compressor 0.75

Mechanical efficiency 0.98

Maximum temperature before the engine turbine/(K) 1400

Maximum temperature of the engine combustion chamber inlet/(K) 800

Fig. 3. Optimal solutions of the IB-FD mode.

Fig. 4. Temperature-entropy diagram of the cooling subsystem for the IB-FD
mode.

Fig. 7 displays the optimal temperature-entropy diagram of the cool-
ing subsystem, and Fig. 8 shows the optimal solutions of the bleed flow
rate, compressor and turbine pressure ratios. The performance of the
cooling subsystem can be revealed in Figs. 7 and 8. The first PAO heat ex-
changer was the main heat exchanger and kept the inlet air temperature
of the refrigeration compressor constant. The cooling turbine pressure
ratio decreases with increasing Mach number, and the bleed air mass
flow rate increases accordingly. Therefore, there are two main reasons
for the increase in the penalty of the IB-PAO mode: one is the bleed air

Fig. 5. Flow rate and pressure ratio of cooling subsystem for the IB-FD mode.

in the cooling subsystem, and the other is the higher the Mach number
is, the heavier the penalty paid is.

5.4. RB-PAO mode

The RB-PAO mode uses a ram air bleed, which is not limited by the
operating state of the engine. Therefore, a wider range from Mach 1 to
4.4 was studied. The optimized fuel weight penalty of the RB-PAO mode
is the most complicated among these three modes, as shown in Fig. 9.

With an increase in the Mach number, the minimum fuel weight
penalty quickly decreased first and then began to rise at Mach 2. The
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Fig. 6. Optimal solutions of the IB-PAO mode.

Fig. 7. Temperature-entropy diagram of the cooling subsystem for the IB-PAO
mode.

second inflection point appeared at Mach 3, and the optimal solution
showed a decline again. When Mach 3.6 was reached, the third in-
flection point appeared, and the optimal solution continued to increase
slowly until Mach 4.4.

From the trend of the components of the fuel weight penalty, it can be
seen that the power subsystem penalty gradually decreases as the Mach
number increases, and its proportion is reduced from 89% to 0. How-
ever, the cooling subsystem penalty increased and basically stabilized
after Mach 2.4. When above Mach 3.2, the cooling subsystem generates
enough power to meet the demand of 100 kW.

The complex fuel weight penalty trend of the RB-PAO mode can be
illustrated in detail by the temperature-entropy, flow rate and pressure
ratio diagram of the cooling subsystem for the RB-PAO mode, as shown
in Fig. 10 and 11.

Fig. 8. Flow rate and pressure ratio of the cooling subsystem for the IB-PAO
mode.

For Mach 1-2.2, the compressor inlet temperature T2 is equal to the
ram air bleed temperature T1; as the ram air bleed temperature is lower
than the PAO temperature, the cooling subsystem only has the second
PAO heat exchanger, as displayed in Fig. 10(a). In this case, the tempera-
ture and pressure of the ram air are both low, which requires a relatively
high compressor pressure ratio, and the power subsystem needs to input
additional power to the cooling subsystem. Furthermore, from Fig. 11,
with an increase in the Mach number, the cooling turbine pressure ra-
tio becomes higher than the compressor’s, so the power demand of the
cooling subsystem is reduced, and the penalty of the power subsystem
also decreases, as shown in Fig. 9.

For Mach 2.4-3.2, as shown in Fig. 10(b), the temperature of the ram
air is increased, and the first and second PAO heat exchangers are both
used. As the Mach number increases, the pressure ratio of the cooling
turbine is still much higher than that of the compressor, which can also
be found in Fig. 11. The bleed air mass flow rate of the cooling subsystem
shows a downward trend at Mach 2.4-3.2, as shown in Fig. 11, but as
the Mach number increases, the penalty increases under the mass flow
rate condition, so the bleed air penalty of the cooling subsystem remains
stable.

For Mach 3.4-4.4, as shown in Fig. 10(c), the RB-PAO mode degen-
erates into a simple structure of the ’ram air bleed air, dual PAO heat
exchanger, recuperative heat exchanger and cooling turbine’, and the
architecture is shown in Fig. 12. In Fig. 11, the mass flow rate of the
cooling subsystem bleed is further reduced, and the pressure ratio of
the cooling turbine is significantly increased. The cooling system can
meet the demands of both cooling and power. Therefore, the total fuel
weight penalty remains stable, without a significant increase due to the
increase in the Mach number.

Fig. 9. Optimal solutions of the RB-PAO mode.

18



R. A, L. Pang and X. Jiang et al. Energy and Built Environment 2 (2021) 13–20

Fig. 10. Temperature-entropy diagram of the cooling subsystem for the RB-PAO
mode.

6. Conclusion

The equivalent mass method based on the fuel weight penalty is stud-
ied in this paper for the design of the PTMS on high-speed aircraft. The
minimum fuel weight penalty is chosen as the objective function. The
compressor outlet temperature, cooling air flow rate, and fan duct heat
exchanger structure size are confirmed as optimized design variables.
SQP is used to solve for the optimal process subject to constraints. The
optimal design can be obtained for three modes of the PTMS at Mach 1-
4.4 with the demand of 100 kW for both the cooling and power supply.
With our study, the following conclusions can be drawn:

Fig. 11. Flow rate and pressure ratio of the cooling subsystem for the RB-PAO
mode.

Fig. 12. Architecture diagram of the RB-PAO mode at Mach 3.4-4.4.

(1) The mode with intermediate-stage bleed air is beneficial for ob-
taining the minimum fuel weight penalty at Mach 1-2, but when
the Mach number is further increased, the flow rate of bleed air
increases significantly, which is a disadvantage to the fuel weight
penalty;

(2) The heat sink capacity of the outer duct decreases as the Mach
number increases. When above Mach 2, the fuel weight penalty
of the IB-FD mode is significantly increased compared to the IB-
PAOmode, so the fuel heat sink is more suitable than the fan duct
heat sink;

(3) The ram air bleed air shows a great advantage when above Mach
2. In particular, the fuel weight penalty of the RB-PAO mode re-
mains stable with increasing Mach number. At Mach 3.4-4.4, the
RB-PAO mode not only meets the cooling and power require-
ments but also has a simple architecture.
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In the past several years, thermal comfort, especially development and application of thermal comfort model,
has been a research focus of building environment. Since the 1970s, a series of thermal comfort models based
on people’s thermal sensation to environment have been established, and gradually became an important part of
the field of thermal comfort research. In this review, the existing thermal comfort models are summarized from
various perspectives, such as models applied in different environments like sleeping environment and outdoor
environment. Besides, models used for different groups people, such as elderly and different races are discussed. In
the part, adaptive models are mentioned. In additions, data-driven models were reviewed. This paper introduced
the advantages and disadvantages of each model. Based on the above review, future research work of thermal
comfort model is proposed.

1. Introduction

Thermal comfort has gradually become an independent research
field, providing an important support to build a good environment [1].
In the process of research, scholars found that subjective initiative of
people has a great impact on thermal comfort. Even because of differ-
ent subjective purposes to use air conditioner, different thermal neu-
tral range has been formed for the same environment. Human beings
are homeotherms, therefore, in different environment, even in extreme
cold or hot, people can maintain core temperature in a narrow scope
through thermoregulation. The core temperature is kept at about 36.5
°C [2]. When the human body is in extreme thermal disorders, and the
regulation of human body is out of balance, the core temperature will
be much higher or lower than normal value. When the core temperature
exceeds a certain limit in a long time (more than 1 hour and higher than
38.5°C or lower than 35°C), the human body will be damaged to a cer-
tain extent [3]. Therefore, the human body’s thermal and cold reaction
and its interaction with the environment has been the focus in many
studies [4]. It is very important to establish thermal comfort model
in case extreme thermal disorders. In addition, it is important to pre-
dict thermal comfort in a built environment, because, thermal comfort
model has great potential for energy saving. If the comfort temperature
in different environment can be predicted accurately, a reasonable set
temperature can be determined. Human beings can be exposed to differ-
ent environments with various thermal environment. Through thermal
comfort model, comfortable environment can be predicted for different
environment [5]. Therefore, human thermal comfort model is an impor-
tant part of built environment research.

∗ Corresponding author.
E-mail address: zwlian@sjtu.edu.cn (Z. Lian).

Thermal comfort model has developed quickly in recent decades.
Models for different environments have been purposed and verified
based on separate experimental dataset, but the models may have in-
accuracies when applied outside the original climate scope [4,6,7]. As
a result, not all models are recognized in international standards [8].
This paper seeks to review the existing thermal comfort models and
present their advantages and disadvantages, so that the applicability
of models can be shown. At present, the most cited thermal comfort
standards: ASHRAE 55-2016 [9] and ISO 7730 [10] are based on the
Fanger’s model. This model is one of the most classical models, but it
is not applicable to nonuniform environment, outdoor environment and
sleep environment. For elderly, Fanger’s model is not suitable because
the data used to develop Fanger’s model was from adults. In the current
standard, all the problems have one or several unified solutions, so to
give more solutions based on actual environments is one of the purposes
in the paper. Data-driven thermal comfort model a new trend. It took
advantage of data to enhance the prediction accuracy, and whether the
new models would be brought into standard is of important considera-
tion. In order to implement these goals, this paper reviews the develop-
ment of thermal comfort models.

This paper is divided into four parts. In Section 2.1, the physiologi-
cal basis of thermal comfort model and some classical thermal comfort
models is introduced, including PMV-PPD model, two-node model and
multi-node model. From Section 2.2–Section 2.6, the thermal comfort
model used for different aspects, including indoor sleep environment,
outdoor environment, and for the elderly, thermal comfort models for
different races, and data-driven model is introduced. Finally, the future
trend is discussed.
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Nomenclature

ASV/ASVEurope Actual Sensation Vote
AC Air-conditioned
CL Cooling
COMFA Comfort Formula
DI/ DIndex Discomfort Index
DISC Thermal Discomfort
ECG Electrocardiogram
ECFhta Heat transfer area combining effective

conductive field
EEG Electroencephalogram
ETF Modified effective temperature
ETFe Enhanced conduction-corrected modified

effective temperature
FR Free-running
GOCI Global Outdoor Comfort Index
HI Heat Index
HSI/HSIASHRAE Heat Stress Index
MDI Discomfort Index
MOCI Mediterranean Outdoor Comfort Index
NREM Non-Rapid Eye Movement
NV Naturally ventilated
ra Aerodynamic resistances
rc Clothing resistances
rt Tissue resistances
Tn the predicted neutral temperature
Tout average outdoor temperature for the

months
T0 the exponentially weighted running mean

outdoor temperature for the day
OT Operative Temperature
HT Heating
OUT_SET Outdoor Standard Effective Temperature
PET Physiological Equivalent Temperature
PhS Physiological Strain
PMV/PMVG/PMVsolar Predicted Mean Vote
PPD Predicted Percentage of Dissatisfied
PT Perceived Temperature
PTS-WPD Partial Thermal Sensation-Whole Percent

Dissatisfied
REM Rapid Eye Movement
SETASHRER Standard Effective Temperature
ST Subjective Temperature
STI Subjective Temperature Index
STpreferred Subjective Temperature
TEP Temperature of equivalent perception
Teq Equivalent temperature
Ta Air temperature
Tc Core temperature
�̄�
𝑠𝑘

Mean skin temperature
TCV Thermal Comfort Vote
TSV Thermal Sensation Vote
TVFhta Convective heat transfer area combined

thermal velocity field
UTCI Universal Thermal Climate Index
WBGT Wet Bulb Globe Temperature

2. Thermal comfort model and its research progress

In order to comprehensively review thermal comfort models, litera-
ture search was performed in the following scientific databases: Springer
Link, Elsevier, CALIS, Science Direct, Web of Science, PubMed and Sco-
pus. The key word is “Thermal Comfort model”, and the number of rel-

ative papers is 2,578. The search was limited to papers published from
1950 to 2019. After correlation analysis and reading the abstracts, 152
full papers were read. The papers are published in the Building and
Environment, Energy and Buildings, International Journal of Thermal
Sciences, Science of the Total Environment, Comprehensive physiology,
and so on. After a final screening, 117 papers are further selected and
analyzed.

2.1. Basic classic models

Thermal comfort research can be traced back to Blagden and his
laboratory members to evaluate thermal tolerance [11]. Since then, the
study of thermal comfort has been continuously performed. From 1960s
to 1970s, Fanger [12] established an mathematical formula related to
thermal comfort with six parameters: air temperature, radiation temper-
ature, relative humidity, wind speed, clothing thermal resistance and
activity. While former researchers proposed as many as hundreds of in-
fluencing factors, Fanger [12] selected only the main factors, including
not only physical environmental factors, but also human physiological
parameters. It changed the study of thermal comfort from qualitative re-
search to quantitative research. The first classic thermal comfort model
is PMV model (Predict Mean Votes), based on the Fanger’s human ther-
mal balance equation. the PMVmodel is discussed in detail by Hoof et al.
[13]. Fanger’s PMV model is combined with the thermal regulation the-
ory of the human body, and the human body achieves thermal comfort
in the building under certain heat and humidity conditions. Therefore,
the PMV model is widely used to evaluate the thermal comfort of in-
door human body [14]. The PMV model is developed on the basis of
experiments where human body is close to thermal neutral state, when
there is a linear relationship between skin temperature, perspiration rate
and human activity intensity. The PMV model adopts the ARSHER55-
2004 Standard 7-point scale [9]. When PMV is greater than + 2 (warm),
due to the obvious enhancement of the evaporative heat dissipation of
sweat, there is a significant difference between the PMV value and the
actual value, so the accuracy of PMV prediction is questioned by many
researchers [13], and the applicable scope of the PMV model is limited
in the relevant standards [10]. The PMV model is aimed at the uniform
and steady-state traditional air-conditioning environment, and does not
consider the non-uniform and non-steady-state environment, let alone
the effect of local hot and cold sensation on the overall thermal sensa-
tion. Therefore, PMV is not applicable to dynamic environments [15].

PMV model is the most classical thermal comfort model. In addi-
tion to PMV model, two-node model and multi-node model are widely
used. For two-node model, it simplifies the human body into a two-layer
structure with skin and core, which is represented by a concentric cylin-
der. Multi-nodemodel abstracts the human body intomultiple segments,
and each segment is divided into skin, fat, muscle, bone and other lay-
ers. Each layer in each segment is regarded as a heat transfer node with
thermal physiological parameters, and is controlled by energy and mass
conservation equations. The relationship is shown in Fig. 1.

The three types of models are the most classical ones in thermal
comfort. In different built environment, the three kinds of models have
been continuously developed.

Thermal comfort model requires the cooperation of two systems:
active system and controlled passive system. The details are shown in
Figs 2 and 3. The two systems exist in PMV model, two-node model and
multi-node model. For PMV model and two-node model, the two sys-
tem are fuzzy and incomplete, so the prediction of two models is only
high accurate in the steady-state environment. As for the multi-node and
multi-segment model, Fiala [4] comprehensively introduced the active
and passive system (Fig. 3).

Passive system: passive system describes the process of heat and
moisture exchange between the human body and the surrounding phys-
ical environment. Heat is produced in the body through metabolism and
is constantly lost to all parts of the body through the blood circulation
system. The calculation of this part of heat is closely related to the pa-
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Fig. 1. The details of model segments for two-
node and multi-node models.

Fig. 2. Passive system for thermal comfort model modified from [17].

rameters of the body. The parameters considered are blood index and
blood flow, bone, fat, muscle and so on. It is lost to the surface of the skin
through heat conduction inside the body. The exchange of heat between
the body surface and the outside world is a series of complex processes,
including heat conduction, heat convection, radiation and sweat evapo-
ration [16]. Among them, the thermal resistance of clothing affects the
heat exchange between the human body and the environment.

Active system: the active system controls the passive system. The ac-
tive system controls the physiological activities such as vasoconstriction,
relaxation, trembling and sweating of the human body [6]. The temper-
ature in the active system (core temperature, skin temperature) is used
as the output index and feedback signal. The physiological regulation
mentioned above is controlled through the change of temperature and
its rate of change, and finally the temperature is controlled in a preset
reasonable range.

Two-node model mainly appeared in the 1970s, such as Hsu and
Jai et al. [19,20], but Gagga’s model [21] has been widely used. The
mechanism of thermal regulation is greatly simplified, with the goal of
maintaining the core temperature of the human body at about 36.5 °C,

and the feedback adjustment is carried out by controlling heat gener-
ation and heat exchange. However, two-node model uses the lumped
parameter method. The human body surface is regarded as a whole,
so it is only fit to the uniform environment. Gagga’s two-node model
was proposed in 1971 and improved in 1986. Zolfaghari and Maerefat
[22] added the biological equation (Pennes Equation) to Gagga’s model.
Two-node model has been developed in varying degrees in body seg-
ments. Kaynakli and Kilic [23, 24] plus Foda and Sirén [25] developed
the two-node model of Gagga, which developed body segments from
two-segment to multi-segment.

Multi-node model appeared with the appearance of two-node model.
There is a great influence on multi-node human thermal regulation
model established by Stolwijk to meet the design requirements of human
protective clothing in the space environment [26]. Based on Stolwijk’s
work, Fiala model [27], Tanabe model [28] and UCB model [29] were
developed. These models improve Stolwijk’s model in varying degrees.
For example, the UCBmodel recalculates the heat exchange between the
arteries and veins of the trunk, and Tanabe introduces the central blood
system as the 65th node of the model. Several important multi-node
model features are listed in Table 1.

2.2. Thermal comfort model of sleeping environment

In addition to working, sleeping is also one of the main indoor ac-
tivity of human being. From people’s whole life, humans spend more
than one-third of lifetime sleeping. Sleeping environment is therefore
one of the most important built environments, along with indoor and
outdoor environments. Many scholars have conducted a lot of research
on sleeping thermal comfort.

However, when people are sleeping, the surrounding environment
is very different from the indoor office environment. The physiological
state of people is different from the awake state [33,34,35]. Themost ob-
vious point is that the metabolism is apparently slower than that in the
awake state. People wear significantly different from that in the awake
state. When sleeping, mattresses and quilts are also part of thermal insu-
lation layer. Due to these aspects, scholars have proposed some thermal
comfort models for sleeping different from the awake state.

Scholars have deduced and developed the sleeping thermal comfort
model from the indoor sitting or working environment. The physiologi-
cal parameters when sleeping are the closest to the ones of indoor sitting
state, and the sleep thermal comfort model has only entered the research
field of scientists in the past decade.

Lin et al. [36] propose a thermal comfort model for sleeping based
on Fanger’s comfort model. The thermal comfort model requires that the
human body reaches thermal neutrality during sleep, so the heat balance
equation is also established based on steady state assumption. Due to the
gap between sleeping state and the awake state, metabolism decreases
accordingly in the heat balance equation because of the metabolic slow-
ness. Clothing thermal resistance includes the quilt and mattress. In this
model, the relationship between the thermal resistance of the quilt mi-
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Fig. 3. Active system for thermal comfort
model modified from [17] and [18].

Table 1

The characteristics of Main Multi-node and Multi-segment Thermal Comfort Models (Arranged and Modified from [8]).

Model Description Environmental conditions Active System

Tanabe 2002[28] -16 segments

- 65-node

- Four layers:

-Core, muscle, fat and skin

Transient and non-uniform

conditions

Based on Stolwijk

Fiala 1999[4] [6] - 15 segments

- 187-node

- three sectors: anterior,

posterior and inferior

- Seven tissues: brain, lung,

bone, muscle, fat, skin and

viscera

Steady-state and transient

conditions

Regression based

UC Berkeley

2001[29],[30]

- Multi-node (arbitrary

number of segments)

- Five layers: core, muscle, fat

and skin and clothing layer

Transient and non-uniform Based on Stolwijk

ThermoSEM 2004

[31,32]

- Multi-node

- 19 segments

- Spatial subdivision: anterior,

posterior and interior

Transient and non-uniform

conditions

Incorporates neurophysiology

of thermal reception in the

skin blood flow model

croenvironment and the temperature, which is also a unique influencing
factor of the sleep thermal comfort model, is discussed. However, using
the Thermal Comfort Vote (TCV) and Thermal Sensation Vote (TSV) as
model outputs remains debatable, people may have deviations in their
memories of sleeping after waking up.

In addition to the PMV-PDD model, some scholars have built and de-
veloped the sleep thermal comfort model based on the two-node model
of Gagge. Pan et al. [37] established four-node thermoregulation model
for sleeping adults on the basis of the two-node model of Gagge. The
four-node model also incorporates the characteristics of people asleep.
As shown in Fig. 4, the main reason for changing from two-node to
four-node is the specific discussion of the thermal resistance of clothing
outside the human skin layer. It is distinguished by whether the skin is
in contact with the mattress system, whether it is covered by a quilt,
clothing, or exposed when the human body is sleeping. The four-node

thermoregulation model for sleeping divides sleeping periods into sev-
eral states, including Non-Rapid EyeMovement (NREM) stage and Rapid
Eye Movement (REM) stage. This division has some practical implica-
tions, just as the importance of different types of activities to the thermal
comfort model in the awake state. Four-node thermoregulation model
for sleeping adults uses skin temperature and core temperature as the
output of the model, which is more objective and accurate than using
TCV and TSV. This is also the difference between the thermal comfort
model of sleep and the thermal comfort model of other scenes. How-
ever, using only the skin temperature of a certain area may not reflect
the true thermal comfort of the human body.

Skin temperature is a good objective parameter that reflects people’s
cold and hot feelings and the degree of hot and cold comfort. However,
there may be some errors in one or two measurement points. In the
field of sleep thermal comfort, Liu et al. [38] proposed an average skin
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Fig. 4. Schematic diagrams of the four-node thermoregulation model for sleep-
ing applications (a) The four-node thermoregulation model (b) Thermal resis-
tance network modified from [37].

temperature method to predict the thermal comfort of the human body
during sleep. Ten different parts of the body were used, and their dif-
ferent weights were summed as the average. There is some innovation
in this method for predicting the thermal comfort model of the human
body based on the skin temperature while the verification is acceptable
for experimental values. However, in the selection of the weights, only
the relative sizes of the various parts of the human body are consid-
ered, and the differences in the sensitivity of cold and heat in each part
and the genders are ignored; Lan et al. [33] established a model us-
ing these physiological parameters, especially the discussion of neutral
mean skin temperature is worth referring. The model divides the hu-
man body into two parts, contacting with bed and not-contacting with
bed, and establishes a model for predicting the optimal sleeping thermal
environment, by using physiological parameter values measured from
sleeping participants, including respiratory ventilation rate, skin tem-
perature, metabolic rate, and sweat rate, rather than awake subjects.
Using this model, the thermal sleep environment is divided into four
categories related to human thermal load and sleep quality, providing a
direction for the evaluation and prediction of sleep thermal comfort.

The previous studies of sleep thermal comfort models, few scholars
considered the feelings of body parts during sleep during the establish-
ment of the model. In the establishment process, the overall cold and
hot feeling is the mainstream to consider and evaluate thermal comfort.
Song et al. [39] proposed the percent dissatisfied model (Partial Ther-
mal Sensation-Whole Percent Dissatisfied PTS-WPD model). This model
is also developed based on the principle of human thermal balance. The
PTS model provides local thermal sensation for head and whole-body
during sleep, and the WPD model integrates each individual local ther-
mal sensation into a comprehensive index for thermal environment eval-
uation. In the past ten years, the development process of human thermal
comfort model of sleep is shown in Fig. 5.

2.3. Thermal comfort model of outdoor environment

Section 2.1 describes three types of classic thermal comfort models.
The development of these models is for indoor environment. However,
the application of the model is not limited to the indoor environment.
Some scholars use these models for outdoor environments. However,
there are great difference between the outdoor and the indoor environ-
ments. The greatest difference lies in the mean radiant temperature and
the wind speed. At the same time, people in indoor and outdoor en-
vironments different degrees of thermal tolerance. Many scholars have
developed thermal comfort model suitable for outdoor use based on in-
door thermal comfort model.

Jendritzky [40] et al. used the thermal comfort model of the human
body in the study of outdoor thermal comfort in 1981. The model is
an improvement based on the PMV model, long-wave radiation term
which is easy to measure in outdoors is added to the PMV equation us-
ing Short-wave radiation intensity, and named it "Klima-Michel-Model"
[40]. This is also the first time; physiological parameters were consid-
ered in the pure physical environment when studying the outdoor en-
vironment. Brown and Gillespie [41, 42] proposed a COMFA outdoor
thermal comfort model, which assumes four conditions: (a) a comfort-
able perspiration, (b) a comfortable core body temperature, (c) a com-
fortable skin temperature, and (d) a near-zero energy budget.

In the mid-1990s, Hoppe proposed the Munich energy balance model
(MEMI) based on parameters of the human energy balance equation
and Gagge’s two-node model. MEMI provided a physiological-based
evaluation model for outdoor thermal comfort [43]. At the same time,
the concept of physiological equivalent temperature (PET) was pro-
posed for outdoor thermal comfort research [43], but PET cannot ac-
curately predict outdoor thermal comfort [44–50]. For example, Kenz
et al. [44] adopted physiological Equivalent temperature PET to count
number of people in outdoor space. Under the same outdoor parame-
ters, the thermal comfort obtained is significantly different (P <0.01).
In Nikolopoulou and Lykoudis’s research [45], when using physiolog-
ically equivalent temperature PET, subjects across Europe were in a
thermoneutral vote, with a large neutral temperature difference (over
10°C) (for more examples see the literature [46–50]). Many scholars
proposed indicators suitable for outdoor thermal comfort, for example,
modified ET∗ [51]. This model considers the average outdoor radiation
temperature including solar radiation and physiological indicators de-
fined by Jeong and the human body whose relationship of psychologi-
cal response; the OUT_SET∗ [52], OUT_SET∗ was developed from SET∗,
mainly indoor SET∗ added solar and infrared radiation temperature, re-
flecting outdoor differences from indoors; UTCI [53], UTCI is defined as
isothermal air temperature that causes the same dynamic physiological
response calculated by the model under reference conditions. It is based
on contemporary science, and its use will set up human biometeorol-
ogy. The standardization of applications in the main areas makes the
research results comparable and physiologically relevant.

Huang considered the impact of outdoor wind speed on the human
body and convection and radiation heat dissipation in the heat balance
equation separately. Huang also accounted the behavior of the human
body to actively reduce the thermal resistance of clothing outdoors –
a more reasonable outdoor human thermal comfort model was estab-
lished [54]. Huang converts all human parameters into physiological
equivalent temperature (PET) to predict human thermal comfort. This
is convenient for calculation under actual practices. However, it is not
validated by human experiments.

Many scholars (Nikolopoulou et al. 2001; Spagnolo and de Dear
2003a; Thorsson et al. 2004, 2007; Nikolopoulou and Lykoudis 2006)
[45,47–50] have given their built and developed models. A series of out-
door models were used based on Hoppe [43], but their research focused
on low metabolism. This may be because the physiological and its feed-
back of people with high metabolic rates is easily confused in outdoor
conditions [44]. Brown and Gillespie [41,42] conduct research on high-
metabolism groups engaged in strenuous exercise outdoors to validate
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Fig. 5. Schematic diagram of the development
of thermal comfort models for sleep people
through the recent decade.

and improve the COMFA outdoor thermal comfort model. The improved
COMFA model considers gender, age, weight, the amount of activity,
clothing thermal resistance, air temperature, radiation temperature, rel-
ative humidity, wind speed, activity intensity, metabolic rate and other
factors on the human thermal comfort. The COMFA outdoor thermal
comfort model has achieved 85% accuracy in predicting thermal sen-
sation under intense exercise. For the predicted deviation, Kenny et al.
[55] revised the clothing insulation and vapor resistance to improve the
accuracy of outdoor heat sensation prediction for the strenuous exercise
for COMFA model.

In the evaluation of human thermal comfort, core temperature and
average skin temperature are more accurate objective evaluation indi-
cators [55]. Vanos [56] et al. Proposed the use of MST (mean skin tem-
perature) to predict human outdoor thermal comfort (medium activity
intensity) in 2010. A COMFA outdoor thermal comfort model was used
to predict the average skin temperature, as shown in Eq. (1). The four-
point average method was used to measure the average skin tempera-
ture, as shown in Eq. (2) [57], and a corresponding correlation analysis
was performed. Meanwhile, it was related to the subjective vote of the
human body to obtain the reliability of the model.
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(2)

Tc is core temperature, Ta is air temperature, and rt, rc and ra are tis-
sue, clothing and aerodynamic resistances, respectively (s m−1). Kenny
[58] et al used Eq. (1), which makes use of Ohm’s Law Analogy and
Ta. Each participant had fast response thermocouples (SA1-T Omega
Engineering, Stamford, CT) attached to their left calf, right thigh, right
upper arm and left chest. Tsk was calculated using the Ramanathan 4-
point weighting method (Eq. (2)). This was found to produce values
consistent with research completed by Mairiaux [59] et al., and Sparks
[60] et al.

Kurazumi et al. [61] proposed ETF (effective temperature) and come
out the index that correlates ETF with human thermal comfort. This kind
of sensory and physiological climate environment index enhances con-
duction correction the modified effective temperature ETFe can convert
various forms of various effects of temperature-air velocity, long-wave

radiation in outdoor space, short-wave solar radiation, and the tempera-
ture and humidity of the surface of the contact part. The effect of the five
environmental factors on human thermal balance can be expressed by
the newly defined comprehensive evaluation index TVFhta of the ther-
mal environment in the heat conduction area, which is related to the air
velocity. The radiation heat exchange area combines the effective radia-
tion field of long-wave radiation in outdoor space, that is, outdoor space
long-wave radiation. Radiation heat transfer area refers to the effective
radiation field related to short-wave solar radiation in outdoor space,
which involves short-wave solar radiation. Heat transfer area combin-
ing effective conductive field (ECFhta), which is related to the contact
part surface temperature, increase the effective humidity field of the
conductance-the effective temperature for correction is related to hu-
midity. Therefore, the temperature conversion factors can be added, and
on the same evaluation axis, the combined effect of each meteorological
element on outdoor space and physiological feelings and the discrete ef-
fect of each meteorological element can be quantified. Kurazumi et al.
[59] emphasized the effects of solar radiation and wind speed on human
physiological and psychological temperature in summer in the ETFe in-
dicator system.

Nagano and Horikoshi [62] proposed an outdoor thermal comfort
model index ETVO, which considers the influence of separation, whereas
the previous research focused on the combined influence of various fac-
tors. ETVO was improved based on ETV [61] by considering the in-
fluence of solar radiation in addition to traditional indicators such as
air temperature and humidity, specific differences are shown in Fig. 6.
The ETVO model had the separate system and universal system, but the
previous model only had the universal one. The best advantage of the
ETVO model is that it can indicate the degree of various environmental
factors affect to the overall environment. Nagano and Horikoshi [63], in
addition to considering the overall and separation conditions, also pro-
posed that the ETU considers the non-uniform thermal environment. Lai
et al. [64] established an outdoor thermal comfort model considering
the impact of outdoor thermal environment fluctuations and heat trans-
fer on different parts of the human body, which is a two-dimensional
heat transfer calculation model of the human body in a transient non-
uniform thermal environment. Lai’s model also includes an updated cal-
culation model for outdoor radiant heat transfer and clothing transient
heat transfer.
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Fig. 6. The different between ETVO and previ-
ous models before 2011 modified from [62].

After 2012, the improvement of outdoor thermal comfort models
more focused on the regional characteristics of the climatic zone. For
example, Jacobs et al. [65] combined meteorological and environmen-
tal characteristics to continue improvement for the Oceania climate. Go-
lasi et al. [66] summarized the thermal comfort model applicable to the
Mediterranean climate by analyzing data, and provided a revision of
UTCI model applicable to the Mediterranean climate. Pearlmutter et al.
[67] conducted research and improved of the outdoor thermal comfort
model of the hot-arid Negev region of Israel. Niu et al. [68] explored
and improved of the model of the subtropical monsoon city. Ruiz and
Correa [69] explored the situation of multiple trees in the dry and hot
Mendoza Metropolitan area, and Salata et al. [70] proposed the Mediter-
ranean Outdoor Comfort Index (MOCI) for the dry and hot Mendoza
Metropolitan area. So many regional studies have also proved the neces-
sity of the regional thermal comfort model. Golasi et al. [71] proposed
the Global Outdoor Comfort Index (GOCI) on the previous models. This
model integrates the differences of various regions, and considers lati-
tude, annual average temperature, and maximum temperature based on
the original variables. For coldest and hottest months, GOCI is a com-
prehensive model of outdoor thermal comfort models based on regional
differences, and has made a certain contribution to the development of
thermal comfort models in different regions.

The outdoor thermal comfort model has been developed rapidly in
the past 20 years – models are shown in Table 2. The outdoor ther-
mal comfort model is developed based on the indoor thermal comfort
model, through the improvement, update and considering for the spe-
cific outdoor complex conditions. Constantly proposing suitable thermal
comfort models for outdoor usage has brought more applied models to

scholars in physiology, environment, architecture, and urban planning,
and has gradually differentiated into a theoretical system suitable for
their own thermal comfort models. And the outdoor thermal comfort
models have adaptive models, the details can be seen in the Ref. [72].
In the Ref. [72], firstly, it reviewed outdoor thermal comfort model for
different regions including Europe, Japan, Taiwan, Israel and so on. Sec-
ond, it reviewed the semi-outdoor thermal comfort. Finally, it gave an
adaptive model and emphasized the influence of wind to outdoor and
semi-outdoor thermal comfort.

2.4. Thermal Comfort model about Mongoloid and adaptive models

Thermal comfort model has evolved to varying degrees in differ-
ent building environments. In fact, there will be changes when the re-
search objects are different. It is also mentioned from Sections 2.1–2.3
that there are some thermal comfort models that are only applicable
to adults. For the rise and development of sleep thermal comfort, most
of the models are suitable for the white race. Most of the models in-
troduced are based on the regression, verification and prediction of the
Caucasian, but there are a series of physical and cultural differences
among the Mongoloid, Caucasoid, Negroid and Australoid race, result-
ing in a big difference in their thermal comfort temperature comfort
zone. Therefore, the model suitable for the white race will have some
errors for other races. In fact, the different races would lead different
models which developed different adaptive thermal comfort models.
The adaptive thermal comfort models established and developed more
than 30 years [90]. Living different climatic region led different adap-
tation, so the adaptive models generated and developed [91].
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Table 2

Summary of outdoor thermal comfort models.

Index for outdoor models Abbreviation Authors/Ref.s

Actual Sensation Vote ASV/ASVEurope Nikolopoulou [73]

Comfort Formula COMFA Brown and Gillespie [41]

Discomfort Index DI/ DIndex Thom [74] and Giles et al. [75]

Thermal Discomfort DISC Fountain and Huizenga [76]

Heat Index HI Vernon [77]

Heat Stress Index HSI/HSIASHRAE Fountain and Huizenga [76] Malchaire et al. [78]

Discomfort Index MDI Masterson [79]

Operative Temperature OT ISO 7933 [80]

Outdoor Standard Effective Temperature OUT_SET de Dear and Pickup [52]

Physiological Equivalent Temperature PET Höppe [44]

Physiological Strain PhS Błażejczyk [81]

Predicted Mean Vote PMV/PMVG/PMVsolar Fanger [12] Fountain and Huizenga [76] and Parsons [82]

Predicted Percentage of Dissatisfied PPD Fanger [12]

Perceived Temperature PT Staiger et al. [83]

Standard Effective Temperature SETASHRER Fountain and Huizenga [76]

Subjective Temperature ST Mclntyre [84]

Subjective Temperature Index STI Błażejczyk [81]

Subjective Temperature STpreferred Givoni and Noguchi [85]

Temperature of equivalent perception TEP Monteiro and Alucci [86]

Equivalent temperature Teq Bründl and Höppe [87]

Universal Thermal Climate Index UTCI COST Action 730 [88]

Wet Bulb Globe Temperature WBGT Yaglou [89]

Global Outdoor Comfort Index GOCI Iacopo et al. [71]

Mediterranean Outdoor Comfort Index MOCI Salata et al. [70]

The development of thermal comfort originated in Europe and North
America. Therefore, the establishment of early thermal comfort models
were based on the physical state, psychological state, cultural and histor-
ical background of Caucasoid. Mongoloid, Negroid and Australoid will
have deviations in using models based on Caucasoid. This paper takes
the thermal comfort model of Mongoloid as an example.

Nicol [92] established adaptive thermal comfort model in Pakistan,
Mui and Chan [93] established adaptive thermal comfort model in Hong
Kong, China. Yau and Chew [94] established local adaptive thermal
comfort model in Malaysia. Rijal et al. [95] established a local adap-
tive thermal comfort model in Japan stick to different buildings, such
as dwellings and offices. Indraganti et al. [96] established a local adap-
tive thermal comfort model in India. Every countries and regions based
on adaptive models complied their standard, such as China (Chinese
GB/T 50785 [97]), America (ASHRAE Standard 55 [9]), Europe (CEN
standard [98]), England (CIBSE [99]) and so on. Singh et al. [100] put
forward school adaptive models, based on different models’ origin as
mentioned above. Damiati et al. [101] put forward a mixed thermal
comfort model. The data was based on Malaysia, Indonesia, Singapore,
and Japan during hot and humid season. The model is fitted in humid
season in Asia area. This series of models are based on the adaptive
thermal comfort model of de Dear [92,102,103] according to the lo-
cal climate variations. The models all put forward the relationship be-
tween indoor neutral temperature and outdoor climate temperature on
the basis of PMV model, which makes a certain contribution to the cor-
rection of local neutral temperature. However, the difference between
different races in the building environment is only a simple relationship
between the best indoor neutral temperature and outdoor climate. It
doesn’t involve the psychological differences caused by cultural differ-
ences and regional differences in human habits. Therefore, the essential
differences are not involved in the establishment of this kind of model,
the expression relationship between neutral temperature and average
outdoor temperature established by the five adaptive models is shown
in Table 3.

Tn is the predicted neutral temperature and Tout means average out-
door temperature for the months. T0is the exponentially weighted run-
ning mean outdoor temperature for the day (°C)

The most important step to establish the human thermal comfort
model of other races is to modify and redefine the parameters on the
physiological level. A good example is the Chinese human thermal com-

fort model developed by Zhou et al. [105] based on Fiala’s multi-node
model. The Chinese human thermal comfort model re-combs the human
physiological data parameters in Fiala’s model. It adds Chinese standard
human data parameters to establish a thermal regulation model suitable
for Chinese people, and establishes a thermal sensation model consid-
ering individual differences and thermal psychological characteristics.
The two models can predict Thermal Sensation Vote (TSV) and skin tem-
perature in non-uniform environment. They significantly improve the
accuracy of thermal comfort prediction of Chinese. The prediction error
is reduced from the large deviation of PMV model (more than one vot-
ing value) to less than 0.5 scale in dynamic environment and less than
0.2 in uniform environment. Ma et al. [106,107] based on Zhou [105],
added the body parameters of the elderly, and verified the model. The
deficiency of twomodels (Ma’s and Zhou’s models) is that the evaluation
of thermal sensation needs to combine subjective thermal sensation and
physiological parameters (such as skin temperature), while the studies
on thermal comfort in China rarely involve the validation of physio-
logical parameters. Therefore, more Chinese thermal comfort data com-
bined with physiological parameters (skin temperature, blood pressure,
ECG, etc.) need to be carried out to further improve the study of Chinese
thermal comfort.

The establishment of thermal comfort model of the yellow race pro-
vides a new model supporting for Chinese scholars in thermal comfort
and reference experience for the establishment of thermal comfort mod-
els of other races (black and brown races).

2.5. Thermal comfort model for elder people

Most developed countries in the world have entered or are entering
an aging population society. The elderly and young people have differ-
ent physiological states, so there should be differences in thermal com-
fort conditions. Many scholars have carried out extensive research, for
example: Stevens et al. [108] studied for different age groups: young
people (18-28 years old), middle-aged people (40-60 years old) and
elderly people (over 65 years old). It is found that the older the peo-
ple were, the lower the threshold of temperature was. Tsuzuki et al.
[109] was conducted on young people and the elderly exposed to dif-
ferent temperatures (23/25/27/29/31°C). It is found that the thermal
perception vote was lower in the elderly at 31°C, while in the environ-
ment below 27°C, the thermal perception vote of the elderly was lower
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Table 3

The relationship between neutral temperature and outdoor temperature based on
the adaptive thermal comfort models in some countries.

Country/Region Buildings Formula Ref.

The United Kingdom All types 𝑇
𝑛
= 11.9 + 0.534𝑇

𝑜𝑢𝑡
𝑅

2 = 0.97 [92]

Australia All types 𝑇
𝑛
= 17.6 + 0.31𝑇

𝑜𝑢𝑡
[102]

Pakistan All types 𝑇
𝑛
= 18.5 + 0.36𝑇

𝑜𝑢𝑡
𝑅

2 = 0.73 [92]

Hongkong, China Dwellings 𝑇
𝑛
= 18.303 + 0.158𝑇0 𝑅2 = 0.59 [93]

Malaysia Dwellings 𝑇
𝑛
= 14.858 + 0.3314𝑇

𝑜𝑢𝑡
𝑅

2 = 0.0535 [94]

India (AC Mode) Dwellings 𝑇
𝑛
= 21.4 + 0.26𝑇

𝑜𝑢𝑡
[96]

India (NV Mode) Dwellings 𝑇
𝑛
= 21.4 + 0.26𝑇

𝑜𝑢𝑡
𝑅

2 = 0.058 [96]

Japan (FR Mode) Offices 𝑇
𝑛
= 20.8 + 0.206𝑇

𝑜𝑢𝑡
𝑅

2 = 0.42 [95]

Japan (CL & HT Mode) Offices 𝑇
𝑛
= 23.9 + 0.065𝑇

𝑜𝑢𝑡
𝑅

2 = 0.1 [95]

Japan (NV mode) Dwellings 𝑇
𝑛
= 12.5 + 0.531𝑇0 𝑅2 = 0.68 [104]

Japan (AC mode) Dwellings 𝑇
𝑛
= 18.8 + 0.297𝑇0 𝑅2 = 0.06 [104]

Japan (HT mode) Dwellings 𝑇
𝑛
= 16.5 + 0.012𝑇0 𝑅2 = 0.11 [104]

CIBSE Offices 𝑇
𝑛
= 22.6 + 0.09𝑇0 [99]

CEN Offices 𝑇
𝑛
= 18.8 + 0.33𝑇0 [98]

ASHRAE Offices 𝑇
𝑛
= 17.8 + 0.31𝑇0 [9]

than that predicted by PMV. Schellen et al. [110] proved that the el-
derly have different feelings of hot and cold stimulation than the young;
Novieto [111] explained the reasons for the differences in mechanism,
including basal metabolic rate, blood flow, cardiac pumping capacity,
fat distribution, surface area and so on, resulting in hot and cold dif-
ferences between the elderly and young people. Therefore, there is a
great difference between the human thermal comfort model for the el-
derly and the usual mannequin, and it is meaningful to study the human
thermal comfort model for the elderly.

The research on thermal comfort model of the elderly is very lim-
ited. Therefore, the model research related to evaluation and prediction
should be the main point of the next step in the field. The earliest ther-
mal comfort model for the elderly is Ma et al. [106] based on the thermal
comfort model of human body proposed by Zhou [105],modified the
physiological parameters including basal metabolic rate, cardiac output,
body fat content and physical size of human body,and established the
thermal regulation model and thermal sensation model of the elderly.
The main advantage is that the model has a high accuracy in predict-
ing the elderly, the experimental verification in this paper shows that
the accuracy of the average skin temperature in summer is more than
85.9%. The psychological consideration of the model is not comprehen-
sive. The physiological parameters such as subjective thermal sensation
and skin temperature of the elderly are quite different from those of the
young when they deviate from the state of thermal comfort, and the
physiological and psychological factors that cause this difference are
worth exploring, so as to improve the mechanism in the field of thermal
comfort of the elderly.

Wang et al. model [112] established a thermal comfort model in-
volving the elderly: based on data-driven model–with air temperature,
wind speed, CO2 concentration, illuminance, health status of the elderly
and living time in nursing homes as inputs, thermal perception voting
and skin temperature as outputs. The prediction accuracy of this model
is 56.6%, higher than that of the traditional PMV model (31.7%). How-
ever, the model also has some shortcomings. All the data are from the
elderly in hot summer and cold winter areas in China, so there may be
deviations in the prediction for other climate zones in China and other
countries and regions. All the subjects were in a sedentary state, and the
metabolic rate and sweating were not considered in this model. Due to
the limitations of the experimental conditions, the model did not take
the high humidity into account.

2.6. Thermal Comfort Model by machine learning algorithm

Traditional models are based on a series of mathematical deduc-
tions (PMVmodel algorithm, thermal adjustment model algorithm, etc.)
based on certain inputs (ambient temperature, wind speed, clothing
thermal resistance, etc.) and then obtain outputs (TSV, TCV, skin tem-

perature, etc.). Such models are called white box or gray box models,
however, due to the complexity of the intermediate mechanism, schol-
ars simplify the model algorithm when they obtain the model algorithm.
Because it involves human physiology, many theories at the mecha-
nism level cannot see its core, resulting in some errors in the traditional
model. In the second decade of the 21st century, the rapid development
of statistics has brought new research ideas to the field of human ther-
mal comfort. Since 2016, machine learning, big data and other means
have introduced the study of human thermal comfort model. This series
of studies are based on the explanation of desalination mechanism and
replaced by pure mathematical statistical algorithms, emphasizing the
high matching of input and output. As a result, the accuracy of the pre-
diction is improved, and the structure of the traditional model is shown
in Fig 7.

Since 2016, the models based on the concepts of machine learning
and big data are mainly due to the differences in prediction accuracy
caused by different algorithms. There are about 40 articles about ma-
chine learning from 2016 to 2018. The main algorithms used in these
articles are Naïve Bayes, K-Nearest Neighbor, Decision Tree, Support
Vector Machine, Random Forest and six high precision models com-
monly used in neural network methods, among which the prediction
accuracy of the algorithm using decision tree can be more than 90%.
Some scholars who study the algorithm have proposed the improved al-
gorithm [113] for prediction, but the prediction accuracy needs to be
verified by data.

3. Discussion

Through different classification models, this paper summarizes the
development of thermal comfort models and their advantages and dis-
advantages. For the indoor environment, the human thermal comfort
model rises from the usual indoor hot and humid environment. The over-
all development trend of human thermal comfort model is from lumped
model to multi-node model.

For the indoor environment, the uniform and steady-state environ-
ment was the focus of the research in the past. However, with the in-
creasing demand for energy conservation, non-uniform and unsteady
environment has gradually entered the field of vision of researchers.
The same is true of the development of the model, from the uniform
steady-state indoor environment model to the unsteady-state and non-
uniform model. Researchers have explored the indoor environment for
the longest time, but with the development of the research on unsteady
and non-uniform environment in the past 10 years, researchers have
gradually found that many mechanisms are still not perfect and are
worth exploring. The accuracy of many models suitable for uniform en-
vironment decreases when people are in non-uniform environment. For
example, Wang et al. [112] uses the classical PMV model to predict,

29



Q. Zhao, Z. Lian and D. Lai Energy and Built Environment 2 (2021) 21–33

Fig. 7. Schematic view of the inputs and out-
puts for traditional model and machine learn-
ing algorithm.

and the accuracy is only 30.1%. The reason is that when simplifying the
model, the researchers ignore many actual physiological states of the
human body, such as the simplification of metabolic rate and sweating.
At the same time, there is less consideration of people’s psychological
state, for example: people’s consideration of the actual hot and cold tol-
erance, the influence of culture on people’s cold and hot feelings, etc.
Therefore, in the non-uniform environment, the establishment of human
thermal comfort model and the construction of human physiological
mechanism is one of the development directions in the future. Nowa-
days, the climate chamber study and field study are main method to
research thermal comfort. For non-uniform environment, certain con-
trol in the chamber can get more precise physical results, but in the
field study, psychological feelings and actual situation can be acquired.
So how to balance and combine the two methods may be a crux to get
a more real prediction for models in the non-uniform environment.

The thermal comfort model of human body has different extension in
different environments. Due to limited length, this paper takes the out-
door environment and sleep environment as examples for discussion. In
addition, vehicular, aerial environment or semi-outdoor environment is
also worth discussing [74]. For the outdoor environment, the research
on the thermal comfort model is abundant. Based on the indoor thermal
comfort model, a series of models with the consideration of outdoor
thermal comfort are developed. In the process of the development of
this model, the differences of physical parameters and human physio-
logical aspects are fully considered [114,115], and a series of indicators
suitable for outdoor thermal comfort are put forward. However, when
human body is in the outdoor environment, the physiological state is
more complex than in the indoor environment. For different purposes
of outdoor work, the research on human psychology is also more compli-
cated. The proposed thermal comfort model has not explored the phys-
iological mechanism of the human body in the outdoor environment.
Most cases are still based on indoor thermal comfort model. Therefore,
the psychological factor in the future is one of the researches focuses
on improving the prediction and evaluation of human thermal comfort

model. In terms of mechanism, the sleep environment is more complex
than the usual indoor or outdoor environments. The research on sleep
thermal comfort is still in the early stage, so there are few sleep ther-
mal comfort models, and only five models about sleep thermal comfort
are defined in this paper. The existing models are improved from the
traditional PMV model or two-node model to adapt to the sleep envi-
ronment. The improvement of the multi-node model did not appear in
sleeping thermal comfort. It may be that there is a great difference be-
tween the sleep state and the awake state, and the multi-node model is
explored in detail for the physiological state, so it is difficult to improve
the multi-node model in the sleep state. Therefore, the sleep thermal
comfort model has great potential for improvement in the future. The
researchers found that in the sleep environment, the bedding system and
the microenvironment creating are the important factors that affect the
thermal comfort of the human body. It should be the key consideration
in the model. Although in the existing model, it is only regarded as a
fixed parameter. In the future research, it is very likely to become an
independent variable. It is also found that TSV and TCV are often used
as output parameters in the sleep thermal comfort model, but there is
a deviation in people’s recall after waking up, which may bring errors
to the prediction. Therefore, some objective indicators are needed to
eliminate the uncertainty caused by subjective evaluation. Some of the
current studies use the average skin temperature as the output parame-
ter, and more objective parameters can be added in future studies, such
as Electroencephalogram (EEG) and so on [35]. At the same time, us-
ing the average skin temperature is an effective method, but the cal-
culation method of the average skin temperature and the comfort zone
corresponding to the average skin temperature still worth discussing,
especially in the sleep environment, the human body will have differ-
ent sleep stages. This kind of study is not only a challenge but also an
opportunity for the sleep thermal comfort model.

For different race groups, the thermal comfort model also presents a
new possibility of development. The thermal comfort model of different
races is proposed because the research on thermal comfort is expanded
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all over the world, and there is a large error when the thermal com-
fort model is applied to other races based on the principles summarized
from Caucasoid experiments. Therefore, it is necessary to re-establish
the thermal comfort model suitable for all kinds of races. The Chinese
thermal comfort model mentioned in this paper re-establishes the ther-
mal comfort model suitable for Chinese based on the human body pa-
rameters [105], which provides support for the study of thermal com-
fort in China. However, the differences in psychological and cultural
levels such as thermal adaptation, thermal tolerance and thermal pref-
erence have not been fully considered, which may be the development
direction of thermal comfort models for different race groups. For dif-
ferent race group, ultimately, it is the different climates and different
cooking culture. So, for the different regions, the adaptation is very im-
portant for the local people, thus, the adaptive models are the embody
of climate. For different region and different indoor environment, it is
normal to have different thermal zone. And the adaptive thermal com-
fort models show the temperature differences. For the recent research
of adaptive models, different types of buildings should be excavated, es-
pecially the traditional buildings, such as Yaodong to China. Combined
the character of local and people’s mental state maybe a best way. The
adaptive model shows that comfort temperatures are diverse and vari-
able rather than single and fixed [116]. Thermal physiology and heat
exchange are components within the adaptive model. But even if per-
fecting heat-exchange model, it would not be sufficient for understand-
ing thermal comfort; contextual factors are also needed. The adaptive
model does not fit easily into the current ways of expressing standards
for thermal comfort. Its focus is entirely different and will lead to dif-
ferently expressed standards.

Two kinds of thermal comfort models for the healthy elderly are also
all the research for the thermal comfort models of the elderly so far.
The difference of thermal comfort models between young and old peo-
ple lies in their differences in psychological factors such as hot and cold
tolerance, thermal sensitivity and so on. The model weakens the expla-
nation of the mechanism and uses data-driven technology. Considering
the physiological mechanism, psychological and social factors may be
the development direction of establishing a thermal comfort model for
the elderly. From the perspective of population, young people are the
main subjects of the study, a small number of scholars study the elderly,
and thermal comfort model of children has been in the beginning [117],
so the topic of thermal comfort model of different age groups is worthy
of in-depth discussion.

With the emergence of personal ventilation, radiant ceiling, under
floor air distribution and so on [105], energy can be saved. But these
environments create a non-uniform environment caused by local stim-
uli. The research on thermal comfort in this part of the non-uniform
environment is still in the beginning of the research, and the prediction
accuracy of the thermal comfort model for the non-uniform environment
needs to be improved. Therefore, this is also the hotspot of thermal com-
fort model research in the future.

In terms of the model combined with machine learning, the number
of articles published has increased exponentially in the past four years,
and its essence is to use the data itself to improve the accuracy of predic-
tion. Judging from the articles published now, the prediction accuracy
has been improved greatly as claimed by the authors, but further valida-
tion by using more data will show the superiority of the method. Never-
theless, data-driven model brings new opportunities to the development
of thermal comfort model, which is promising for interdisciplinary re-
searches in the future.

4. Conclusions

The study of thermal comfort model is one of the most valuable con-
tents in the field of human thermal comfort. It provides a method for
predicting and evaluating the state of human thermal comfort, and a
basis to set the building environment. The development of human ther-

mal comfort model follows the process from simple to complex, from
abstract to concrete, and from whole body to local details.

There are mainly three basic human thermal comfort models of: PMV
model, two-node model, and multi-node model. The later models are
developed based on the three models. There are corresponding devel-
opments in PMV model and Two-node model, but the development of
multi-node model is still lacking. The thermal comfort model of human
body derives a variety of models for different building environment.
For outdoor applications, according to its unique thermal environment,
people’s psychological state and other parameters, the outdoor thermal
comfort model has more than 20 indices, but most models are based on
physiological and psychological levels. The thermal comfort model of
sleep environment is still in its early stage of research, and many mech-
anism explanations need to be explored. The development of thermal
comfort model according to different sleep stages is an opportunity for
sleep thermal comfort model in the future.

The thermal comfort model also had a certain differentiation for dif-
ferent people. The main research still focused on young people, a small
number of scholars studied the thermal comfort of the elderly, and even
fewer scholars study the thermal comfort of children. In terms of models,
there are only two thermal comfort models for the elderly, so the ther-
mal comfort model for the elderly need to be developed. The thermal
comfort model for children is still lacking, the thermal comfort model
of different race groups has gradually emerged in the development, and
the thermal comfort model of Chinese gives a good example. Adaptive
models develop quickly, aiming at different types of buildings is still the
direction of adaptive models.

In recent years, many models were developed through machine
learning approaches, which provides more research ideas on model de-
velopment. The research in the past 50 years is more focused on the for-
mulation of the thermal comfort standard of the different population.
Under the trend of big data, a research opportunity exists to establish
thermal comfort model of individuals. Combining data with efficient
prediction algorithm, data-driven models can make accurate and effi-
cient prediction of individual thermal comfort, which will also make
the thermal comfort model more practical and have more life-oriented
applications.

Declaration of Competing Interest

The authors declare that they have no conflict of interest.

Funding

This work is supported by the National Key R and D Program of
China (2018YFC0704503) and the international exchange program from
Shanghai Committee of Science and Technology, China (18230722900).

Research involving Human Participants

All protocols were approved by the university’s ethics committee
and conformed to the guidelines contained within the Declaration of
Helsinki.

Informed consent

Informed consent was obtained from all individual participants in-
cluded in this study.

Acknowledge

This work is supported by the National Key R&D Program of
China (2018YFC0704503) and the international exchange program from
Shanghai Committee of Science and Technology, China (18230722900).

31



Q. Zhao, Z. Lian and D. Lai Energy and Built Environment 2 (2021) 21–33

Reference

[1] X. Zhou, Z. Lian, L. Lan, An individualized human thermoregula-
tion model for Chinese adults, Build. Environ. (70) (2013) 257–265,
doi:10.1016/j.buildenv.2013.08.031.

[2] J. Choi, V. Loftness, Investigation of human body skin temperatures as abio-
signal to indicate overall thermal sensations, Build. Environ. (58) (2012) 258–269,
doi:10.1016/j.buildenv.2012.07.003.

[3] S. Boregowda, R. Choate, R. Handy, Entropy generation analysis of human
thermal stress responses, Int. Sch. Res. Netw. ISRN Thermodyn. (2012) 1–12,
doi:10.5402/2012/830103.

[4] D. Fiala, K. Lomas, M. Stohrer A computer model of human thermoregulation for
a wide range of environmental conditions: the passive system. J. Appl. Physiol.,
1999 (87), pp. 1957-1972

[5] B. Li, R. Yao, Q. Wang, Y. Pan, An introduction to the Chinese Evaluation Stan-
dard for the indoor thermal environment, Energy Build. (82) (2014) 27–36,
doi:10.1016/j.enbuild.2014.06.032.

[6] D. Fiala, K. Lomas, M. Stohrer, Computer prediction of human ther-
moregulatory and temperature responses to a wide range of en-
vironmental conditions, Int. J. Biometeorol. (45) (2001) 143–159
http://www.ncbi.nlm.nih.gov/pubmed/11594634.

[7] E. Foda, I. Almesri, H. Awbi, K. Sirén, Models of human thermoregulation and
the prediction of local and overall thermal sensations, Build. Environ. (46) (2011)
2023–2032 10.1016/j.buildenv.2011.04.010.

[8] K. Katić, R. Li, W. Zeiler, Thermophysiological models and their applications: A
review, Build. Environ. (106) (2016) 286–300 10.1016/j.buildenv.2016.06.031.

[9] ASHRAE, Thermal environmental conditions for human occupancyASHRAE Stan-
dard 55-2004, American Society of Heating, Refrigerating and Air-Conditioning
Engineers, Inc., 2004.

[10] ISO 7730. Ergonomics of the thermal environment−Analytical determination and
interpretation of thermal comfort using calculation of the PMV and PPD indices
and local thermal comfort criteria, 2005

[11] C. Blagden. Experiments and observations in an heated room by Charles Blagden.
M.D.F.R.S, Philos. Trans., 1775 (65), pp. 111-123. 10.1098/rstl.1775.0013

[12] P. Fanger, Thermal Comfort Analysis and Applications in Environmental Engineer-
ing, Copenhagen Danish Technical Press, Copenhagen, 1970.

[13] J. Hoof, Forty years of Fanger’s model of thermal comfort: comfort for all? Indoor
Air (18) (2008) 182–201, doi:10.1111/j.1600-0668.2007.00516.x.

[14] L. Schellen, M. Loomans, B. Kingma, M. de Wit, A. Frijns, W. Lichtenbelt, The use of
a thermophysiological model in the built environment to predict thermal sensation,
Build. Environ. (59) (2013) 10–22 10.1016/j.buildenv.2012.07.010.

[15] M. Humphreys, F. Nicol, The validity of ISO-PMV for predicting comfort votes in
every-day life, Energy Build. (34) (2002) 667–684.

[16] M. Taleghani, M. Tenpierik, S. Kurvers, A. Dobbelsteen, A review into ther-
mal comfort in buildings, Renew. Sustain. Energy Rev. (26) (2013) 201–215,
doi:10.1016/j.rser.2013.05.050.

[17] D. Fiala, G. Havenith, P. Bröde, B. Kampmann, G. Jendritzky, UTCI-Fiala multi-
mode model of human heat transfer and temperature regulation, Int. J. Biometeo-
rol. (56) (2012) 429–441 10.1007/s00484-011-0424-7.

[18] K. Katic, W. Zeiler, G. Boxem, in: Thermophysiological Models:
A First Comparison, BauSim Proc., Aachen, 2014, pp. 595–602.
http://www.ibpsa.org/proceedings/bausimPapers/2014/p1209_final.pdf.

[19] S. Hsu, A Thermoregulatory Model for Heat Acclimation and Some of its Applica-
tions, Kansas State University, 1977.

[20] B. Jai, Prediction of Thermal Sensation from a Simple Thermoregulatory Model,
Kansas State University, 1973.

[21] A. Gagge, J. Stolwijk, Y. Nishi, An effective temperature scale based on a simple
model of human physiological regulatory response, ASHRAE Trans. (77) (1971)
247–262.

[22] A. Zolfaghari, M. Maerefat, A new simplified thermoregulatory bioheat model for
evaluating thermal response of the human body to transient environments, Build.
Environ. (45) (2010) 2068–2076, doi:10.1016/j.buildenv.2010.03.002.

[23] O. Kaynakli, U. Unver, M. Kilic, Evaluating thermal environments for sitting
and standing posture, Int. Commun. Heat. Mass Transf. (30) (2003) 1179–1188,
doi:10.1016/S0735-1933(03)00183-0.

[24] O. Kaynakli, M. Kilic, Investigation of indoor thermal comfort un-
der transient conditions, Build. Environ. (40) (2005) 165–174,
doi:10.1016/j.buildenv.2004.05.010.

[25] E. Foda, K. Sirén, A new approach using the Pierce two-node model
for different body parts, Int. J. Biometeorol. (55) (2011) 519–532,
doi:10.1007/s00484-010-0375-4.

[26] J. Stolwijk, Mathematical Model of Thermoregulation, Physiol. Behav. Temp.
Regul. (48) (1970) 721.

[27] D. Fiala, in: Dynamic Simulation of Human Heat Transfer and Thermal Comfort,
De Montfort University, 1998, p. 237.

[28] S. Tanabe, K. Kobayashi, J. Nakano, Y. Ozeki, Evaluation of thermal comfort model
using combined multi-node thermoregulation (65MN) and radiation models and
computational fluid dynamics (CFD), Energy Build. (34) (2002) 637–646.

[29] C. Huizenga, Z. Hui, E. Arens, A model of human physiology and comfort for
assessing complex thermal environments, Build. Environ. (36) (2001) 691–699,
doi:10.1016/S0360-1323(00)00061-5.

[30] H. Zhang, C. Huizenga, E. Arens, T. Yu, Considering individual physiological
differences in a human thermal model, J. Therm. Biol. (26) (2001) 401–408,
doi:10.1016/S0306-4565(01)00051-1.

[31] B. Kingma, Human Thermoregulation-A Synergy between Physiology and Mathe-
matical Modelling Ph.D thesis, Maastricht University, 2012.

[32] B. Kingma, L. Schellen, J. Frijns, W. Lichtenbelt, Thermal sensation: a
mathematical model based on neurophysiology, Indoor Air (2012) 253–262,
doi:10.1111/j.1600-0668.2011.00758.x.

[33] L. Lan, Z. (John) Zhai, Z. Lian, A two-part model for evaluation of thermal neutrality
for sleeping people, Build. Environ. (132) (2018) 319–326.

[34] M. He, Z. Lian, P. Chen, Evaluation on the performance of quilts based on young
people’s sleep quality and thermal comfort in winter, Energy Build. (183) (2019)
174–183.

[35] L. Lan, K. Tsuzuki, Y. Liu, Z. Lian, Thermal environment and sleep quality: a review,
Energy Build. (149) (2017) 101–113.

[36] Z. Lin, S. Deng, A study on the thermal comfort in sleeping environments in the
subtropics—Developing a thermal comfort model for sleeping environments, Build.
Environ. (43) (2008) 70–81.

[37] D. Pan, M. Chan, S. Deng, M. Qu, A four-node thermoregulation model for predict-
ing the thermal physiological responses of a sleeping person, Build. Environ. (52)
(2012) 88–97.

[38] W. Liu, Z. Lian, Q. Deng, Use of mean skin temperature in evaluation of individual
thermal comfort for a person in a sleeping posture under steady thermal environ-
ment, Indoor Built Environ. 4 (24) (2015) 489–499.

[39] C. Song, Y. Liu, J. Liu, The sleeping thermal comfort model based on local thermal
requirements in winter, Energy Build. (173) (2018) 163–175.

[40] G. Jendritzky, W. Niibler, A Model Analysing the Urban Thermal Environment in
Physiologically Significant Terms, Arch. Met. Geoph. Biokl., Ser. B (29) (1981)
313–326.

[41] R. Brown, T. Gillespie, Estimating outdoor thermal comfort using a cylindrical ra-
diation thermometer and an energy budget model, Biometeorology (30) (1986)
43–52.

[42] R. Brown, T. Gillespie, Microclimatic Landscape Design, Wiley, New York, 1995.
[43] P. Höppe, The physiological equivalent temperature-a universal index for the

biometeorological assessment of the thermal environment, Biometeorology (43)
(1999) 71–75.

[44] I. Knez, S. Thorsson, Influences of culture and environmental attitude on ther-
mal, emotional and perceptual evaluations of a public square, Biometeorology (50)
(2006) 258–268.

[45] M. Nikolopoulou, S. Lykoudis, Thermal comfort in outdoor urban spaces: Analysis
across different European countries, Build. Environ. (41) (2006) 1455–1470.

[46] M. Nikolopoulou, K. Steemers, Thermal comfort and psychological adaptation as a
guide for designing urban spaces, Energy Build. (35) (2003) 95–101.

[47] J. Spagnolo, R. de Dear, A field study of thermal comfort in outdoor and semi-out-
door environments in subtropical Sydney Australia, Build. Environ. (38) (2003)
721–738.

[48] M. Nikolopoulou, N. Baker, K. Steemers, Thermal comfort in outdoor urban spaces:
Understanding the human parameter, Sol Energy 3 (70) (2001) 227–235.

[49] S. Thorsson, M. Lindqvist, S. Lindqvist, Thermal bioclimatic conditions and patterns
of behaviour in an urban park in Goteborg, Sweden, Biometeorology (48) (2004)
149–156.

[50] S. Thorsson, T. Honjo, F. Lindberg, I. Eliasson, E. Lim, Thermal comfort and
outdoor activity in Japanese urban public places, Environ Behav. (39) (2007)
660–684.

[51] S. Umemura, T. Horikoshi, Effect of thermal condition upon the human body in
urban cavity spaces, in: Technical Papers of Annual Meeting the Society of Heat-
ing, Air-Conditioning and Sanitary Engineers of Japan, 1991, pp. 861–864. (in
Japanese).

[52] J. Pickup, R. de Dear, An outdoor thermal comfort index (OUT_SET∗) – part I – the
model and its assumptions, in: Dear De, Oke Kalma, Auliciems (Eds.), Biometeorol-
ogy and Urban Climatology at the Turn of the Millennium, World Meteorological
Organization, WCASP-50, WMO/TD-No.1026, Geneva, 2000, pp. 279–783.

[53] ISO. International Society of Biometeorology, 2009. www.utci.org/
[54] J. Huang, Prediction of air temperature for thermal comfort of people in outdoor en-

vironments, Biometeorol. (51) (2007) 375–382, doi:10.1007/s00484-006-0083-2.
[55] A. Kenny, S. Warland, D. Brown, G. Gillespie, Part A: Assessing the performance

of the COMFA outdoor thermal comfort model on subjects performing physical
activity, Biometeorology (53) (2009) 415–428.

[56] J. Vanos1, J. Warland, N. Kenny, T. Gillespie, Modelling skin temperature of a
human exercising in an outdoor environment, The Sustain. City VI (2010) 125–134.

[57] Y. Yao, Z. Lian, W. Liu, Q. Shen, Experimental study on skin temperature and ther-
mal comfort of the human body in a recumbent posture under uniform thermal
environments, Indoor Built Environ. 6 (16) (2007) 505.

[58] N. Kenny, J. Warland, R. Brown, T. Gillespie, Part B: Revisions to the COMFA
outdoor thermal comfort model for application to subjects performing physical
activity, Biometeorology (53) (2009) 429–441.

[59] P. Mairiaux, J. Malchaire, V. Candas, Prediction of mean skin temperature in warm
environments, Appl. Phys. 6 (56) (1987) 686–692.

[60] S. Sparks, N. Cable, D. Doran, D. Maclaren, The influence of environmental tem-
perature on duathlon performance, Ergonomics (48) (2005) 1558–1567.

[61] Y. Kurazumi, K. Fukagawa, Y. Yamato, K. Tobita, E. Kondo, T. Tsuchikawa, et al.,
Enhanced conduction-corrected modified effective temperature as the outdoor
thermal environment evaluation index upon the human body, Build. Environ. (46)
(2011) 12–21.

[62] K. Nagano, T. Horikoshi, New index indicating the universal and separate effects on
human comfort under outdoor and non-uniform thermal conditions, Energy Build.
ENB-3148 (2011) 8.

[63] T. Horikoshi, T. Tsuchikawa, Y. Kurazumi, N. Matsubara, Mathematical expres-
sion of combined and separate effect of air temperature, humidity, air velocity and
thermal radiation on thermal comfort, Arch. Complex Environ. Stud. 3-4 (7) (1995)
9–12.

32



Q. Zhao, Z. Lian and D. Lai Energy and Built Environment 2 (2021) 21–33

[64] D. Lai, Q. Chen, A two-dimensional model for calculating heat transfer in the human
body in a transient and non-uniform thermal environment, Energy Build. (118)
(2016) 114–122, doi:10.1016/j.enbuild.2016.02.051.

[65] S. Jacobs, A. Pezza, A new ‘bio-comfort’ perspective for Melbourne based on heat
stress, air pollution and pollen, Biometeorology (58) (2014) 263–275.

[66] I. Golasi, F. Salata, E. de Vollaro, M. Coppi, A. de Vollaro, Thermal perception in the
mediterranean area: comparing the mediterranean outdoor comfort index (MOCI)
to other outdoor thermal comfort indices, Energies (9) (2016) 550.

[67] D. Pearlmutter, D. Jiao, Y. Garb, The relationship between bioclimatic thermal
stress and subjective thermal sensation in pedestrian spaces, Biometeorology (58)
(2014) 2111–2127.

[68] J. Niu, J. Liu, T. Lee, Z. Lin, C. Mak, K. Tse, B. Tang, K. Kwok, A new method to
assess spatial variations of outdoor thermal comfort: Onsite monitoring results and
implications for precinct planning, Build. Environ. (91) (2015) 263–270.

[69] M. Ruiz, E. Correa, Suitability of different comfort indices for the prediction of ther-
mal conditions in tree-covered outdoor spaces in arid cities, Theor. Appl. Climatol.
(122) (2015) 69–83.

[70] F. Salata, I. Golasi, R. de Lieto Vollaro, A. de Lieto Vollaro, Outdoor thermal comfort
in the Mediterranean area. A transversal study in Rome, Italy, Build. Environ. (96)
(2016) 46–61.

[71] I. Golasia, F. Salata, E.de Vollarob, M. Coppia, Complying with the demand of
standardization in outdoor thermal comfort: a first approach to the Global Outdoor
Comfort Index (GOCI), Build. Environ. (130) (2018) 104–119.

[72] S. Kato, K. Hiyama. Ventilating Cities Air-flow - Criteria for Healthy and Com-
fortable Urban Living. Springer, January, Chapter 3, pp. 33-58, ISBN: 978-94-007-
2770-0

[73] M. Nikolopoulou, Designing open spaces in the urban environment: a bioclimatic
approach, Centre Renew. Energy Sources (2004) 1–56.

[74] E. Thom, The discomfort index, Weatherwise (12) (1959) 57–60.
[75] B. Giles, C. Balafoutis, P. Maheras, Too hot for comfort: the heatwaves in Greece

in 1987 and 1988, Biometeorology (34) (1990) 98–104.
[76] M. Fountain, C. Huizenga, А thermal sensation model for use by the engineer-

ing profession: results of cooperative research between the American Society of
Heating, in: Refrigeration and Air-Conditioning Engineers. Inc. and Environmental
Analytics, 1995, pp. 1–55.

[77] H. Vernon, The measurement of radiant heat in relation to human comfort, J. Ind.
Hyg. (14) (1932) 95–111.

[78] J. Malchaire, A. Piette, B. Kampmann, P. Mehnert, H. Gebhardtû, G. Havenith,
et al., Development and validation of the predicted heat strain model, Ann. Occup.
Hyg. (45) (2001) 123–135.

[79] J. Masterson, F. Richardson, A Method of Quantifying Human Discomfort due to
Excessive Heat and Humidity, Environment Canada, Downsview, Ontario, 1979.

[80] ISO 7933Ergonomics of the Thermal Environment e Analytical Determination and
Interpretation of Heat Stress Using Calculation of the Predicted Heat Strain, ISO,
Geneva, 2004.

[81] K. Błażejczyk, New climatological-and-physiological model of the human heat bal-
ance outdoor (MENEX) and its applications in bioclimatological studies in different
scales, in: Bioclimatic Research of the Human Heat Balance, 1994, pp. 27–58.

[82] K. Parsons, Human Thermal Environments: the Effects of Hot, Moderate and Cold
Environments on Human Health, Comfort and Performance, Taylor and Francis,
London, 2003.

[83] H. Staiger, G. Laschewski, A. Grätz, The perceived temperature - a versatile index
for the assessment of the human thermal environment. Part A: scientific basics,
Biometeorology (56) (2012) 165–176.

[84] D. Mclntyre, A guide to thermal comfort, Appl. Ergon. (4) (1973) 66–72.
[85] B. Givoni, M. Noguchi, Outdoor comfort responses of Japanese persons, in: Pro-

ceedings of Conference on Passive and Low Energy Architecture, 2004, pp. 19–22.
[86] L. Monteiro, M. Alucci, Outdoor thermal comfort modeling in Sao Paulo, Brazil, in:

Proceedings of Conference on Passive and Low Energy Architecture, 2008.
[87] W. Bründl, P. Höppe . Advantage and disadvantage of the Urban Heat Island. An

evaluation according to the hygro-thermic effects. Arch. Met. Geoph. Biocl., 1984
(35), pp. 55-66

[88] COST Action 730. Available from: http://www.utci.org/utci_doku.php
[89] C. Yaglou, D. Minard, Control of heat casualties at military training centers, AMA

Arch. Ind. Health (16) (1957) 302–316.
[90] F. Ličina, T. Cheung, H. Zhang, R. de Dear, T. Parkinson, et al., Development of

the ASHRAE Global Thermal Comfort Database II, Build. Environ. (142) (2018)
502–512.

[91] M. Humphreys, Outdoor temperatures and comfort indoors, Build. Res. Pract. 2 (6)
(1978) 92–105.

[92] J. Nicol, I. Raja, A. Allaudin, Climatic variations in comfortable temperatures: the
Pakistan projects, Energy Build. 3 (30) (1999) 261–279.

[93] K. Mui, W. Chan, Adaptive comfort temperature model of air-conditioned building
in Hong Kong, Build Environ. 6 (38) (2003) 837–852.

[94] Y. Yau, B. Chew, Adaptive thermal comfort model for air-conditioned hospitals in
Malaysia, Build. Serv. Eng. Res. Technol. 2 (35) (2014) 117–138.

[95] H. Rijal, M. Humphreys, J.F. Nicol, Towards an adaptive model for thermal comfort
in Japanese offices, Build. Res. Inf. 7 (45) (2017) 717–729.

[96] M. Indraganti, R. Ooka, H.B. Rijal, G.S. Brager, Adaptive model of thermal comfort
for offices in hot and humid climates of India, Build. Environ. (74) (2014) 39–53.

[97] Chinese GB/T 50785Ministry of Housing and Urban-Rural Development of the Peo-
ple’s Republic of China, Thermal design code for civil building GB50785-2012,
China Architecture and Building Press, Beijing, 2012 (In Chinese).

[98] ComitéEuropéen de Normalisation (CEN)EN 15251: Indoor Environmental In- put
Parameters For Design and Assessment of Energy Performance of Buildings Ad-
dressing Indoor Air Quality, Thermal Environment, Lighting and Acoustics, CEN,
Brussels, 2007.

[99] CIBSEEnvironmental Design, CIBSE Guide A. Environmental Criteria for Design,
Chartered Institution of Building Services Engineers, London, 2006 Chapter 1.

[100] M. Singh, R. Ooka, H. Rijal, S. Kumar, A. Kumar, S. Mahapatra, Progress in thermal
comfort studies in classrooms over last 50 years and way forward, Energy Build.
(188-189) (2019) 149–174.

[101] S. Damiati, S. Zaki, H. Rijal, S. Wonorahardjo, Field study on adaptive thermal
comfort in office buildings in Malaysia, Indonesia, Singapore, and Japan during
hot and humid season, Build. Environ. 11 (109) (2016) 308 -223.

[102] A. Auliciems, R. de Dear, Air conditioning in Australia I: human thermal factors,
Arch. Sci. Rev. (29) (1986) 67–75.

[103] R. de Dear, G. Brager, D. Cooper. Developing an adaptive model of thermal com-
fort and preference . ASHRAE RP-884. Atlanta, GA: American Society of Heating,
Refrigerating and Air Conditioning Engineers, Inc., and Macquarie Research, Ltd.,
1997

[104] H. Rijal, M. Humphreys, J. Nicol, Adaptive model and the adaptive mechanisms
for thermal comfort in Japanese dwellings, Energy Build. (202) (2019) 1–13.

[105] X. Zhou. A multi-node thermal comfort model based on Chinese thermo-biological
features . (Ph.D.’s thesis) SJTU, Civil Engineering, Shanghai, China

[106] T. Ma, Z. Lian, A Human ThermoregulationModel for the Chinese Elderly, J. Therm.
Biol. (2017).

[107] J. Xiong, T. Ma, Z. Lian, R. de Dear, Perceptual and physiological responses of
elderly subjects to moderate temperatures, Build. Environ. (156) (2019) 117–122.

[108] J. Stevens, K. Choo, Temperature sensitivity of the body surface over the life span,
SMR(Somatosens. Mot. Res.) 1 (15) (1998) 13–28, doi:10.1080/08990229870925.

[109] K. Tsuzuki, Thermal sensation and thermoregulation in elderly compared to young
people in winter season, Proc. Indoor Air (2002).

[110] L. Schellen, W. Marken, et al., Differences between young adults and elderly in
thermal comfort, productivity, and thermal physiology in response to a moderate
temperature drift and a steady-state condition, Indoor Air (20) (2010) 273–283.

[111] D. Novieto, Adapting a Human Thermoregulation Model for Predicting the Thermal
Respnse of Older Persons, De Montfort University, 2013.

[112] Z. Wang, H. Yu, Y. Jiao, et al., A field study of thermal sensation and neutrality in
free-running aged-care homes in Shanghai, Energy Build. (158) (2018) 1523–1532,
doi:10.1016/j.enbuild.2017.11.050.

[113] W. Hu, Y. Wen, K. Guan, G. Jin, K.J. Tseng, iTCM: Toward Learning-Based Thermal
Comfort Modeling via Pervasive Sensing for Smart Buildings, IEEE Internet Things
J. 5 (5) (2018).

[114] D. Lai, S. Jia, Y. Qi, J. Liu, Window-Opening Behavior in Chinese Residential Build-
ings across Different Climate Zones, Build. Environ. (142) (2018) 234–243.

[115] D. Lai, W. Liu, T. Gan, K. Liu, Q. Chen, A review of mitigating strategies to improve
the thermal environment and thermal comfort in urban outdoor spaces, Sci. Total
Environ. (661) (2019) 337–353.

[116] G. Havenith, Metabolic rate and clothing insulation data of children and adoles-
cents during various school activities, Ergonomics 50 (10) (2007) 1689–1701.

[117] T. Kubota, H. Rijal, in: Sustainable Houses and Living in the Hot-Humid Climates of
Asia, Springer, July 2018, pp. 103–113, doi:10.1007/978-981-10-8465-2. Chapter
10ISBN: 978-981-10-8464-5, ISBN: 978-981-10-8465-2 (eBook).

33



Energy and Built Environment 2 (2021) 34–44

Contents lists available at ScienceDirect

Energy and Built Environment

journal homepage: http://www.keaipublishing.com/en/journals/energy-and-built-environment/

Auditing and design evaluation of building automation and control systems
based on eu.bac system audit – Danish case study
Jacob Alstrup Engvang, Muhyiddine Jradi∗

Center for Energy Informatics, The Mærsk Mc-Kinney Moller Institute, University of Southern Denmark, 5230 Odense M, Denmark

a r t i c l e i n f o

Keywords:

Building automation and control system
Bacs
System auditing
Eu.bac system
EN 15,232
Danish case study

a b s t r a c t

Improving the energy performance of buildings will prove vital for countries worldwide to reduce their energy
consumption and emissions. A key player in reaching this goal is building automation and control, as having well-
designed and operated building automation and control systems (BACS) provide large capabilities in optimizing
the energy performance of different systems. In this regard, building owners and planners must be able to assess
and evaluate the current status of their BACS and identify potential improvements. While there has been a large
block of work done in Denmark along with regulations aiming to audit the overall building performance and
individual systems characteristics, very little has been done in the field of auditing the building automation and
control system and evaluating its structure and operation patterns. This lack of systematic BACS auditing and
evaluation in Danish buildings is addressed in this work with the first implementation and evaluation of the eu.bac
Systemmethodology in a university office building. The building was found to comply with the lowest automation
and control class E. Two BACS retrofit packages were proposed and evaluated, and energy savings up to 28.5%
are reported. The preliminary assessment results reported demonstrate the potential of building automation and
control retrofit measures in a combined holistic improvement package alongside building envelope upgrade. In
addition, the impact of the eu.bac System improvements and labeling on the building’s classification based on
the recent Danish building regulation BR18 is evaluated. The study discusses the feasibility of eu.bac System
tool implementation in Danish buildings and suggests improvements. It also correlates and compares the eu.bac
System audit to the upcoming European SRI instrument. In light of the huge efforts to digitalize the Danish energy
sector, ensuring proper design and operation of BACS is of great importance. Thus, a systematic and methodical
BACS auditing and evaluation methodology will be a crucial part of buildings’ initial and retro-commissioning
platforms.

1. Introduction

The European Union, EU, has for many years conducted policymak-
ing within the area of combating climate change. The first package of
climate and energy measures was implemented in 2008 [1] with mul-
tiple targets to be met in terms of greenhouse gas emissions, the share
of renewable energy and energy efficiency improvements. The package
targets have already been met by the EU and in 2014 further targets
were set for 2030 to reduce the greenhouse gas emissions by 40% com-
pared to 1990. A key player to reach the 2030 target is the “Clean Energy
for all European” package [2]. This package highlights the energy per-
formance of buildings as a major factor to deal with when it comes to
improving energy efficiency and enhancing energy sector stability and
security. It was documented that buildings are responsible for 40% of
energy consumption and 36% of the CO2 emissions in the EU, being the
main driver for the revision of the energy performance in buildings di-

∗ Corresponding author: Phone: +4565508210; Address: Campusvej 55, DK-5230 Odense M, Denmark.
E-mail address: mjr@mmmi.sdu.dk (M. Jradi).

rective (EPBD) [3]. In 2019, a series of recommendations were proposed
to the current EPBD. One of the highlights is the importance of raising
awareness about the value of building automation and monitoring. The
importance of BACS is also apparent since one of the amendments led
to changes in articles 14 and 15, was that now it is required to have
building automation and control systems in all non-residential build-
ings which have an overall capacity of more than 290 kW in their energy
supply systems combined. This increased focus on BACS has led to the
commencement of the development of a new instrument to measure the
smartness of a building, the Smart Readiness Indicator (SRI) [4]. The in-
strument which is still under development aims at defining constraints
and measures to enable proper definition of smart buildings through
systematic assessment of the building energy systems operation and in-
tegration. The operation and control of the different energy systems in a
building is also of high concern, and the EU proposed a systematic build-
ing automation and control auditing methodology as an alternative to
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manual and arbitrary inspection. These changes to the EPBD ensure the
future implementation of more building automation and control systems
in buildings all around Europe as well as setting high standards in terms
of the design of these systems and their specifications [3].

Overall, the EU building directive aims to lower the energy consump-
tion in buildings as well as the corresponding greenhouse gas emissions.
One of the initiatives supporting this holistic goal is the establishment
and implementation of energy performance certificates (EPC). The EPC
is a summarized report conducted by an energy expert or consultant,
providing the building owner with information about the building’s en-
ergy systems, energy consumption, and potential retrofitting measures
that can improve the building operation [5]. The mandatory certificate
is implemented throughout the EU and helps to increase the energy ef-
ficiency of buildings. A market study for a voluntary common European
certification scheme was conducted in 2014, which examined the most
prevalent voluntary energy certification schemes for buildings [6]. In
this context, one of the recently emerging and most comprehensive en-
ergy certification schemes for energy efficiency in buildings is the eu.bac
System audit. This scheme was first launched in Germany and Switzer-
land in 2013, where later other countries have adopted the scheme in
a large number of buildings [7]. On a holistic level, the eu.bac System
is an auditing and evaluation methodology dealing majorly with all the
aspects and specifications of building automation and control systems
(BACS). To achieve this, the eu.bac System auditing methodology relies
on the guidelines set by the European standard, EN 15,232 “Energy per-
formance of buildings – impact of Building Automation, Controls and
Building Management” [8].

When it comes to the building sector, Denmark is not an exception
where Danish buildings contribute to around 40% of the country’s en-
ergy consumption profile with an equivalent contribution to greenhouse
gas emissions. Thus, Denmark has set ambitious plans to improve the
overall energy performance of buildings and reduce the associated en-
ergy consumption. This has been demonstrated with the dramatic evo-
lution in the building energy standards in Denmark where the recent
building regulation BR2018 [9] has set strict requirements regarding
building envelope, energy systems design, and building operation. More-
over, there is a large trend of research and practical applications in the
field of smart buildings in Denmark, considering the added value offered
by such buildings in optimizing the energy performance, enhancing the
energy flexibility and improving energy efficiency and indoor thermal
comfort [10–12]. Smart buildings do however heavily rely on build-
ing control and automation to fulfill their potential [13]. This reliance
highlights the importance of having a well-designed and operated build-
ing automation system providing the optimal capabilities in optimizing
the performance of different energy systems along with establishing a
proper integration and communication between various building com-
ponents and devices.

While there has been a large block of work done in Denmark along
with regulations aiming to audit the overall building performance and
individual systems characteristics [14–17], very little has been done in
the field of auditing the building automation and control system and
evaluating its structure and operation patterns. For instance, the eu.bac
System audit methodology has not been widely implemented in Den-
mark and was never reported in the literature from a Danish perspec-
tive. This lack of coverage of the eu.bac System audit and its potential
in Denmark will be addressed in this paper with the first implementa-
tion and evaluation of the methodology in a university office building.
The preliminary results of this study will serve as a basis and aid for
establishing a methodical BACS auditing and evaluation in Denmark as
part of a systematic initial and retro-commissioning process for building
automation systems. Saying that the work will set guidelines to attain
an acceptable BACS design and a highly efficient design model. While
the eu.bac System methodology is based on the EN 15,232 standards, it
offers a user-friendly tool that enables simple and comprehensive BACS
audit compared to the rigid and static EN 15,232 bulky documents and
regulations. Moreover, the current work aims to investigate the impact

of the eu.bac System improvements and labeling on the Danish EPC
grading based on the recent Danish building regulation BR18. In addi-
tion, the paper addresses the tradeoff between retrofitting building au-
tomation systems and implementing deep energy retrofit measures and
evaluates the impact on the overall building energy consumption. In
this context, the work aims to implement the eu.bac System assessment
methodology in a Danish case study aiming to audit and evaluate the
building automation and control systems currently in place. The scoring
associated with each of the building systems will be conducted and the
overall BACS performance will be evaluated. Based on the current build-
ing performance baseline, various scenarios of improving the building
automation and control modes will be examined, targeting different en-
ergy systems. Moreover, the expected energy savings associated with
these improvements and upgrades will be evaluated and reported. The
work is carried out under the BuildCOM – ‘Automated Auditing and
Continuous Commissioning of Next Generation Building Management
Systems’ project [18] aiming to design, develop and implement an au-
tomated auditing process for building management systems as well as
establishing a continuous commissioning framework for energy-efficient
buildings.

2. Background

Not much has been reported in the literature, dealing with the Eu-
ropean Standard EN 15,232 and the eu.bac System methodology imple-
mentation in buildings. Themajority of the reported studies were carried
out in the last six years, highlighting the timeliness of the issue, consid-
ering the energy sector digitalization recent efforts and the progression
in the field of smart buildings and different aspects of building automa-
tion and control systems. Ippolito et al. [19] underlined the importance
of BACS, considering a case study in Italy. The study uses the Euro-
pean standard EN 15,232 as a basis and employs the BAC factor method
to calculate the impacts of the BACS implementation on the building
performance. The authors highlighted the high cost of BACS implemen-
tation in buildings as a main factor hindering the spread of such sys-
tems. They found that the implementation of BACS and technical build-
ing management (TBM) systems resulted in an upgraded EPC class, but
the economic savings are largely variable depending on the investigated
country, considering factors such as climate and energy prices. A sim-
ilar study was conducted by Ożadowicz et al. [20], considering a case
study of a Polish university building. The same European standard has
been used and it was reported that the higher BACS efficiency classes
can reduce the building’s energy consumption significantly. However,
major questions are raised regarding the scalability and generalization
of the results attained.

The implementation of BACS was also examined in Italy by Mancini
et al. [21], highlighting that energy efficiency digitalization and home
automation will be crucial in the future building stock. They employed
data from 412 buildings and assessed the energy savings when BACS
were implemented. The authors adopted the EN 15,232 standard guide-
lines and the BAC factor method. Based on the investigation, three au-
tomation and control modes were proposed as being the optimal with
the highest energy efficiency impact. In addition, it was stated that
BAC systems will be major enablers of demand response patterns and
will play a role in a predicted future with smart grids. This focus on
smart grids and demand response resonates in other studies dealing with
BACS. Ożadowicz et al. [22] stated that buildings with BACS and renew-
able energy sources are an integral part of smart grids. The authors in-
vestigated various demand-side management scenarios and highlighted
that BACS will unlock the possibility of flexibility in buildings in addi-
tion to active demand-side management capabilities. This was supported
by the claim that BACS can adjust and optimize the operation based on
supply and demand patterns. In another study [23], the authors pro-
posed an implementation of a demand-side management approach in
microgrids based on BACS as well as the internet of things technology.
The developed models resulted in a BACS event triggering system that
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Fig. 1. EN 15,232 classification [28].

monitors and manages devices, energy sources, and storage in the mi-
crogrid.

Domingues et al. [24] investigated and reviewed the current tech-
nologies and concepts regarding BACS. It was reported that the guide-
lines in the EN 15,232 standard is sufficiently comprehensive and can be
used as a basis to demonstrate the scope and functionality of a typical
BAS. In terms of tools development, Schönenberger [25] reported the
design and development of a tool by the European building automation
and control association, the eu.bac System audit tool. It is stated that
the eu.bac audit closes the gap that other certification systems have left
open, where the increased focus on energy saving potential and life cycle
aspects provide the added value, compared to other building certifica-
tions. The study provides a comprehensive description of the eu.bac as-
sessment methodology with various aspects and characteristics dealing
with BACS. The suggested auditing system is based on points being re-
warded to the different building systems based on their automation and
control levels. The points add up to obtain a final scoring over 100 with
an associated set of classes ranging from an E label to an AA label. Nev-
ertheless, several recent studies have identified the design and operation
of the building BACS as a major cause of building energy performance
gaps, resulting in reducing the overall building energy efficiency [26–
27]. Thus, it was highlighted that BACS shall be considered as a major
factor in building initial or retro-commissioning.

Considering the drivers of the current investigation and the reported
work in the literature, this study deals with auditing and design evalu-
ation of building automation and control systems employing the eu.bac
System audit, in a Danish context. The eu.bac System audit methodology
is based on EN 15,232 and it has only once been described in the liter-
ature. No case studies using the eu.bac System methodology has been
published and no evaluation of its performance as a BACS auditing tool
has been discussed in the literature.

3. Eu.bac system methodology

3.1. EN 15232

The European standard, EN, 15,232 “Energy performance of build-
ings – impact of Building Automation, Controls and Building Manage-
ment” was developed as part of the EPBD initiatives. The aim behind
launching the standard is to qualify and quantify the benefits of build-
ing automation and control in buildings as well as providing guidelines
for the design and implementation of BACS in energy efficient build-
ings. The standard defines four different building classes, denoted by A
(best), B, C, and D (worst) characterizing the BACS. Class A highlights
a building with a high-performance BACS and TBM where a building
of Class D is with no automation and control system installed or with a
non-energy efficient system [28].

As highlighted in Fig. 1, Class C is denoted as the acceptable stan-
dard class characterizing a building with a BACS. On the other hand,

Fig. 2. Distribution of eu.bac audits performed by country [7].

Fig. 3. Life cycle approach of the eu.bac System.

buildings of Class D are recommended, in EN 15,232, to be retrofitted by
either installing a building automation system or retrofitting the current
system performance by upgrading the features and the control modes.

3.2. Eu.bac system

The eu.bac System methodology was developed by the European
Building Automation and Controls Association (eu.bac) and was first
used in Germany and Switzerland in 2013 [7]. European Building Au-
tomation and Controls Association is an industry-driven platform that
represents a group of the leading European manufacturers of building
automation and control equipment, intending to support the design and
proper implementation of BACS in different countries. The launch of the
eu.bac System methodology was to enable the certification of the BACS
in a building. The driver behind the methodology was to build up and
close the gaps highlighted in other building certification schemes such
as LEED [29], DGNB [30], and BREEAM [31]. The number of audits
performed by eu.bac auditors has reached 114 in 2019, where only 1%
of them were conducted in Denmark as shown in Fig. 2. The methodol-
ogy of the eu.bac System is based on the previously described EN 15,232
standard guidelines, aiming to audit the operation throughout the entire
life cycle of the BACS as shown in Fig. 3.

The life cycle approach allows the building owners/planners to eval-
uate the quality of the building’s systems before the building is built, as
well as assisting the development throughout all the building phases.
Every three years, the BACS re-auditing based on the eu.bac System
methodology allows for the continued ensured high quality of the build-
ing’s systems, optimized BACS operation, which in turn ensures the high
energy efficiency on different levels in the building. The eu.bac System
certification is based on a point-scoring basis, ranging from 0 to 100,
which corresponds to the grading system highlighted in Table 1 [7].

The scoring result is generated based on the point-scoring of the dif-
ferent energy systems control and automation levels in a building. In
auditing the building energy systems operation and automation level,

36



J.A. Engvang and M. Jradi Energy and Built Environment 2 (2021) 34–44

Fig. 4. Some services under the heating domain in the eu.bac System.

Table 1

eu.bac System classes.

Grade Points

AA 85–100

A 75–84

B 65–74

C 55–64

D 45–54

E 0–44

Fig. 5. Eu.bac System grade example [25].

the eu.bac System auditing methodology uses an excel-based platform,
supporting different types of buildings: office, data center, education,
hospital, hotel, retail, restaurant, and residential buildings. The auditing
methodology targets 10 domains dealing with various energy systems.
Each of the 10 domains could yield a maximum number of points based
on the level of automation and the functionality of the system. Each of
these domains comprises several sub-domains dealing with all the as-
pects of the energy system in question, for a detailed assessment of the
automation and control levels. A screenshot from the heating system do-
main is provided in Fig. 4, showing some of the services covered under
this domain. Each service has different levels, where each level repre-
sents an automation and control level and is associated with a certain
number of points. For example, a ‘Non-Controlled’ level would grant
‘0′ points where a ‘¨Fully Controlled’ level would grant the maximum
number of points.

The different domains targeted by the eu.bac System methodol-
ogy are heating, domestic hot water, cooling, ventilation and air-
conditioning, lighting, blinds, technical home and building manage-
ment, eu.bac key performance indicators, eu.bac extended functionality,
and eu.bac certified products. Filling out all of the sections will result
in a cumulative scoring of the BACS in the building. Subsequently, the
scoring is converted to a building class as shown in Fig. 5.

The previously mentioned SRI methodology is a similar tool to evalu-
ate BACS systems in a building since it is directly related to the smartness
of a building. The SRI methodology is still in development and has seen
some changes in content and structure over the last two years. While
the eu.bac system methodology examines the impact of the BACS on the
overall energy efficiency of the building, the SRI allows a broader con-
text and a wider range of investigation with a set of additional impact
criteria in addition to the energy efficiency. The main impact criteria
proposed in the 2nd technical study are energy efficiency, maintenance
& fault prediction, comfort, convenience, health & wellbeing, informa-
tion to the occupant, and energy flexibility & storage. This demonstrates
the potential of using the SRI methodology not only in evaluating the
building smartness but also in highlighting the impact of the current
BACS structure and design on the different aspects of the building op-
eration, particularly the ones dealing with occupants and comfort. It is
however not yet decided how the SRI will be implemented in member
countries and when it will be mandatory [32].

Moreover, the grading and number of points attributed to the BACS
in the building are also directly linked with the overall energy perfor-
mance of the building. This is highlighted clearly in the European Stan-
dard EN 15,232 guidelines which the eu.bac System is based on, sug-
gesting that an increase in the building’s automation and control sys-
tems number of points by 10 is associated with a 5% reduction on the
overall building energy consumption. However, this is only an estimated
energy saving percentage as it is highly dependent on the specific case
[25]. This was also found to be the case in the literature review, where
both Ippolito et al. [19] and Ożadowicz et al. [20] implemented the
EN 15,232 methodology and found that the savings are significantly re-
liant on the specific case, where location and climate are major factors
to consider. The eu.bac System assumption in terms of the relation be-
tween the BACS collected points and building energy consumption will
be implemented in the current study as well to provide a preliminary
evaluation of the impact of BACS upgrades in Danish buildings.

4. Case study

4.1. MMMI building

To assess the implementation of the eu.bac System methodology to
audit and evaluate building automation systems in Danish buildings, a
case study of the MMMI building at the University of Southern Den-
mark is considered [33]. The MMMI building, shown in Fig. 6 is located
in Odense and was built in 1995. It comprises 125 zones and consists
of several room types including offices, laboratories, teaching rooms,
workshops, meeting, and seminar rooms. The building has 2563 m2 of
interior area and consists of two floors and a basement. The building’s
latest energy label states that it is ranked at energy class C based on the
Danish building standards. The most recent consumption numbers indi-
cate that the primary consumption of the building is 195.82 kWh/m2

[34].
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Table 2

Overview of ventilation and air extraction units in the MMMI building.

Ventilation units Specifications Control

Plant V152 With heat recovery

No frost protection

10.000 m3/h nominal

flow rate

Based on setpoints.

Scheduled operation, ON

during working hours

Air extraction units

Plant U211 Suction for labs Start/stop

Plant U212 Removal of air from

toilets and cleaning

rooms.

Speed regulator

Plant U213 Printer room Speed regulator

Plant U214 Toilets and teaching

rooms

Speed regulator

Plant U215 Extractor hoods in

kitchens

Speed regulator

Plant U216 Extractor hoods in

kitchens

Speed regulator

Plant U217 Toilets Speed regulator

Fig. 6. MMMI building front entrance.

4.2. Energy supply systems and building automation

The heating demand of the building is satisfied by an indirect dis-
trict heating loop. This heating main supply feeds into several distribu-
tion networks including two radiator loops, floor heating, air handling
units, and domestic hot water. In terms of control, the heating system is
centrally controlled via set points set directly in the building manage-
ment system. The hot water temperature in the distribution networks is
controlled based on the outside temperature and the water circulation
pumps function on an on/off basis control. The building has no cool-
ing, which is standard in most Danish public buildings as it is deemed
unnecessary under the Danish weather conditions.

There is one major mechanical ventilation air handling unit installed
in the building, providing the need for air ventilation in some of the
rooms, including specific offices, laboratories, workshops, and meet-
ing rooms. The ventilation system (V152) operates with basic controls,
based on an on/off time-controlled schedule, which ensures that the sys-
tem is only operating when the building is in use. The rest of the build-
ing is naturally ventilated. The toilets, laboratories, kitchens, and other
technical rooms are served by several air extraction units. An overview
of the air ventilation components is presented in Table 2.

Domestic hot water is generated in a central hot water tank in the
basement with 825 L capacity. The water in the tank is heated by district
heating in all months except the summer months (June, July, and Au-
gust) where the tank is supplied by an electric heater. The circulation
pump distributes the hot water based on a time program. In terms of
the lighting control in the MMMI building, motion sensors and daylight
control are implemented in classrooms, storage rooms, toilets, kitchen,
and the majority of offices. Furthermore, the rooms with windows do

not have any automation or control regarding the blinds and there are
no sensors to detect whether the windows are open or not.

The building has a Schneider Electric EcoStruxure building manage-
ment system allowing components integration and systems operation
control. This system supervises the entire building. Moreover, the MMMI
building has a building analytics tool implemented, serving as a fault
detection platform that triggers an alarm when a fault occurs, but it
does not diagnose the fault. The building technical management system
is however capable of reporting the energy consumption, carrying out
building performance evaluations, and displaying consumption bench-
marks.

4.3. Eu.bac auditing of the MMMI building

The presented information about the MMMI energy systems and
automation and control modes are implemented and defined into the
eu.bac System tool, along with detailed information of all the building
rooms. The overall results considering the 10 domains of investigation
in the eu.bac System platform are reported in Fig. 7, along with the
overall MMMI building score and class rating. The total points and class
category are calculated considering the individual points claimed in all
the individual domains. The ‘Importance’ tab shown in Fig. 7, represents
the relative importance of the individual domains. This importance de-
pends on the building type selected which in this case is an “office” and
on the type of the domain. For example, the Importance number for
‘Heating’ domain is 10 where it’s only 5 for ‘Domestic Hot Water’ and
4 for ‘Lighting’. The ‘Actual Importance’ is set to make sure that only
domains present in the building are considered for the evaluation. An
example is the cooling system where the Importance factor is 10 but
since it is not present in the MMMI building the Actual Importance is
set to 0. The ‘Normalized Score’ is used to evaluate the total achieved
score in the domain by the total number of possible points.

The resulting Class for the MMMI building is E, which is the low-
est eu.bac class possible. This highlights a poor design of the BACS in
the building with minimal control and automation levels and the ab-
sence of major building systems automation features. The total number
of points accumulated by the building is 28 and the interval for the E
score is 0–44 points. Therefore, there are several possibilities for improv-
ing the building’s score by implementing better functionalities dealing
with various energy supply systems and targeting the different domains
and services in the eu.bac. On the level of the domains, half of the gen-
erated points are cumulated from the ventilation and air-conditioning
control and technical home and building management. The blinds con-
trol scored 0 points, with 2 points for the domestic hot water and 4
points for the lighting system control. Thus, all of these domains have
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Fig. 7. Points and class summary for the MMMI building base case.

Table 3

Improvement possibilities for the MMMI building based on the different eu.bac System classes.

Eu.bac
System points

Points from
Baseline

Annual energy
consumption (MWh)

Energy consumption per
area (kWh/m2)

Danish building standard
energy label [35]

Energy
savings (%)

Base case scenario (E Class) 28 0 501.9 195.8 E 0

D Class 45 +17 459.2 179.2 E 8.5

C Class 55 +27 434.1 169.4 D 13.5

B Class 65 +37 409.0 159.6 D 18.5

A Class 75 +47 383.9 149.8 D 23.5

AA Class 85 +57 358.8 140.0 D 28.5

the potential to be improved and thereby enhance overall building per-
formance.

5. BACS improvement recommendations

Considering the MMMI building case, an audit score of 28 and class
E implies that the building automation system design, specifications,
and functionalities are not near the standard (class C) and is very far
from being optimal (AA). Therefore, upgrading the BACS functionalities
and control modes implies an increase in the eu.bac System score and
thus an improvement in the overall energy performance of the MMMI
case study. As highlighted earlier, based on the calculation methods and
guidelines of the EN 15,232, an improvement of 10 points in the BACS
scoring corresponds to an energy savings potential of 5% [25]. This 5%
is based on the approximations suggested by the eu.bac System method-
ology developers and has been scientifically tested and validated by the
Technical University of Dresden [25]. Based on the EN 15,232 recom-
mendations, this value will surely rely on the individual object to be
evaluated and should only be considered as a reference baseline. The
MMMI building eu.bac System scoring of 28 points will be used as a
baseline, along with the current building reported energy consumption
for heating and electricity, to compare the savings as the MMMI BACS
are improved and upgraded. In this regard, Table 3 highlights the min-
imum required points for the MMMI building to achieve the different
building classes set by the eu.bac, along with the predicted energy con-
sumption in each case and the corresponding energy savings compared
to the current building performance.

Table 3 shows that there are substantial energy savings to be
achieved when improvements to the building BACS are made based on
the eu.bac System classification system. The total possible energy sav-
ings by reaching the best class is around 143.1 MWh, around 28.5%
compared to the base case scenario. This however will require large
modifications to the building’s automation and control system. Another
important, and more realistic scenario, is attaining Class C, as it is re-
garded as the minimally acceptable class with standard BACS features.
In the upcoming sections, we will propose two BACS retrofitting pack-

ages, one package so the MMMI building would achieve Class C, and
another package so the building will achieve the highest Class AA. For
the MMMI building to reach a higher Danish energy label level D, a
minimum BACS Class of C is required. This demonstrates that there is
no one-to-one relation between the BACS classes and the Danish energy
label, highlighting that there are other factors in the building affecting
the energy label in addition to the BACS.

5.1. MMMI building scenario C

The BACS C class is defined as the standard class regarding building
automation and control. Therefore, a scenario where the MMMI build-
ing reaches class C was considered and a corresponding BACS retrofit
package was highlighted. This necessitates several improvements to the
building’s automation and control system since it is necessary to obtain
27 extra points to reach a minimum of 55 points. The resulting scoring
summary for this scenario can be seen in Fig. 8.

The domains that have seen improvements are the heating control,
domestic hot water supply control, ventilation and air-conditioning con-
trol, technical home and building management, and the key perfor-
mance indicators that have been fully implemented in the systems avail-
able.

5.2. MMMI building scenario AA

Attaining a higher eu.bac System scoring does require significant im-
provements to all aspects of the building. An AA scenario was developed
with a BACS retrofit package that would allow the MMMI building to
attain 85 points as can be seen from Fig. 9. In terms of the domains and
considering the impact of each domain, it is obvious that the area that
needs the largest improvement in the building is the heating system con-
trol and automation. The building heating consumption is significantly
larger than the electricity consumption which verifies the necessity to
focus on this area. Furthermore, it is also important to improve the con-
trol and automation modes for the three other major domains: domestic
hot water, ventilation, and the TBM system features.
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Fig. 8. MMMI building scenario C points and class summary.

Fig. 9. MMMI building scenario AA points and class summary.

5.3. MMMI BACS retrofit packages functionalities

Considering the current building energy systems layout and automa-
tion and control modes, the two proposed BACS retrofit packages for
the MMMI building to reach Class C and Class AA are provided in detail
in Table 4. One example of the progressive improvement in the control
levels is the control and automation of the air handling units operation.
In the base case scenario (current building), the air handling units are
running based on an on/off scheduled operation. An improvement in the
Class C retrofit package means the air handling unit is operating based
on a multi-stage control. A further improvement is seen in the Class AA
retrofit package where the air handling units are operating based on
automatic airflow or pressure control.

The implementation of these changes will have a significant impact
on the energy consumption of the building. As mentioned earlier it is
apparent that the heating control on both the plant generation level and
the room level was given huge consideration, but several other aspects
dealing with various systems and domains have been improved. The C
scenario would save around 13.5% on the MMMI building energy con-
sumption, corresponding to 67.8 MWh energy reduction. For the AA
scenario, the energy savings estimated are larger at around 28.5% with
a dramatic reduction of 143.1 MWh on the MMMI building annual en-
ergy consumption. Table 5 provides a breakdown of the expected sav-
ings on the level of each domain targeted. The heating system control
and automation improvement has the highest share in the overall en-
ergy consumption savings in both scenarios C and AA with 25.1 MWh
and 37.6 MWh respectively. It is followed by the ventilation and air
conditioning domain and the domestic hot water domain with a respec-

tive 32.6 MWh and 22.6 MWh estimated energy savings in the scenario
AA.

The results presented in this section show the technical impact of
improving the BACS design and control modes on the overall energy
consumption of the considered building. However, improving the de-
sign and features of the BACS in a building requires substantial upgrades
and in many cases, the implementation of completely new systems and
devices. While some of the BACS fine-tuning and minor modification
measures can be executed with no additional cost, the majority of the
upgrades and implementation of new control modes and operation pat-
terns are accompanied by an investment cost. Therefore, the economic
factor should not be omitted in the decision making of upgrading and
retrofitting the BACS, to ensure that the economic savings allowed due
to the newmeasures and upgrades overcome the associated costs. In this
context, the eu.bac system methodology is a pure technical evaluation
and BACS auditing with no associated economic analysis or cost estima-
tions. However, a recent report has investigated the impact of upgrading
the BACS features following the EN 15,332 recommendations [36]. The
report investigated the payback period associated with improvement of
the BACS in different buildings of different types and uses, including an
office building heated by radiators, similar to the building case consid-
ered in this study. It is reported that for an improvement to the standard
level of BACS, which is class C in the eu.bac System grading, the asso-
ciated payback period would be around 1 year. In addition, upgrading
the BACS to the high-performance class AA, would entail a payback pe-
riod of around 4 years. Another report by Siemens supports these figures
and validates the economic feasibility of retrofitting and upgrading the
BACS, highlighting that an improvement of the building automation sys-
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Table 4

Overview of implemented improvements necessary for scenario C and scenario AA.

BACS Base Case Scenario (Class E) BACS Retrofit Package Class C BACS Retrofit Package Class AA

Heating Variable temperature control based on

the outside temperature

Variable temperature control based on

the load

Variable temperature control based on

the load

On-off control of distribution pumps Variable speed distribution pump Variable speed distribution pumps

Control of distribution network based

on the outside temperature

Control of distribution network based

on demand

Control of distribution network based

on demand

Cooling No Cooling System No Cooling System No Cooling System

Air Handling Units On off time control of air handler Multi-stage control Automatic flow or pressure control

Constant setpoint for supply air

temperature

Variable setpoint with outside

temperature compensation

Variable setpoint based on load

demand

No outside airflow control No outside airflow control Variable control of outside airflow

No icing protection on heat recovery

unit

No icing protection on heat recovery

unit

Implement icing protection

No overheating prevention of heat

recovery unit

No overheating prevention of heat

recovery unit

With overheat prevention

No auto control of free mechanical

cooling

Free cooling to limit the cooling need Amount of outside air and

recirculation air is modulated at all

time based on temperature and

humidity

No humidity control Dew point control Direct humidity control of the air

handling unit

Rooms Central automatic control of room

temperature

Individual room control with

communication

Individual room control with

communication and occupancy

detection

Automatic control emission and

distribution of heat with a time

schedule

Automatic control emission and

distribution of heat with a time

schedule

Automatic control with demand

evaluation

Supply airflow control in the rooms

based on time control

Supply airflow control in the rooms

based on time control

Occupancy detection for the need of

supply airflow

Control of room air temperature at

on/off control

Control of room air temperature at

on/off control

Minimum energy demand based on

optimized control from load

demand.

Mixed levels of lighting occupancy

control

Mixed levels of lighting occupancy

control

Automatic detection of occupancy

Manual dimming control of the light

level

Manual dimming control of the light

level

Automatic dimming based on daylight

control

Manual blinds operation Automated blinds Automated blinds and coordination

with lighting and HVAC

No open window detection Open window detection Open window detection

No wireless control of the room

system.

No wireless control of the room

system.

Implemented wireless control of the

room system.

Domestic Hot Water Automatic on/off control of electric

heating

Automatic on/off control and

scheduled charging

Addition of scheduled charging and

multi-sensor storage management

Automatic on/off control of district

heating

Automatic on/off control and

scheduled charging

Addition of scheduled charging and

multi-sensor storage management

Technical Building

Management

Manual setting of setpoints for

individual rooms

Setpoint adaptation from a central

room

Setpoint adaptation from a central

room

Table 5

Comparison of individual domain point-scoring and potential energy saving.

Base Case
Points

C Scenario
Points

C Scenario Energy
savings (MWh)

AA Scenario
Points

AA Scenario Energy
savings (MWh)

Heating 5 15 25.1 22 37.6

Domestic Hot Water 2 5 7.5 11 22.6

Cooling 0 0 0.0 0 0.0

Ventilation and Air-Conditioning 7 10 7.5 20 32.6

Lighting 4 4 0.0 9 12.5

Blinds 0 1 2.5 3 7.5

TBM 7 12 12.6 12 12.5

Eu.bac Key Performance Indicators 0 5 12.6 5 12.5

Eu.bac Extended Functionality 0 2 5.0 2 5.0

Eu.bac Certified Products 3 3 0.0 3 0.0

Total 28 55 67.8 85 143.1

tem in a standard nonresidential building is generally associated with
a payback period of 0–5 years, compared to a payback period of more
than 10 years for conventional upgrades measures targeting building
envelopes and technical systems [37].

6. Discussion

It was demonstrated that the two building automation and control
retrofit packages presented in this study would result in substantial en-

ergy savings in the considered MMMI building. Overall, measures tar-
geting building envelope components improvement are first on the list
in the majority of retrofit projects in Denmark [38–39]. However, the
preliminary assessment results in this work would provide additional
retrofitting options which could be considered by the building owners
if the intention is to target building systems automation enhancement
rather than the building envelope. In this context, the potential savings
of implementing a deep energy retrofit package targeting building enve-
lope and energy systems improvements in the MMMI building have been
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investigated in a previous study [33]. It was shown that annual energy
savings of up to 48% can be attained. Thus, the 28.5% energy savings re-
ported in this study, targeting only the BACS demonstrates the large po-
tential of implementing improvement measures dealing with the build-
ing automation and control system at different levels. However, and
considering the fact that a retrofitted building needs to meet the Danish
building standard requirements for building envelope insulation, a com-
bination of retrofit measures targeting the envelope along with specific
measures targeting different domains within the BACS will be the opti-
mal case. This is supported by the findings of Jradi et al. [40] study who
investigated the tradeoff between deep energy retrofit and improving
building intelligence in a Danish office using dynamic energy models.
They found that the energy savings attained by implementing a retrofit
package targeting the building automation and control system is around
47%, and is comparable to the savings reported when a conventional
deep energy retrofit package is selected. However, an important point
shall be highlighted here, as the current study is based on a pure techni-
cal energy performance assessment, with no deep economic analysis in
terms of the investment costs of improving the BACS in a building. For
final recommendations, a multi-level approach with a techno-economic
assessment is needed to make decisions.

On the other hand, it is demonstrated that the eu.bac System tool is
very useful for acquiring insight into the current status of a building’s
BACS, as part of the building automation system’s initial commission-
ing process. With the huge efforts in Denmark aiming to digitalize the
overall energy sector and move towards smart buildings within smart
grids, the eu.bac System unlocks the ability to pinpoint focus areas in
the building automation and control scheme, as a first step towards hav-
ing a building that is smart, efficient, and flexible within a smart inter-
connected community. However, very few buildings in Denmark have
adopted the eu.bac System for BACS auditing. Considering the experi-
ence exhibited in this work and the design of the eu.bac System, the tool
shall see major improvements, in general, to be better suited for Danish
owners and planners. Overall, the tool is very detailed and comprehen-
sive, however, it needs a large amount of data to fully define and analyze
a building. This data is not present in most cases or requires a long time
and resources to acquire and collect. The large set of data needed limits
the potential users of the tool, especially building practitioners, facility
management staff, and energy consultants. This also limits the use of the
tool on, for example, an older residential building that does not have all
data available, and the data is often outdated. The technical language
in the tool also limits the implementation potential since most mate-
rial available about Danish buildings is in Danish which complicates
the task of the auditor. Therefore, a Danish version would improve the
ease of use for Danish building auditors. Furthermore, it will be a use-
ful tool in regards to building tenders since the eu.bac grades clarify
the wanted BACS functionality that the owners require. On the other
hand, the eu.bac System audit is not the only BACS evaluation tool. The
previously mentioned SRI is another emerging tool for BACS auditing,
addressing similar building domains but covering wider impacts and cri-
teria including comfort, occupants information, and building flexibility
and maintenance levels. Thus the SRI is a holistic analysis that encom-
passes more aspects of a building and is, therefore, broader in scope
than the eu.bac System methodology, although both of the methodolo-
gies are based on the EN 15,232 regulations and guidelines. However,
it is still in the development stage and it is not known as of yet how it
will be implemented in EU member countries [32].

The eu.bac Systemmethodology is a tool developed to work in all Eu-
ropean countries, but these countries have very different climate zones.
This is not considered in the tool, which currently only considers dif-
ferent building types based on the importance of the different system
categories. The EU investigated the different climate zones in Europe
concerning nearly zero-energy buildings [41]. Here it was found that
the heating and cooling demand is greatly dependent on the climate
zone a building is located in. This meant that the report sorted Europe
into 5 climate zones, which also could be adapted by the eu.bac System

methodology as an additional way of deciding the importance of differ-
ent systems. The selection of the climate zone could then weigh in on
the importance factors that are currently only depending on the building
type. An important factor that is essential in the eu.bac System tool is the
Run time tab. This tab allows the user to define the run time of the room
types that exist in the building. The run time is based on a week and the
schedule can be assigned for every single day and thereafter it calcu-
lates the percentage of the total week that the room is active. Therefore,
the user must make additional calculations outside of the tool which
just signals a lacking functionality in the tool. The summary tab could
see significant improvements since it only states the current situation
of the building. Improving the usability of the tool should be in focus
and an important attribute that highlights usability is recommendations
of improvements that are made in this paper. Since the tool is point-
based and the approximated savings are based on point improvements
it would be excellent to allocate a section in the summary that shows
the potential energy savings when the scoring of the building BACS is
improved. These savings would improve the use of the tool for BACS
re-commissioning process.

7. Conclusion

The Danish building sector has been prioritized in all energy plans,
and Danish building regulations have been dramatically tightened con-
sidering building thermal envelope and energy systems design and op-
eration. With the country’s large initiatives towards the digitalization
of the energy sector, buildings are required to be smarter, more ef-
ficient, and flexible regarding their systems’ response to demands. In
light of these initiatives, a major success factor is having well-designed
and operated building automation and control systems providing the
large capabilities in optimizing the performance of different energy sys-
tems and allowing a swift integration and interaction between different
components and devices. Realizing the importance of building automa-
tion systems in the future energy system, the European standard, EN,
15,232 “Energy performance of buildings – impact of Building Automa-
tion, Controls and Building Management” was developed and came into
effect allowing systematic quantification and qualification of the im-
pacts of building automation and control on different levels in the build-
ings as well as providing guidelines for the design and implementation
of BACS. In this context, the eu.bac System tool is one of the emerging
comprehensive BACS auditing platforms based on the EN 15,232 stan-
dard. However, the eu.bac System methodology is yet to be tested in
the literature and implemented in Danish buildings. Another emerging
smartness assessment tool discussed in this paper is the SRI assessment
methodology that is currently being developed in the EU and it could
challenge the prospect of the eu.bac System audit. This study is one
of the first initiatives in this direction aiming to implement the eu.bac
System for auditing and design evaluation of building automation and
control systems in the Danish building sector. Thus, a case study of a
2500 m2 university office building was considered. The MMMI building
comprises around 125 zones, relying on district heating to satisfy heat-
ing demands and on mechanical ventilation units to enhance thermal
comfort.

The various specifications of the building energy systems as well as
the technical buildingmanagement and automation units are introduced
and defined in the eu.bac tool. This has resulted in characterizing the
building as Class E with 28 points, which is the lowest BACS class, imply-
ing that there is a huge potential in upgrading the BACS functionalities
and control modes as a key factor in improving the overall building per-
formance. Thus, two BACS retrofit packages are proposed, one package
allowing the building to attain the standard BACS class C and the other
package allowing the building to comply with the highest BACS Class
AA. The first package was found to yield around 13.5% on energy sav-
ings where the latter high-level package allows 28.5% energy savings
corresponding to around 143.1 MWh reduction on the annual energy
consumption of the MMMI building. In addition, the impact of improv-
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ing the control and automation level of each of the different building
domains was investigated and as a result, the heating system along with
the domestic hot water and the ventilation system were highlighted as
potential candidates for improvement. The preliminary assessment re-
sults reported in this work regarding the energy savings resulting from
enhancing and upgrading the building automation and control levels
demonstrate the potential of such retrofit measures in a combined holis-
tic improvement package alongside building envelope components up-
grade. While this study demonstrates the technical potential of improv-
ing the BACS design in saving energy consumption, an economic as-
sessment is crucial in the decision making of upgrading the BACS in a
building to evaluate the feasibility of the implemented measures and
select the optimal upgrade package. It is demonstrated based on holis-
tic reference numbers from Ecofys and Siemens that the payback period
for such improvements is below five years. Based on these numbers,
further investigation on the specific costs for the suggested scenarios in
this study is to be carried out as future work to demonstrate the eco-
nomic feasibility of the implementation of BACS. In addition, future
work will include auditing of Danish buildings of different types and
ages to investigate the full potential of eu.bac System. In light of the
huge efforts to digitalize the overall energy sector in Denmark, ensuring
proper design and operation of building automation and control systems
is of great importance. Thus, a systematic and methodical BACS audit-
ing and evaluationmethodology will be a major cornerstone in buildings
initial and retro-commissioning processes and platforms. It was demon-
strated in this study that the eu.bac System audit tool still needs major
improvements and modifications to realize its potential and allow for
wider implementation in the country and the rest of Europe.
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The use of metalworking fluids during machining can generate oil mist and endanger the health of workers. In
order to study the characteristics and emission laws of oil mist generated by machining, this study constructed a
test bench to simulate the turning process. Parameters affecting the oil mist generated in the minimum quantity
lubrication (MQL) mode and flood cooling mode were studied by means of single-factor experiments, and the
formation mechanisms of oil mist were analyzed. The results show that the oil mist generated by the MQL system
has two main sources, the initial escape of oil mist into the air and the evaporation/condensation of oil mist.
The centrifugation has almost no effect on oil mist formation in the MQL mode. The mass concentration of oil
mist generated by the MQL system is proportional to the cutting oil flow rate. When the work-piece is at room
temperature, increasing the air supply pressure and nozzle distance, increases the oil mist mass concentration.
For the flood cooling mode, the concentration of centrifugal aerosol is linearly and positively correlated with the
relative centrifugal force generated by the work-piece, and the coefficient of determination (R2) is above 0.97.
The oil mist mass concentrations in MQL mode is 8.33 mg/m3~ 305.88 mg/m3. The MMD and SMD are 0.74 μm
to 4.42 μm and 0.31 μm to 2.14 μm, respectively. The oil mist mass concentrations in flood cooling mode is
0.2 mg/m3~ 22.42 mg/m3. The MMD and SMD are 1.81 μm to 6.58 μm and 0.45 μm to 5.13 μm, respectively.

1. Introduction

Metalworking fluids (MWFs) are widely used in machining opera-
tions to cool and lubricate work-pieces, as well as to wash away metal
shavings and prevent tools and work-pieces from rusting. There are
many kinds of metal cutting fluids, and they are divided primarily
into straight oil, soluble oil, semisynthetic fluids, and synthetic fluids.
Straight oil is not mixed with water when it is used, whereas soluble oil,
semisynthetic fluids, and synthetic fluids need to be diluted with wa-
ter. The ratio of metalworking fluids to water after dilution is generally
1%–20%, with a ratio of 5% being the most common [1]. During ma-
chining, metal cutting fluids generate oil mist as a result of impaction,
centrifugal force and evaporation/condensation [2–4].

Large numbers of fine and ultrafine oil particles in oil mist are gen-
erated by machining [5]. They are easily deposited in human lungs and
subsequently enter the blood circulation system, finally affecting other
organs and tissues [6]. Unlike skin contact, inhalation exposure may
not be noticed during significantly longer periods of time, becoming a
pressing problem [7]. The National Institute for Occupational Safety and
Health (NIOSH) has found that exposure to MWFs increases the risk of

∗ Corresponding author at: Tianjin Key Lab. of Indoor Air Environmental Quality Control, School of Environmental Science and Engineering, Tianjin University,
Tianjin 300072, China.

cancer in the rectum, pancreas, larynx, scrotum, skin and bladder [8].
Respiratory diseases, including allergic pneumonia and asthma [9, 10]
and dermatitis [11], have also been associated with exposure to MWFs.
In 1998, NIOSH recommended that exposure to MWF aerosols be lim-
ited to 0.4 mg/m3 of air (thoracic particulate mass) or 0.5 mg/m3 of air
(total particulate mass), as a time-weighted average concentration up to
10 h per day during a 40-hour workweek [8]. Furthermore, in 1999, the
OSHAMetalworking Fluids Standards Advisory Committee proposed the
same standard [12].

Machining with flood cooling is known as wet machining. Previ-
ous researchers have devoted considerable attention to the factors in-
fluencing oil mist concentration and particle size distribution during
wet machining. Sokolović D S discovered that as the oil concentra-
tion in an emulsion increases, the centrifugal aerosol droplet sizes and
aerosol mass concentration also increase, although the emulsion’s vis-
cosity does not change significantly [13]. Gunter and Sutherland statis-
tically designed experiments and found that spindle speed is the most
significant variable affecting PM10 mass concentration and the only sig-
nificant variable affecting PM2.5 mass concentration in turning [14].
Thornburg and Leith conducted experiments on a small lathe and quan-
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Fig. 1. Cutting fluid mist formation mecha-
nisms during turning:(a) MQL mode; (b)Flood
cooling mode.

tified the amount of mist generated by different mechanisms: evapo-
ration/condensation > centrifugal force > impaction. They also deter-
mined that mineral oil generates more mist than soluble oil because the
components of mineral oil evaporate more easily and have lower satu-
rated vapor pressures [4]. They characterized the size distribution of sol-
uble and mineral oil mists that result from these formation mechanisms
[3]. Themass median diameter of themist generated by centrifugal force
ranged from 5 to 110 μm. The average geometric standard deviation was
2.4, and was not affected by any parameter. The mass median diameter
of the mist generated by evaporation/condensation ranged from 2.1 μm
to 3.2 μm. NoRaynor and Kim compared the emissions of oil mist pro-
duction for experimental emulsions made with unmodified andmodified
soybean oil, with the emissions of oil mist production for a commercial
vegetable oil-basedmetal cutting fluid and another fluidmade frommin-
eral oil. They found that an air-oxidized modified soy oil produces less
mist [15]. Meanwhile, Dasch used several grinding oils on plated cu-
bic boron nitride (CBN) wheels for oil mist emissions experiments [16].
According to their results, the addition of anti-misting polymers to the
oils significantly reduces the formation of centrifugal aerosols, while the
use of grinding oils with higher flash points, lower Noack volatility, and
high flow rates for cooling can reduce the formation of condensation
aerosols. Heitbrink experimentally studied the factors affecting oil mist
generation in a machining center. The results show that increasing tool
speed and fluid application velocity causes the emissions of oil mist to
increase dramatically, while the size distribution is virtually unaffected
[17].

In the process of wet machining, the MWFs are used in large
amounts, and at a high cost both for their purchase and for treatment
of the waste liquid. It is estimated that the United States consumes 100
million gallons of MWFs per year while the global consumption was 640
million gallons in 2007 [18]. Researchers have confirmed that the cost
of metal working fluids accounts for 7%–17% of total manufacturing
costs [19–21]. For reduction of these costs, minimum quantity lubrica-
tion (MQL) technology has been developed in recent years [22]. MQL
uses compressed air to drive a small amount of lubricating oil to form an
oil mist, which is then applied to work-pieces and tools. Thus, compared
to the liquid flow rate of the flood cooling system of about 20 L / min,
the oil flow rate of the MQL system is very small, usually 5–100 mL / h,
and recycling and waste treatment are not required [23]. However, an
MQL system still produces oil mist. Fig. 1 shows the oil mist generation
mechanisms of the MQL and the flood cooling models. An MQL system
uses compressed air to draw cutting oil out of the nozzle in order to
form an initial oil mist. Part of the initial oil mist escapes into the air to
form oil mist particles or settles on the walls of the duct; the other part
collides with the surface of the workpiece to form an oil film. During
the machining process, the oil film and the escaped oil mist particles
evaporate to oil vapor because of the absorption of cutting heat. This
vapor then condenses into oil mist particles as a result of mixing with
the surrounding cooler air. In the flood cooling mode, the liquid col-
umn of the cutting fluid is sprayed onto the surface of the workpiece,

which also forms oil mist due to impaction and evaporation / condensa-
tion. Different fromMQL mode, centrifugal force is also a non-negligible
mechanism of oil mist generation in the flood cooling mode.

To date, only a few scholars have studied the generation of oil mist in
MQL systems. According to the experimental results of Khettabi, MQL
milling produces more particles than dry milling, and increasing the
lubricant flow rate in the MQL system leads to an increase in particle
emission rate, while the mean particle size exhibits no regular variation
[24]. Wang used experiments to study the emission characteristics of
oil particles during milling [25]. The results show that when the tool
rotation speed is increased, the oil mist emission rate increases for both
the MQL operating mode and the flood cooling mode; the mass me-
dian diameter (MMD) and the Sauter mean diameter (SMD) decrease
for the MQL mode; and the MMD of pure centrifugal aerosol increases
for the cooling mode. Dasch and Kurgin used experiments to compare
the oil mist generated by an MQL system and wet machining during
drilling [23]. According to their results, the oil mist concentration gen-
erated by MQL is proportional to the flow rate and comparable to the
oil mist level produced by wet machining. Meanwhile, Maruda studied
the effects of air supply pressure and nozzle distance on the particle
size distribution of the oil mist generated by MQL [26]. However, he
used a high-speed digital camera and microscope to measure tens of
micrometer-scale droplets, and did not study the effects of oil mist on
air quality.

In general, there are few experimental studies on the characteris-
tics of oil mist generated in the MQL mode as well as a lack of a more
systematic study of factors affecting oil mist generated through it. The
differences between the oil mist generated in the flood cooling mode
and the MQL mode are not known enough. For an MQL system, pa-
rameters such as cutting oil flow rate, air supply pressure, and nozzle
distance are also important. As discussed in this paper, a test bench that
simulates aerosol generation during the turning process was constructed
to facilitate a single-factor study of factors affecting oil mist formation
during machining. The experimental system was equipped with two op-
erating modes: the MQL mode and the flood cooling mode. In light of
the formation mechanisms of oil mist, the rotation speed and tempera-
ture of the work-piece were selected as processing parameters. For the
MQL mode, system parameters such as cutting oil flow rate, air supply
pressure, and nozzle distance were also studied. For the flood cooling
mode, the cutting oil flow rate and the diameter of the work-piece were
studied.

2. Material and methods

2.1. Experimental system

(1–cylindrical aluminum alloy work-piece, 2–HEPA filter, 3–
isokinetic sampling probe, 4– electrostatic low pressure impactor
(DEKATI ELPI+TM), 5–computer, 6–vacuum pump (Leybold SV25B), 7–
water pump, 8–oil box, 9–valve, 10–flowmeter, 11–nozzle, 12–air com-
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Fig. 2. Schematic diagram of the experimental system.

Table 1

Composition and physical properties of cutting oil.

Chemical composition Content Physical property

polyol ester (POE) ≤ 95% density 830 kg/m3 (15 °C)

EP additive ≤ 2% dynamic viscosity 7.47 mPa · s (40 °C)

anti-wear ≤ 1%

antioxidant 1%

corrosion inhibitor 1%

pressor, 13–oil-water separator, 14–silicone drying tube, 15–air mass
flow controller (Qixing Huachuang D07), 16–pressure regulating valve,
17–MQL, 18–nozzle, 19–electric heating rod)

A test bench was used to simulate the generation of oil mist during
turning. Fig. 2 is a schematic diagram of the experimental system. A
cylindrical aluminum alloy work-piece was placed horizontally inside an
acrylic air duct; the work-piece could be rotated by a variable frequency
motor. An electric heating rod inside the work-piece could heat it to
a temperature of 200 °C. The test rig was equipped with two cooling
systems: an MQL system and a flood cooling system. The air flow rate
of the MQL system and the cutting fluid flow rate of the fluid cooling
system were controlled separately by an air mass flow controller and
valves. During the experiment, the nozzle of the corresponding cooling
system was orthogonal to the position of the work-piece. A plant-based
cutting oil was used in both the MQL mode and the flood cooling mode.
This is a plant-based synthetic oil that can be biologically explained. It’s
main ingredient is polyol ester. The composition and physical properties
of this cutting oil are listed in Table 1.

The cross-sectional dimensions of the inlet section of the duct were
0.3 m × 0.3 m, and that of the duct outlet were 0.15 m × 0.15 m.
The middle section of the duct was connected to the oil box. Air entered
the duct through a HEPA filter with an volumetric airflow rate of 170
m3/h, and the air speed in the sampling section was 2.1 m/s. During
the experiment, temperature and humidity were not controlled inside
the air duct. The temperature of the air duct was 21.9 ± 1.5 °C, and the
humidity was 16.8 ± 5.0%. An isokinetic sampling probe was placed at
the center of the cross section at the end of the air duct. The sampling
instrument was an electrostatic low-pressure impactor (ELPI+TM) that
could measure particles from 0.006 μm to 10 μm [27–29]. The sampling
flow rate and the sampling time were 10 L/min and 1 min, respectively.
This instrument was calibrated in a zeroing procedure before each test
while noise levels were controlled in order to diminish uncertainty. Data
acquisition and control was performed through ELPIVI V3.1 software
(Dekati Ltd.).

Table 2

Experimental conditions.

Mode Parameter Selected parameter values

MQL Rotation speed of work-piece

n/(rpm)

0, 600, 1038, 1476, 1920,

2358, 2808

Work-piece temperature T/( °C) 21.6, 50, 100, 150, 200

Air supply pressure P/(Mpa) 0.4, 0.6

Nozzle distance d/(cm) 1 3

Cutting oil flow rate Q/(mL⋅𝐡−1) 18.0, 53.8

Flood

cooling

Rotation speed of work-piece

n/(rpm)

0, 600, 1038, 1476, 1920,

2358, 2808

Work-piece temperature T/( °C) 21.6, 50, 100, 150, 200

Cutting oil flow rate Q/(L⋅𝐦𝐢𝐧−1) 2.1, 4.1, 6.1, 8.1

Work-piece diameter D/(mm) 50, 100

2.2. Experimental conditions

The parameters studied in this experiment are listed in Table 2. Ex-
perimental parameter values for air supply pressure, nozzle distance,
and cooling oil flow rate were selected according to the recommenda-
tions of the MQL system manufacturer (Beijing Peifeng Technology Co.,
Ltd., Beijing, China). The nozzle distance refers to the vertical distance
between the nozzle and the surface of the work-piece. For the flood
cooling mode, the nozzle distance was fixed at 3 cm.

During the experiment, the air duct was ventilated continuously.
The work-piece was rotated at room temperature, and MWFs were ap-
plied to generate centrifugal aerosol. After the aerosol had stabilized, the
ELPI+TM was used to collect a sample for 1 min. Next, the work-piece
was heated to the specified temperature without rotation; then, MWFs
were applied to generate evaporation/condensation aerosol. Sampling
was started simultaneously and continued for 1 min. Thus, it was possi-
ble to achieve a single-factor study of oil mist generation during turning.
Each test case was repeated three times.

2.3. Data processing

All the experiment were repeated three times. And the average values
and standard deviations of MMD, SMD and Ctol of three repetitions were
obtained. The International Organization for Standardization (ISO) has
made the following distinction between particle size fractions: inhalable
fraction (<100μm), thoracic fraction (<10μm), and respirable fraction
(<4μm) [30]. The ratio of the respirable fraction (Rres) can be calculated
by:

𝑅
𝑟𝑒𝑠

=
𝐶
𝑟𝑒𝑠

𝐶
𝑡𝑜𝑙

× 100% (1)
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Fig. 3. Effect of rotation speed on particle size distribution in MQL mode.

where Cres is the mass concentration of particles with a size smaller than
4μm (mg/m3), Ctol is the total mass concentration of the sampled aerosol
(mg/m3).

3. Results and discussion

3.1. MQL mode

3.1.1. Rotation speed

Fig. 3 shows the oil mist particle size distribution at different rotation
speeds when the other parameters of the MQL system remained constant
and the work-piece was at normal temperature. Clearly, varying the ro-
tation speed of the work-piece had almost no effect on the particle size
distribution. Furthermore, the mass concentration, MMD and SMD were
unchanged, as can be seen in Table A1 in the Appendix. Therefore, at
normal temperature, oil mist in the MQL mode formed from escaped oil
mist particles. These particles had an MMD of 3.71–3.8 μm, an SMD of
1.57–1.61μm, and a mass concentration of 8.33–9.00 mg/m3.

3.1.2. Work-piece temperature

Fig. 4 portrays the effect of work-piece temperature on the particle
size distribution and mass distribution of oil mist in the MQL mode. As
the temperature increased, the oil mist emission rate increased sharply.
Below 150 °C, the particle size and mass distribution did not change
significantly. As shown in Table A1 in the Appendix, the values of MMD
and SMD were similar at conditions of 21.6 °C, 50 °C, and 100 °C (Cases
1, 8, and 9, respectively), but the oil mist mass concentration increased
from 8.33 mg/m3 to 49.74 mg/m3 as the temperature increased. Above
100 °C, the particle size distribution clearly shifted to small particles,
and the mass concentration increased dramatically from 49.74 mg/m3

at 100 °C to 282.19 mg/m3 at 200 °C.
This apparent change was due to temperature affecting the compo-

sition of the oil mist particles. For operating conditions below 150 °C,
droplets smaller than 10 μm in the initial oil mist sprayed from the noz-
zle were the main components of the oil mist detected by ELPI. When
the temperature continued to rise, not only the oil film on the surface
of the workpiece evaporated, the droplets above 3 μm in the initial oil
mist also be evaporated by heat and form smaller particles.

3.1.3. Air supply pressure

Fig. 5 shows the effect of air supply pressure on the particle size dis-
tribution and mass distribution of oil mist in the MQL mode. It can be
clearly seen that when the work-piece temperature was low, an increase
in the supply pressure caused a significant increase in the number con-
centration and mass concentration of oil mist particles. Meanwhile, the
MMD and SMD became smaller.. These trends occurred because increas-
ing the air supply pressure caused the mass concentration of the initial
oil mist to increase and the particle size to decrease. And the oil mist
particles with smaller diameters were more likely to escape into the air
instead of being deposited on the air duct wall. However, the effect of
the supply pressure gradually lessened as the temperature increased. At
21.6 °C, the mass concentration was 8.33 mg/m3 when the air supply
pressure was 0.6 Mpa, which is 3.1 times the concentration at 0.4 Mpa.
When the work-piece temperature was 200 °C, the particle size distri-
butions in Fig. 5 were almost the same, and the mass concentrations
were 295.68±13.80 mg/m3 at 0.6 Mpa and 305.88±11.54 mg/m3 at
0.4 Mpa.

3.1.4. Nozzle distance

Fig. 6 depicts the effect of nozzle distance on the particle size dis-
tribution and mass distribution of oil mist in the MQL mode. As the
nozzle distance increased from 1 cm to 3 cm at 21. 6 °C, the number
of oil mist particles with a diameter of 0.3 μm or more also increased.
Meanwhile, the total mass concentration rose from 4.71 mg/m3 at a
nozzle distance of 1 cm to 8.33 mg/m3 at 3 cm. This trend occurred
because, with a fixed work-piece diameter and fixed injection angle, a
larger nozzle distance meant that less oil was injected onto the surface
of the work-piece, and more oil mist particles escaped into the air. At a
work-piece temperature of 100 °C, the smaller the nozzle distance was,
the easier it was for the sprayed oil droplets to evaporate. As can be seen
in Fig. 6(a), the number of particles below 0.8 μm at d = 1 cm was sig-
nificantly greater than at d = 3 cm. The mass concentration at d = 1 cm
was also slightly higher than at d = 3 cm. When the work-piece temper-
ature reached 200 °C, as with the air supply pressure, the effect of noz-
zle distance on oil mist emission rate and particle size distribution was
negligible.

3.1.5. Flow rate of cutting oil

As shown in Fig. 7, increasing the flow rate of the cutting oil led
to a significant increase in the number and mass concentration of oil
mist particles. This effect was even more pronounced as the tempera-
ture rose: 53.8 ml/h flow rate of cutting oil is 2.98 times greater than
18 ml/h flow rate. When the work-piece temperature was at 21.6 °C,
100 °C and 200 °C, the mass concentration of the oil mist generated
at Q = 53 ml/h was, respectively, 1.75, 2.05 and 3.01 times the con-
centration at Q = 18 ml/h. Therefore, when the work-piece tempera-
ture was sufficient enough ( ≥ 200 °C) for all the cutting oil to evapo-
rate, the mass concentration of the generated oil mist was proportional
to the flow rate of the cutting oil. At a higher flow rate, the MMD
and SMD of the oil mist particles were also larger. The specific data
can be viewed in Table A1 in the Appendix. Hence, the flow rate of
the cutting oil in the MQL system is a very important parameter that
affects the oil mist emission rate and partial size distribution during
machining.

3.2. Flood cooling mode

For the flood cooling mode, the effects of rotation speed and diam-
eter of the work-piece as well as flow rate of cutting oil on centrifugal
aerosols at ambient temperature were studied. Furthermore, the effects
of work-piece temperature and flow rates of cutting oil flow on evap-
oration/condensation aerosol were also investigated. Specific data for
the experiment is provided in Table A2 in the Appendix. Impaction of
aerosol was not studied here because its concentration was very low and
the measurement error was large.
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Fig. 4. Effect of work-piece temperature in MQL mode. (a) Effect on particle size distribution by number, (b) Effect on size distribution by mass.

Fig. 5. Effect of air supply pressure in MQL mode, (a) Effect on particle size distribution by number, (b) Effect on size distribution by mass.

3.2.1. Rotation speed and work-piece diameter

Fig. 8 displays the effect of rotation speed on particle size distribu-
tion in the flood cooling mode. When the rotation speed was 0 rpm,
impaction of aerosol was generated. Since the number concentration of
each particle size was less than 1000/cm3, the measurement errors were
somewhat large. When the rotation speed was 600 rpm or higher, the
mass concentration of the generated centrifugal aerosol increased as the
rotation speed increased, while the MMD and SMD decreased. However,
as shown in Fig. 8, there was no obvious change in the overall particle
size distribution.

When the rotation speed was constant, the mass concentration of the
centrifugal aerosol generated by a work-piece with diameter=100 mm
was much higher than that generated with a diameter=50 mm. The
specific data for Cases 21–34 can be found in Table A2 in the
Appendix.

According to Eq. (1), increasing the rotational speed and the work-
piece diameter leads to an increase in the centrifugal force of the work-
piece applied to the cutting oil. Therefore, the greater the centrifugal
force generated by the work-piece, the greater the mass concentration
of the generated centrifugal aerosol. As shown in Fig. 9, the mass con-
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Fig. 6. Effect of nozzle distance in MQL mode, (a) Effect on particle size distribution by number, (b) Effect on particle size by mass.

Fig. 7. Effect of cutting oil flow rate in MQL mode, (a) Effect on particle size distribution by number (b) Effect on size distribution by mass.

centration of the centrifugal aerosol in the experiment was linearly and
positively correlated with the relative centrifugal force. The coefficient
of determination (R2) was 0.979 for the 100 mm work-piece and 0.974
for the 50 mm work-piece.

The relative centrifugal force (Frc) is calculated from:

𝐹
𝑟𝑐
= mω2r

mg
=

[
(1∕30)πn

]2r
980cm∕s2

= 11.18 × 10−6 × 𝑛
2 × 𝐷

20
(2)

where 𝜔 is the angular velocity of the workpiece (rad/s), r is the radius
of the work-piece (cm), and g is gravity acceleration (cm/s2).

3.2.2. Work-piece temperature

As shown in Fig. 10(a), when the work-piece temperature was
50 °C no evaporation occurred, and a low concentration of aerosol
by impaction was generated. When the work-piece temperature was
100 °C, a small amount of evaporation/condensation occurred and the
MMD and SMD declined slightly. At work-piece temperatures of 150 °C
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Fig. 8. Effect of rotation speed on particle size distribution by number in flood
cooling mode.

and 200 °C, significant evaporation of the cutting oil occurred dur-
ing the experiment. In addition, the mass concentration of the evap-
oration/condensation aerosol rose sharply, as shown in Fig. 10(b). At
200 °C, the mass concentration of the oil mist reached 14.73 mg/m3,
which is 17.1 times that at 150 °C. Meanwhile, the MMD and SMD de-
creased to 1.93 μm and 0.60 μm, respectively. We noticed that the par-
ticle mass distribution trend at 200 °C was significantly different from
other conditions. As shown in Fig. 10(a), the number of particles larger
than 0.1 μm decreased gradually at 200 °C. However, since larger parti-
cles can contribute more mass, the mass concentration of particles from
0.1 μm to 3 μm in Fig. 10(b) increased gradually.

Fig. 9. Effect of relative centrifugal force on mass con. in flood cooling mode.

3.2.3. Flow rate of cutting oil

As shown in Fig. 11, increasing the flow rate of the cutting oil caused
the concentration of the centrifugal aerosol to increase, but the MMD
and SMD did not change.

For evaporation/condensation aerosol, as shown in Fig. 12, when
the flow rate of the cutting oil increased, the mass concentration of the
aerosol first increased and then decreased. This occurred because the
cutting oil did not cover the entire surface of the work-piece when the
flow rate was 2.1 L/min. Increasing the flow rate of the cutting oil en-
larged the contact area between the oil and the work-piece, and thus
the mass concentration of evaporation/condensation aerosol rose from

Fig. 10. Effect of work-piece temperature in flood cooling mode, (a) Effect on particle size distribution by number, (b) Effect on size distribution by mass.
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Fig. 11. Effect of flow rate on centrifugal aerosol in flood cooling mode, (a) Effect on particle size distribution by number, (b) Effect on size distribution by mass.

Fig. 12. Effect of flow rate on evaporation/condensation aerosol in flood cooling mode, (a) Effect on particle size distribution by number, (b) Effect on size distribution
by mass.

7.03 mg/m3 at 2.1 L/min to 21.1 mg/m3 at 4.1 L/min. As the flow
rate continued to rise after the cutting oil had completely covered the
surface of the work-piece, the ability of the oil to cool the work-piece in-
creased and its temperature dropped faster. The mass concentration of
evaporation/condensation aerosol decreased. This finding agrees with
the conclusion of Dasch et al. [16].

3.3. Comparison between MQL mode and flood cooling mode

3.3.1. Oil mist particles without evaporation/condensation aerosol

As shown in Fig. 13(a), the total aerosol particle number of the flood
cooling mode was far less than that of the MQL mode. When the mass
concentration of the aerosol produced by the two modes was similar, the
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Fig. 13. Oil mist without the generation of evaporation/condensation aerosol in MQL mode and flood cooling mode, (a) Comparison of particle size distribution by
number (b) Comparison of size distribution by mass.

Fig. 14. Evaporation/condensation aerosol generated in MQL mode and flood cooling mode, (a) Comparison of particle size distribution by number (b) Comparison
of size distribution by mass.

total number of oil mist particles in the flood cooling mode was about
one tenth of that in the MQL mode. Since the oil mist mass concentra-
tion in the MQL mode can be regarded as not changing with the cen-
trifugal force, only the working condition with D of 50 mm in the MQL
mode was shown in Fig. 13. As shown in Fig. 13(b), increasing the cen-

trifugal force caused the mass concentration of the centrifugal aerosol
generated in the flood cooling mode to be much larger than in the MQL
mode. The main cause of this difference was the presence of particles
above 1.9μm. This finding agrees with experimental results of Wang
Fei’s [25].
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In this study’s test case, the mass concentration of oil mist with-
out evaporation/condensation aerosol ranged from 2.67 mg/m3 to
9.00 mg/m3 in the MQLmode. The MMD and SMD ranged from 3.44 μm
to 4.42 μm and 1.39 μm to 2.14 μm, respectively. In the flood cooling
mode, the mass concentration of centrifugal and impact aerosol ranged
from 0.2 mg/m3 to 22.42 mg/m3. The MMD and SMD ranged from 5.22
μm to 6.77 μm and 3.09 μm to 5.13 μm, respectively.

3.3.2. Evaporation/condensation aerosol

As for evaporation/condensation aerosol, both the number concen-
tration and the mass concentration in the MQL mode were much higher
than the in the flood cooling mode, and this difference can be clearly
seen in Fig. 14. According to the data in the table A1 in the Appendix, the
mass concentration of evaporation/condensation aerosol ranged from
24.26 mg/m3 to 305.88 mg/m3 in the MQL mode. The MMD and SMD
ranged from 4.11 μm to 0.74 μm and 1.92 μm to 0.31 μm, respec-
tively. In the flood cooling mode, the mass concentration of evapora-
tion/condensation aerosol ranged from 0.38 mg/m3 to 21.1 mg/m3. The
MMD and SMD ranged from 6.58 μm to 1.81 μm and 4.96 μm to 0.45
μm, respectively.

According to all Rres values in Tables A1 and A2 in the Appendix,
most of the oil mist generated in the flood cooling mode belong to
the thoracic aerosols. The ratio of the respirable fraction is about
10%~70%. However, respirable aerosol is a major component of oil
mist generated in the MQL mode, reaching 40% to 100% of total oil
mist. Furthermore, the number concentration of submicron particles in
the MQL mode exceeded 108/cm3, which was much larger than in the
flood cooling mode.

4. Conclusions

As presented in this paper, the effects of work-piece rotation speed,
work-piece temperature, flow rate of cutting oil, work-piece diameter,
nozzle distance and air supply pressure on oil mist in the MQL mode and
flood cooling mode were studied experimentally. The formation mecha-
nism of oil mist was also discussed. The conclusions can be summarized
as follows:

(1) In the MQL mode, the oil mist is generated through evapora-
tion/condensation and the escape of the initial oil mist into the air.
The evaporated / condensed oil mist will change greatly with the in-
crease of temperature. At 200 °C, the oil mist emission rate can reach
36 times that of normal temperature. The MMD and SMD have also

decreased from 3.7 μm and 1.6 μm to about 1 μm and 0.35 μm,
respectively. The centrifugal force has no effect on the oil mist emis-
sion rate and the particle size distribution. The air supply pressure
and the nozzle distance have less influence than the oil flow rate.

(2) In the flood cooling mode, the mass concentration of the centrifugal
aerosol is linearly and positively correlated with the relative cen-
trifugal force of the work-piece applied to the liquid. The R2 value
was found to be greater than 0.97.

(3) The oil mist generated in the flood cooling mode belong to the tho-
racic aerosols, while respirable aerosols are a major component of oil
mist generated in the MQL mode. The oil mist mass concentrations
in MQL mode is 8.33 mg/m3~ 305.88 mg/m3. The MMD and SMD
are 0.74 μm to 4.42 μm and 0.31 μm to 2.14 μm, respectively. The
oil mist mass concentrations in flood cooling mode is 0.2 mg/m3~
22.42 mg/m3. The MMD and SMD are 1.81 μm to 6.58 μm and
0.45 μm to 5.13 μm, respectively. This means that the MQLmode has
a greater impact on air quality under the same operating conditions
than the flood cooling mode.
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Appendix A

Tables A1 and A2.

Table A1

Statistical data on mass concentration (C
tol
), MMD and SMD in MQL mode.

Case n (rpm) T ( °C) P (Mpa) d (cm) Q (mL∙h−1) C
tol
(mg/m3) MMD (μm) SMD (μm) R

res

1 0 21.6 0.6 3 53.8 8.33±0.49 3.71±0.03 1.57±0.02 44

2 600 21.6 0.6 3 53.8 8.70±0.38 3.74±0.04 1.59±0.03 43

3 1038 21.6 0.6 3 53.8 8.68±0.16 3.79±0.03 1.61±0.02 44

4 1476 21.6 0.6 3 53.8 8.44±0.30 3.73±0.08 1.58±0.04 43

5 1920 21.6 0.6 3 53.8 9.00±0.20 3.77±0.06 1.59±0.03 42

6 2358 21.6 0.6 3 53.8 8.97±0.12 3.80±0.05 1.60±0.03 43

7 2808 21.6 0.6 3 53.8 8.47±0.19 3.74±0.05 1.57±0.03 44

8 0 50 0.6 3 53.8 28.67±0.44 4.11±0.02 1.85±0.01 38

9 0 100 0.6 3 53.8 49.74±1.73 3.72±0.05 1.55±0.02 42

10 0 150 0.6 3 53.8 109.45±11.12 1.67±0.11 0.73±0.03 80

11 0 200 0.6 3 53.8 295.63±13.80 1.11±0.02 0.42±0.01 96

12 0 21.6 0.4 3 53.8 2.67±0.03 4.42±0.04 2.14±0.03 34

13 0 100 0.4 3 53.8 27.05±0.31 4.07±0.02 1.92±0.01 38

14 0 200 0.4 3 53.8 305.88±11.54 0.99±0.05 0.37±0.01 100

15 0 21.6 0.6 1 53.8 4.71±0.30 3.78±0.01 1.39±0.01 40

16 0 100 0.6 1 53.8 55.35±1.51 3.78±0.05 1.43±0.02 40

17 0 200 0.6 1 53.8 304.10±42.21 1.02±0.11 0.35±0.02 100

18 0 21.6 0.6 3 18.0 4.75±0.04 3.44±0.02 1.52±0.01 49

19 0 100 0.6 3 18.0 24.26±1.09 3.44±0.07 1.46±0.03 47

20 0 200 0.6 3 18.0 98.16±5.24 0.74±0.01 0.31±0.01 100
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Table A2

Statistical data on mass concentration (C
tol
), MMD and SMD in flood cooling mode.

Case n (rpm) T ( °C) D (mm) Q (L∙min−1) Ctol (mg/m3) MMD (μm) SMD (μm) Rres (%)

21 0 21.6 50 8.1 0.2 ± 0.02 6.47±0.06 4.86±0.1 10

22 600 21.6 50 8.1 0.74±0.03 6.08±0.02 4.01±0 14

23 1038 21.6 50 8.1 1.05±0.05 5.85±0 3.77±0.01 16

24 1476 21.6 50 8.1 1.46±0.02 5.73±0.01 3.67±0.01 18

25 1920 21.6 50 8.1 2.64±0.04 5.68±0.02 3.69±0.02 18

26 2358 21.6 50 8.1 3.92±0.07 5.58±0.04 3.56±0.05 19

27 2808 21.6 50 8.1 5.6 ± 0.15 5.36±0.02 3.31±0.01 22

28 0 21.6 100 8.1 0.43±0.01 6.77±0.01 5.13±0.04 8

29 600 21.6 100 8.1 1.02±0.07 5.94±0.02 3.89±0.02 15

30 1038 21.6 100 8.1 1.84±0.22 5.57±0.05 3.49±0.05 19

31 1476 21.6 100 8.1 4.80±0.3 5.33±0.04 3.23±0.04 22

32 1920 21.6 100 8.1 9.16±0.58 5.23±0.01 3.09±0.01 23

33 2358 21.6 100 8.1 13.67±0.38 5.28±0.01 3.1 ± 0.01 23

34 2808 21.6 100 8.1 22.42±0.4 5.34±0.01 3.12±0.01 22

35 2808 21.6 50 2.1 1.65±0.16 5.46±0.15 3.29±0.14 24

36 2808 21.6 50 4.1 2.68±0.15 5.22±0.07 3.13±0.06 21

37 2808 21.6 50 6.1 4.41±0.08 5.45±0.03 3.39±0.04 22

38 0 50 50 8.1 0.38±0.09 6.58±0.01 4.96±0.04 9

39 0 100 50 8.1 0.45±0.03 6.33±0.27 3.86±0.09 9

40 0 150 50 8.1 0.86±0.09 2.52±0.21 0.54±0.03 48

41 0 200 50 8.1 14.73±1.7 1.93±0.24 0.6 ± 0.04 72

42 0 200 50 2.1 7.03±1.44 1.81±0.06 0.45±0.05 69

43 0 200 50 4.1 21.1 ± 0.18 2.01±0.11 0.54±0.02 68

44 0 200 50 6.1 15.64±3.19 1.87±0.22 0.6 ± 0.02 73
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a b s t r a c t

Currently, climatic design conditions are usually selected according to the frequency of climatic parameters them-
selves, which method cannot reflect the indoor thermal environment risk level of the building in design. In this
regard, the research proposes to construct the correlation between climatic design conditions and indoor thermal
environment risk level, and explore the effect of uncertainty in building thermal performance on this correlation
from the perspective of probability, thus realizing the process of selecting the climatic design conditions based on
the requirement for indoor thermal environment risk level. Taking Guangzhou in China as an example, the new
process of determining climatic design conditions is realized. On this basis, the difference between the traditional
method and the present research method is compared. In the Chinese norm method, the indoor thermal environ-
ment risk level of the building is between 0 and 0.03% when the climatic design conditions are selected with
0.57% cumulative frequency of occurrence; in the research method, the indoor thermal environment risk level
of the building is between 0.2% and 0.6% when the climatic design conditions are selected with 0.57% indoor
thermal environment risk level and 100% confidence level. The results indicate that the research method can
meet the designer’s expectation for indoor thermal environment risk level in design more directly and accurately.

1. Introduction

Climatic design conditions are the basis in an air-conditioning sys-
tem design. At present, most countries [1–3] determine climatic design
conditions with a certain cumulative frequency of occurrence based
on long-term meteorological observation data. Among them, the Chi-
nese design norm [1] selects climatic design conditions with the 1501st
(50 h non-guaranteed per year, 50 h/year × 30year+1h=1501 h) largest
value in the hourly meteorological data over 30 years, that is, 0.57%
(50 h/8760 h) cumulative frequency of occurrence; The American Soci-
ety of Heating Refrigerating and Air-Conditioning Engineers (ASHRAE)
[2] selects climatic design conditions with 0.4%, 1%, and 2% cumulative
frequency of occurrence. Although the cumulative frequency of occur-
rence used in these methods varies from country to country, the selec-
tion of climatic design conditions only considers the extreme degree of
outdoor design conditions in long-term meteorological observation data
and ignores the corresponding extreme degree of indoor thermal envi-
ronment in design. To ensure economy in an air-conditioning system
design, the situation that the capacity of air-conditioning system cannot
meet the required load is allowed, and the probability that the actual
building load exceeds the design capacity of air-conditioning system is
called as the “indoor thermal environment risk level.” Designers hope

∗ Corresponding author.
E-mail address: tianzhe@tju.edu.cn (Z. Tian).

to know the indoor thermal environment risk level when the climatic
design conditions are selected to conduct an air-conditioning system de-
sign. However, the process that outdoor conditions affect the indoor en-
vironment is influenced by many factors, such as the building’s thermal
inertia, which results in a gap between outdoor meteorological condi-
tions and indoor thermal environment [4]. Hence, the extreme degree
of outdoor design conditions cannot represent the extreme degree of in-
door thermal environment in design. That is, the current determination
method of climatic design conditions, based only on the cumulative fre-
quency of occurrence, does not allow designers to quantitatively know
the corresponding indoor thermal environment risk level of the build-
ing in design. Research is therefore necessary on a new determination
method to meet the designers’ requirement.

In the formulation of the Chinese norms [5,6], researchers believed
that the indoor thermal environment should be considered when de-
termining climatic design conditions. Furthermore, the rule was estab-
lished, which is that the climatic design conditions should make the
number of hours that the capacity fails to meet the load within 50 h per
year. This rule is consistent with 0.57% indoor thermal environment
risk level. Limited by the technical level, the indoor thermal environ-
ment risk level could not be calculated when the cumulative frequency
of occurrence of climatic design conditions were determined; but it was
accepted that the former is always lower than the latter. Thus, the in-
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Nomenclature

rout Cumulative frequency of occurrence (%)
Tdesign Climatic design parameter (°C)
T Hourly climatic parameter (°C)
𝑛
𝑇>𝑇

𝑑𝑒𝑠𝑖𝑔𝑛

Hours when T is higher than Tdesign (h)
NTotal Total hours up to 30year × 8760 h/year (h)
rin Indoor thermal environment risk level (%)
Qdesign Design cooling load (W)
Q Hourly cooling load (W)
𝑛
𝑄>𝑄

𝑑𝑒𝑠𝑖𝑔𝑛

Hours when Q is higher than Qdesign (h)
𝛼 Confidence level (%)

door thermal environment risk level can be guaranteed to be lower than
0.57% if the climatic design conditions are selected at 0.57% cumula-
tive frequency of occurrence. However, Han et al. [4] found that the
indoor thermal environment risk level corresponding to the climatic de-
sign conditions selected in the Chinese norm method was only about
0.05%, far lower than 0.57%. Thus, the climatic design conditions se-
lected by the Chinese norm method do not achieve the expected result,
which easily lead to a conservative design.

Some countries provide several sets of climatic design conditions
with different cumulative frequencies of occurrence to balance the im-
pact of differing building thermal performance on the indoor thermal
environment. Considering the difference in the heat storage capacity of
buildings, ASHRAE [7–10] gives climatic design conditions with a cu-
mulative frequency of 99% and 97.5% for winter and 0.4%, 1%, and
2% for summer. It is recommended that if the house has a large glass
curtain wall or high requirements for the indoor thermal environment,
climatic design conditions with extreme cumulative frequency should
be selected. Similar to ASHRAE, the UK gives various climatic design
conditions that consider the critical coefficient of building volume, the
thermal inertia, and the equipment overload capacity [11]; Japan also
provides several sets of climatic design conditions that consider differ-
ent building characteristics [12]. Although the above countries give sev-
eral sets of climatic design conditions for air-conditioning system design,
there are no quantitative parameters for building thermal performance
to guide the selection, which makes the selection mainly influenced by
personal experience. Furthermore, there is no quantitative description
of the relationship between outdoor weather and indoor environment,
which makes it impossible for designers to know what risks the selected
climatic design conditions pose to the indoor thermal environment in
an air-conditioning system design. This kind of method therefore can-
not meet the designers’ requirements well in practice.

Because of the correlation between outdoor weather and the in-
door environment, some researchers proposed to construct a correla-
tion model to help designers select the reasonable climatic design con-
ditions. Hong et al. [13,14] constructed the correlation model between
outdoor dry-bulb temperature and indoor natural dry-bulb tempera-
ture. The outdoor design dry-bulb temperature in heating design was
then determined based on the cumulative distribution of indoor natu-
ral temperature. Chen et al. [15–17] constructed the correlation model
between coincident climate parameters and the equipment capacity of
air-conditioning system. The coincident climate parameters in cooling
design were then determined by the reliability level of the equipment ca-
pacity. The above methods take indoor parameters, such as indoor nat-
ural temperature or equipment capacity, to reflect the effect of outdoor
meteorological conditions on the indoor thermal environment. Then, for
a given building the climatic design conditions can be selected according
to the indoor parameters, to meet the expected requirement for the in-
door environment in design. However, because the correlation between
outdoor weather and indoor environment is affected by the building
thermal performance, in the above methods the climatic design condi-
tions obtained under a certain building model cannot be widely applied

to other building models; if the climatic design conditions need to be
recalculated for each building design, complex data processing will be
required.

With the improvement of the simulation and measurement technol-
ogy, many researches [18–21] have been conducted on the influence
of building thermal performance on the indoor thermal environment.
Orosa et al. [18] measured and simulated the indoor conditions in two
schools with different building construction parameters in a heating sea-
son. Aldawi et al. [19] analyzed the impact of wall materials on building
energy consumption in heating and cooling by experimental and com-
putational method. Johra et al. [20] simulated the indoor conditions
of two typical residential buildings with different heat storage perfor-
mances. The above researches showed that the building thermal perfor-
mance has a significant influence on the indoor environment. Thus, the
diversity of the buildings will inevitably lead to the diversity of the re-
lationships between outdoor weather and indoor environment. As com-
puter technology and simulation software mature, it is easier to simulate
the thermal response process of the buildings with different thermal per-
formance. This makes it possible to describe the impact of uncertainty
in building thermal performance on the correlation between outdoor
weather and indoor environment from the perspective of probability,
thus providing the conditions for simplifying the method of determining
climatic design conditions based on the requirement for indoor thermal
environment risk level.

To sum up, the traditional method of determining climatic design
conditions has some inevitable limitations, and the method of deter-
mining climatic design conditions based on the design building’s cor-
relation between outdoor weather and the indoor environment is too
complicated. In this regard, with the help of mature simulation technol-
ogy, this study explores the impact of uncertainty in building thermal
performance on the indoor and outdoor correlation from the perspective
of probability. On this basis, a flexible and simple method is proposed
to realize the process of determining climatic design conditions based
on the requirement for indoor thermal environment risk level.

2. Methodology

The research proposes a method to determine the climatic design
conditions based on the requirement for indoor thermal environment
risk level. The core of this method is to extract the universal rules from
the indoor and outdoor correlations of a large number of building sam-
ples. Therefore, this research method will be introduced from the four
aspects: (1) how to determine the form of the indoor and outdoor cor-
relation; (2) how to construct a large number of building models; (3)
how to extract the universal correlation rules of indoor and outdoor; (4)
how to determine climatic design conditions based on the requirement
for indoor thermal environment risk level.

2.1. Selection of indoor and outdoor correlation parameters

The traditional method of determining climatic design conditions
cannot make the designers know the indoor thermal environment risk
level of the building in design. To overcome this limitation, the appro-
priate indicator parameters are selected to construct the indoor and out-
door correlation.

In many countries, the climatic design conditions are only deter-
mined by the cumulative frequency of occurrence. Therefore, referring
to the definition of cumulative frequency of occurrence, the study takes
the frequency of the hourly meteorological parameter exceeding the cli-
matic design parameter in 30 years as the indicator of climatic design
conditions, as shown in Eq. (1):

𝑟
𝑜𝑢𝑡

= 𝑛
𝑇>𝑇

𝑑𝑒𝑠𝑖𝑔𝑛

∕𝑁
𝑇𝑜𝑡𝑎𝑙

(1)

Where rout is the cumulative frequency of occurrence when the climatic
design parameter is Tdesign.
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Fig. 1. The steps of generating building models randomly.

Fig. 2. The classification of uncertain building parameters.

In an air-conditioning system design, if the actual load of the build-
ing exceeds its design load, the indoor thermal environment parameters
(such as indoor temperature and humidity) of the building will deviate
from the excepted values, thus putting the indoor thermal environment
of the building at risk. Based on the considerations above, this study
takes the frequency of the hourly load exceeding the design load in 30
years as the indicator of the indoor thermal environment risk level, as
shown in Eq. (2):

𝑟
𝑖𝑛
= 𝑛

𝑄>𝑄
𝑑𝑒𝑠𝑖𝑔𝑛

∕𝑁
𝑇𝑜𝑡𝑎𝑙

(2)

Where rin is the indoor thermal environment risk level when the design
cooling load is Qdesign. Here, Qdesign is calculated based on the climatic
design parameters Tdesign.

Therefore, for a given building, there is a correlation between the
cumulative frequency of occurrence of climate design conditions rout
and the indoor thermal environment risk level rin, which is the form of
the indoor and outdoor correlation in this study.

2.2. Generation of building models

Since the thermal response of outdoor meteorological conditions on
the building is influenced by the building thermal performance, the in-
door and outdoor correlation of a certain building does not have uni-
versal applicability. Therefore, this study proposed to construct a large
number of building samples reflecting the thermal characteristics of ac-
tual buildings of the region, to explore the indoor and outdoor correla-
tions of different buildings.

In order to construct a large number of building samples, this study
generates building models randomly based on the Monte Carlo method,
the steps of which are shown in Fig. 1. In this method, the probability
distributions of uncertain building parameters are used to describe the
diversity of building thermal performance. On this basis, the sample val-
ues of uncertain building parameters obtained by random sampling are
used to replace the corresponding parameter values of the basic build-

ing model, to generate the new building sample with different building
thermal performance.

In this method, selecting the uncertain building parameters and de-
termining their probability distributions reasonably is the key to gen-
erating a large number of building samples that can reflect the actual
buildings’ thermal characteristic of the region. Referring to the studies
[22-29], three types of nine parameters that are considered to have an
important impact on the thermal response process of the building are
selected, as shown in Fig. 2.

As shown in Fig. 2, this study considers the uncertainty of three types
of building parameters, including shape parameters, thermal parame-
ters and environment parameters. The selection of uncertain building
parameters and the determination of their probability distributions are
as follows:

(1) Shape parameters

Shape parameters are used to describe the shape of the building. The
traditional shape parameters (such as the length, width and height of the
building) are not limited in the building design of the region. Due to the
need of building energy efficiency, in many countries the code of build-
ing energy efficiency usually set some limits on the shape coefficient of
building (the ratio of surface area to volume of a building). Shape coef-
ficient thus is selected and its probability distribution is used to describe
the diversity of the building shape. The probability distribution can be
triangular distribution or normal distribution [29], and the character-
istic values of the probability distribution can be determined according
to the limit values in the local code of building energy efficiency. The
adjustment of shape coefficient is realized by adjusting the number and
height of the floor of the basis building model.

(2) Thermal parameters

Thermal parameters are used to describe the thermal performance
of the building envelope. The wall heat transfer coefficient, roof heat
transfer coefficient, window heat transfer coefficient, window-wall ra-
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Fig. 3. The method of constructing the indoor and outdoor correlation rules.

tio, and solar heat gain coefficient are selected. The probability distribu-
tion can be determined according to the local norms and some relevant
researches.

(3) Environment parameters

Environment parameters are used to describe the indoor conditions.
The ventilation rate, indoor temperature and relative humidity are se-
lected. The probability distributions can be determined according to the
code of air-conditioning system design.

According to the above method, a large number of building sam-
ples with different building thermal performance can be generated by
random sampling based on the probability distributions of uncertain
building parameters. The number of building samples can be adjusted
properly according to the complexity of the probability distributions of
building parameters, so as to ensure that the probabilistic characteris-
tics of the thermal performance parameters of the building samples can
meet the expected requirements.

2.3. Determination of the indoor and outdoor correlation rules

Based on the 2.1 and 2.2 sections, constructing the indoor and out-
door correlations of a large number of building samples and extracting
the universal correlation rules can be realized, the method of which are
shown in Fig. 3. First, based on the meteorological data over 30 years
and the design-day data with different cumulative frequencies of oc-
currence, each building sample’s hourly cooling load over 30 years and
design day peak cooling load are calculated with the help of EnergyPlus
[30]. Then, the indoor thermal environment risk level of each building
sample can be calculated according to the Eq. (2). Finally, by explor-
ing the probability distributions of the indoor thermal environment risk
level at each climatic design conditions, the correlation rules that re-
flect the indoor and outdoor correlation of all building samples can be
extracted.

In order to extract the indoor and outdoor correlation rules, the con-
fidence level 𝛼 is introduced. Since different buildings have different
thermal response processes, under the same climatic design conditions,
different building samples will face different indoor thermal environ-
ment risk level, which could be described with the probability distri-
bution. Fig. 4 shows the probability distribution of the indoor thermal
environment risk level of all building samples under certain climatic
design conditions.

As shown in Fig. 4, the representative value represents a certain
value of the indoor thermal environment risk level, and the confidence

Fig. 4. The relationship between the confidence level and the representative
value.

level represents the frequency at which the indoor thermal environment
risk level is lower than the representative value. The lower the indoor
thermal environment risk level, the safer the indoor thermal environ-
ment of the building in design. When the representative value is used to
estimate the indoor thermal environment risk level of a building sam-
ple, the confidence level describes the security of this estimation. On
this basis, the probability distribution of indoor thermal environment
risk level can be described by the confidence level and the representa-
tive value. On this basis, the indoor and outdoor correlation rules can be
constructed based on the correlation between the cumulative frequency
of occurrence of the climatic design conditions and the representative
value of the indoor thermal environment risk level at the same confi-
dence level. The indoor and outdoor correlation rules thus can be de-
scribed as follows: when α = 𝛼

𝑖
, r

𝑖𝑛
= 𝑓

𝑖
(𝑟
𝑜𝑢𝑡
). Where fi is the function of

the indoor and outdoor correlation rule when the confidence level is 𝛼i.

2.4. Selection of climatic design conditions

The indoor and outdoor correlation rules are constructed based on
the analysis of the indoor and outdoor correlation of a large number of
building samples. It provides some estimated values for the indoor ther-
mal environment risk level of the building under certain climatic design
conditions, and the security of each estimated value is evaluated with
the confidence level. On this basis, the climatic design conditions can
be determined reversely according to the indoor thermal environment
risk level.
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Table 1

Design dry-bulb and wet-bulb temperatures in Guangzhou.

Parameters Cumulative occurrence frequencies(r
out
)

0.10% 0.40% 0.57% 1% 2% 3% 4% 5% 6% 8% 10%

DB/ °C 35.7 34.7 34.4 34.0 33.2 32.6 32.1 31.7 31.3 30.6 30.0

WB/ °C 29.8 28.9 28.6 28.3 27.8 27.4 27.2 27.0 26.8 26.6 26.3

3. Results and analysis

Guangzhou is located in the hot summer and warm winter zone in
China, where the air-conditioning system in the public building is widely
needed in summer. This study constructs the indoor and outdoor corre-
lation rules of Guangzhou, and proposes a simplified method for de-
termining climatic design conditions based on the requirement for the
indoor thermal environment risk level. On this basis, the difference be-
tween the traditional method and the research method is compared, and
the rationality of the research method is verified.

3.1. Results of the indoor and outdoor correlation rules of Guangzhou

3.1.1. Meteorological data

The actual meteorological data of Guangzhou observed from 1981 to
2010 was taken as the basic meteorological data. It includes the dry-bulb
and wet-bulb temperature data regularly observed four times a day and
the total daily solar radiation data. Since the hourly meteorological data
are required in the load simulation, according to the method provided
in the study [31], the dry-bulb and wet-bulb temperature data were
interpolated into the hourly data, and the total daily solar radiation data
were transformed into hourly direct and diffuse solar radiation data.

Based on those hourly meteorological data, the climatic design con-
ditions were determined according to a certain cumulative frequency of
occurrence. In order to fully reflect the indoor and outdoor correlation,
0.1%, 0.4%, 0.57%, 1%, 2%, 3%, 4%, 5%, 6%, 8%, and 10% cumulative
frequency of occurrence were selected to generate the design dry-bulb
and wet-bulb temperature in the Chinese norm method. The results are
shown in Table 1. On this basis, the design-day data of dry-bulb and
wet-bulb temperature were generated according to the method in the
Chinese norm [1]. Because in the Chinese norm the design day of solar
radiation is determined by the theoretical model rather than the cumu-
lative frequency of occurrence, the Guangzhou values provided in the
Chinese norm [1] were used as the design-day data of solar radiation in
this study.

3.1.2. Model parameters

A basic building model was set up in EnergyPlus [30]. The basic
building was 20 m long and 20 m wide, facing south, with five 3.8 m
high floors. It was configured according to the design standard for en-
ergy efficiency of public buildings [32], in which the main material of
the building envelope is a concrete block and the window is double layer
glass.

Since in China the building construction must meet the relevant de-
sign standards, to some extent the values provided in those standards
can reflect the probability characteristics of building parameters of the
region. Based on the relevant code [1,32,33] and researches [22-29],
the probability distributions of the uncertain building parameters in
Guangzhou were determined and shown in Table 2. On the basis of the
basic building model and the distributions of the uncertain building pa-
rameters, 1000 building samples were generated using the method in
Section 2.2, to construct the indoor and outdoor correlation rules in
Guangzhou.

3.1.3. The indoor and outdoor correlation rules of Guangzhou

Based on the meteorological data in 30 years and design-day data
of Guangzhou, for each building sample generated in the Section 3.1.2,

the hourly cooling load for 30 years and the design cooling load were
simulated in EnergyPlus [31]. Then, according to the Eq. (2), the indoor
thermal environment risk level of each building under certain climatic
design conditions was calculated. On this basis, the indoor and outdoor
correlation rules were constructed. The results are shown in Fig. 5.

As shown in Fig. 5, under the same climatic design conditions, dif-
ferent building samples will face different indoor thermal environment
risk level. Fig. 5 shows the probability distribution of the indoor thermal
environment risk level of all building samples under the climatic design
conditions with 1% cumulative frequency of occurrence, which varies
from 0.01% to 0.05%; for buildings with poor thermal performance, the
indoor thermal environment risk level is high, at close to 0.05%; for
buildings with good thermal performance, the indoor thermal environ-
ment risk level is low, at close to 0.01%.

The indoor and outdoor correlation rules were constructed by con-
necting the correlation points between the cumulative frequency of oc-
currence of the climatic design conditions and the representative value
of the indoor thermal environment risk level at the same confidence
level. In Fig. 5, the red dotted lines show the indoor and outdoor corre-
lation rules at two different confidence level. The upper red dotted line
represents the indoor and outdoor correlation rule with high confidence
level, in which the indoor thermal environment risk level is higher than
that of most buildings. Thus, it describes the indoor and outdoor cor-
relation of buildings with a poor thermal environment. The lower red
dotted line represents the indoor and outdoor correlation rule with low
confidence level, in which the indoor thermal environment risk level
is lower than that of most buildings. Thus, it describes the indoor and
outdoor correlation of buildings with good thermal performance.

In order to describe the indoor and outdoor correlation rule quanti-
tively, the functions were obtained through a regression analysis. Tak-
ing the 100%, 99%, 95%, and 90% confidence levels as an example,
the functions of the indoor and outdoor correlation rule are shown in
Eq. (3).

𝛼 = 100%, 𝑟
𝑖𝑛
= − 0.00018𝑟3

𝑜𝑢𝑡
+ 0.01655𝑟2

𝑜𝑢𝑡
+ 0.04511𝑟

𝑜𝑢𝑡
+ 0.01501

𝛼 = 99%, 𝑟
𝑖𝑛
= − 0.00023𝑟3

𝑜𝑢𝑡
+ 0.01689𝑟2

𝑜𝑢𝑡
+ 0.03126𝑟

𝑜𝑢𝑡
+ 0.01471

𝛼 = 95%, 𝑟
𝑖𝑛
= − 0.00019𝑟3

𝑜𝑢𝑡
+ 0.01451𝑟2

𝑜𝑢𝑡
+ 0.02283𝑟

𝑜𝑢𝑡
+ 0.00902

𝛼 = 90%, 𝑟
𝑖𝑛
= − 0.00007𝑟3

𝑜𝑢𝑡
+ 0.01178𝑟2

𝑜𝑢𝑡
+ 0.02588𝑟

𝑜𝑢𝑡
+ 0.00207

(3)

Based on these functions, the cumulative frequency of occurrence of
climatic design conditions rout can be calculated according to the confi-
dence level 𝛼 and indoor thermal environment risk level rin. The climatic
design conditions can then be obtained according to the long-termmete-
orological data. This means that the new process of determining climatic
design conditions has been realized.

3.2. The simplified method for determining climatic design conditions in

engineering practice

For the convenience of determining climatic design conditions in en-
gineering practice, a simplified method is here proposed. First, at a cer-
tain cumulative frequency of occurrence, the indoor thermal environ-
ment risk level corresponding to a given confidence level is calculated
on the basis of these functions provided in Section 3.3, and the cor-
responding points at the same cumulative frequency of occurrence are
drawn and connected in the coordinates. Next, the climatic design con-
ditions are calculated corresponding to the cumulative frequency of oc-
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Table 2

Distributions of uncertain building parameters in Guangzhou.

Group Uncertainty parameter Unit Parameter distribution Reference

Shape parameter Shape coefficient m−1 T[0.1,0.2,0.3] [32–33]

Thermal

parameter

Wall heat transfer coefficient W/(m2 K) T[0.8,1.2,1.5] [22–

29,32,33]Roof heat transfer coefficient W/(m2 K) T[0.5,0.65,0.8]

Window-wall ratio 1 T[0.1,0.4,0.8]

Window heat transfer coefficient W/(m2 K) T[2.0,3.6,5.2]

Solar heat gain coefficient 1 T[0.18,0.35,0.52]

Environment

parameters

Ventilation rate m3/(h·person) T[10,30,40] [1,32]

Indoor temperature °C T[24,26,28]

Indoor relative humidity % T[40,60,70]

Note: Shape coefficient is the ratio of surface area to volume of a building. In the column of the parameter distri-
bution, T represents the triangular distribution. The total fresh air volume of a building was calculated based on
the mean person density of the building (10m2/person) provided in the design standard [32].

Fig. 5. The indoor and outdoor correlation in Guangzhou.
Note: One point represents the indoor and outdoor correlation in one building sample; the two red dotted lines represent the curves of the indoor and outdoor
correlation rule at two different confidence levels.

currence, and the value of cumulative frequency is replaced by the val-
ues of climatic design conditions in the coordinates; finally, the curves
of different climatic design conditions are obtained, as shown in Fig. 6.

According to Fig. 6, the design dry-bulb and wet-bulb temperature
can be determined based on the requirement for indoor thermal envi-
ronment risk level. For example, a designer expects the indoor thermal
environment risk level of the building to be 0.1%, and thinks the ther-
mal performance of the building is not good, then the climatic design
conditions with 0.1% indoor thermal environment risk level and 90%
confidence level can be selected; as shown in Fig. 6, the dry-bulb tem-
perature is 33.2 °C and the wet-bulb temperature is 27.8 °C; the selected
climatic design conditions indicate that there is a 90% probability that
the indoor thermal environment risk level of the design building is less
than 0.1%.

According to the designer’s expectation and the building thermal per-
formance, the selection criteria can be adjusted. When the expectations
for indoor thermal environment are low, the lower indoor thermal en-
vironment risk level can be selected; when the building thermal perfor-
mance is good, the lower confidence level can be chosen.

3.3. Comparison of climatic design conditions in different methods

The climatic design conditions determined by the present research
method and the traditional method are here compared, in which the
Chinese norm method and ASHRAE method are selected to represent
the traditional method. Using a 0.57% indoor thermal environment risk
level and 90%, 95%, 99%, and 100% confidence levels, the climatic de-
sign conditions in the research method were calculated respectively. Us-
ing the 0.57% cumulative frequency of occurrence, the climatic design
conditions in the Chinese method and ASHRAE method were calculated
respectively. The results are shown in Fig. 7.

As can be seen from Fig. 7, there are large differences in the val-
ues of climatic design conditions determined by the present research
method and the traditional methods, and the climatic design conditions
determined by the research method are generally lower than those de-
termined by the traditional methods. Especially for the Chinese method,
compared with the research method at different confidence levels, the
minimum difference value of design dry-bulb temperature is 2.59 °C,
and the minimum difference value of design wet-bulb temperature is
1.58 °C.
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Fig. 6. The nomograph for determining climatic design conditions on the basis of the indoor thermal environment risk level in Guangzhou.
Note: Each curve corresponds to a climate design parameter value; if the intersection of x and y do not correspond to a curve exactly in this figure, the climate design
parameter can be estimated on the basis of the distance between the intersection and the adjacent two curves; the top half of the figure is used to determine the
design dry-bulb temperature and the bottom half of the figure is used to determine the design wet-bulb temperature.

Fig. 7. Comparison of climatic design conditions in different methods in Guangzhou.
Note: In the Chinese norm method the design dry-bulb and wet-bulb temperatures are selected independently; however, in the ASHRAE method, the design dry-bulb
temperature is selected first. On this basis, the coincident wet-bulb temperature is selected as the design wet-bulb temperature. Therefore, in this figure the design
wet-bulb temperature in the ASHRAE method is lower than that of the Chinese norm method.

3.4. Validation of the research method

In order to verify the advantages of the research method in reflect-
ing the indoor thermal environment risk level, the climatic design con-
ditions and the corresponding design-day data were determined using
different methods. To represent the research method, the climatic de-
sign conditions with 0.57% indoor thermal environment risk level and
100% confidence level were selected, then the corresponding design-day
data were obtained in the Chinese normmethod; to represent traditional
methods, in the Chinese norm method and ASHRAE method, the cli-
matic design conditions with 0.57% cumulative frequency of occurrence
were selected, then the corresponding design-day data were obtained,
respectively. According to the building model parameters provided in
the Section 3.1.2, 500 building samples were generated. On this basis
the indoor thermal environment risk level of each building sample was
calculated. Their distributions are shown in Fig. 8.

As can be seen from Fig. 8, in the Chinese norm method, the indoor
thermal environment risk level varies between 0 and 0.03%, which is
far lower than 0.57%. In the ASHRAE method, the indoor thermal en-
vironment risk level varies between 0% and 0.12%, which is also much
lower than 0.57%. In the current research method, the indoor thermal
environment risk level varies between 0.2% and 0.6%, which is close to
0.57%; the frequency when the indoor thermal environment risk level is
lower than 0.57% is 99.6%, which is basically consistent with the selec-
tion of the 100% confidence level. The above results indicate that the
traditional method, only considering the cumulative frequency of oc-
currence of climatic design conditions, fails to reflect the corresponding
extreme degree of indoor thermal environment; however, the new re-
search method, in constructing the indoor and outdoor correlation rule,
determine climatic design conditions with the requirement for indoor
thermal environment, whichmakes the indoor thermal environment risk
level of the building meet the expected requirements on the whole.

62



X. Wu, Z. Tian and Y. Wang et al. Energy and Built Environment 2 (2021) 56–64

Fig. 8. The distributions of the indoor thermal environment risk level in different methods in Guangzhou.

Fig. 9. Distributions of risk duration time at different risk levels in Guangzhou.

4. Discussion

The cities of Harbin, Tianjin, Shanghai, and Kunming, located in dif-
ferent thermal zones in China, were also selected as the examples. Their
indoor and outdoor correlation rules were constructed, and the com-
parison and validation carried out. Due to the space limitation, those
results are not shown in this paper. Their results indicate that the re-
search method is not restricted by the region. At the same time, it should
be pointed out that the basic premise of adopting the research method
is that the selection of climatic design conditions is based on the cumu-
lative frequency of occurrence; for those countries that meet this basic
requirement, the research method can be adopted to help them to real-
ize the process of determining climatic design conditions based on the
indoor thermal environment risk level.

However, in this research the definition of the risk for indoor ther-
mal environment ignores the effect of human thermal comfort. If the
capacity of an air-conditioning system was designed with the 0.57%
risk level of indoor thermal environment, there would be 0.57% proba-
bility in the risk for indoor thermal environment, that is about 1500 h
in 30 years. This 1500 h risk doesn’t happen continuously but inter-
mittently, and each time it happens it lasts for a while. Due to the
thermal adaptation of the human, the risk for indoor thermal environ-
ment in the short-term has little influence on human thermal comfort
[34,35]. Part of the 1500 h thus is not a risk for human thermal com-
fort. Therefore, the method for determining climatic design conditions
needs to be adjusted. Here, the number of hours that the risk lasts, re-
ferred to as the “risk duration time,” is taken as the parameter to discuss
the effect of human thermal comfort on the method for climatic design
conditions.

Based on 30-year meteorological data in Guangzhou and the basic
building model in Section 3.1.2, the 30-year hourly cooling load was
simulated. According to the requirement for indoor thermal environ-
ment, the equipment capacity of air-conditioning system could be se-
lected. On this basis, in 30 year every risk duration time could be found.
The distributions of the risk duration time corresponding to 0.57%, 1%,
and 2% risk level are shown in Fig. 9.

As shown in Fig. 9, there is about 60% probability that the risk du-
ration time is lower than three hours at different risk levels. However,
the impact that risk duration time has on human thermal comfort and
how such impact can be considered when determining the process of
climatic design conditions remains to be further studied.

5. Conclusions

Based on the uncertainty of the building model, this study con-
structed the indoor and outdoor correlation rule, and put forward a
simplified method for determining the climatic design conditions ac-
cording to the requirement for indoor thermal environment in design.
At the same time, the present research method and traditional method
were compared, and the validation of the research method in reflecting
the indoor thermal environment risk level of the building was verified.
The conclusions are as follows:

(1) A new idea for determining climatic design conditions has been
provided. The traditional method selects climatic design condi-
tions according to the cumulative frequency of occurrence of cli-
matic parameters, which cannot reflect the indoor thermal envi-
ronment risk level of the building in design. The research method
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constructed the correlation between the climatic design condi-
tions and the indoor thermal environment risk level on the ba-
sis of the traditional method, and realized the process of deter-
mining the climatic design conditions based on the requirement
for indoor thermal environment. Compared with the traditional
method, the process of determining climatic design conditions in
the research method is more in line with the designer’s idea.

(2) A simple method which allows designers to select climatic design
conditions flexibly is proposed. In the new method, the designers
can select the appropriate climatic design conditions according
to the requirement for indoor thermal environment in design and
the characteristic of building thermal performance. Furthermore,
the proposed nomograph simplifies the determining method of
climatic design conditions, which makes it convenient for engi-
neering applications and popularization.

(3) The research method can reflect the indoor thermal environ-
ment risk level of building in design more accurately. Taking
Guangzhou as an example, the Chinese norm method and the
research method were compared. The indoor thermal environ-
ment risk level corresponding to the climatic design conditions,
determined with 0.57% cumulative frequency of occurrence in
the Chinese method, varies between 0 and 0.03%; the indoor
thermal environment risk level corresponding to the climatic de-
sign conditions, determined with 0.57% indoor thermal environ-
ment risk level in the research method, varies between 0.2% and
0.6%. This result indicates that the research method can make de-
signers know roughly the indoor thermal environment risk level
of building, which will be helpful for reasonable design of air-
conditioning system.
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The inevitable upcoming technology of autonomous vehicles (AVs) will affect our cities and several aspects of our
lives. The widespread adoption of AVs repose at crossing distinct barriers that prevent their full adoption. This
paper presents a critical review of recent debates about AVs and analyse the key barriers to their full adoption.
This study has employed a mixed research methodology on a selected database of recently published research
works. Thus, the outcomes of this review integrate the barriers into two main categories; (1) User/Government
perspectives that include (i) Users’ acceptance and behaviour, (ii) Safety, and (iii) Legislation. (2) Information
and Communication Technologies (ICT) which include (i) Computer software and hardware, (ii) Communication
systems V2X, and (iii) accurate positioning and mapping. Furthermore, a framework of barriers and their relations
to AVs system architecture has been suggested to support future research and technology development.

2. Introduction

The world is witnessing the Fourth Industrial Revolution (FIR) that
is characterized by combining digital, physical and biological worlds.
[1] argues that this era is marked by several breakthroughs in advanced
technologies such as artificial intelligence (AI), Robotics, quantum com-
puting, Internet of Things (IoT) and fifth-generation wireless technolo-
gies (5G). FIR is also known as “Industry 4.0” [2]. On the other hand,
Climate change, population growth, transportation, international secu-
rity issues, and globalisation are the main challenges for future urban
development [3]. Therefore, the right assembly of emerging technolo-
gies, components, skills, and needs can deliver smart/future city objec-
tives [4]. Examples of these objectives are developing or generating new
services, a delicacy of management, smart infrastructure, sustainability
and facilitating planning.

The most crucial application of integrating the digital and physical
worlds are Automated Driving (AD) and Connected Autonomous Vehi-
cles (CAVs) [5,6]. The former will give rise to new mobility concepts
and opportunities as well as it will expand the transport system capac-
ity and efficiency. These technologies will radically change the trans-
portation infrastructure and will impact future planning. The adoption
of AVs in future/smart cities is associated with many potential bene-
fits. However, from analysing existing literature, it has been noted that

∗ Corresponding author: Nacer Eddine Bezai, The Creative and Virtual Technologies lab, School of Architecture, Design, and Built Environment, Nottingham Trent
University, Nottingham NG1 4BU, UK.

E-mail addresses: nacer-eddine.bezai2016@my.ntu.ac.uk, nacereddinebezai@gmail.com (N.E. Bezai).

Table 1

NHTSA’s levels of Vehicle Automation repro-
duced from [7].

Level 0 No-Automation

Level 1 Function-specific Automation

Level 2 Combined Function Automation

Level 3 Limited Self-Driving Automation

Level 4 Full Self-Driving Automation

many scholars place a high emphasis on safety. This aspect is usually
addressed in line with the National Highway Traffic Safety Administra-
tion (NHTSA) report, which in turn suggests the use of “highly effective
crash avoidance technologies” to prevent crashes [7]. This criterion im-
plies that AVs driving systems must be as robust as aviation standards
[8]. It is crucial to go through different types and levels of automa-
tion to understand how autonomous cars will perform and behave. The
more computers are doing the level of assistance provided by machines,
the fewer humans’ intervention, and the more functions, the more auto-
mated level is becoming higher. Hence, Table 1 illustrates the five levels
of automation suggested by the NHTSA. These levels range from no in-
put from machines which is level 0 to full automation which is level
4.
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Table 2

Anticipated benefits found in the literature of AVs.

Anticipated AVs’ Benefits Studies

Innovative freight delivery Alessandrini et al. [12]

Insurance cost reduction Agarwal, Kumar and Zimmerman [13] Wadud [14]

Efficiency of road transport and a number of service categories Alfonso et al. [15]

Control of traffic flow Liu et al. [16] Stern et al. [17]

Maximize intersection capacity and minimise its bottlenecks Sun, Zheng and Liu [18]

Comfort and entertainment services Atzori et al. [19] Panagiotopoulos and Dimitrakopoulos [20]

Reduced congestions and increased accessibility Joiner [21] The House of Lords Science and Technology Committee [22]

Energy efficiency Vahidi and Sciarretta [23]

Fuel consumption reduction through platooning and “Right-sizing” of

vehicles

Simoni et al. [24] Vahidi and Sciarretta [23] Zhao et al. [25] Wadud,

MacKenzie and Leiby [26]

Make travelling by car more attractive Gruel and Stanford [27]

Offer mobility to people unable to drive Alessandrini et al. [12] Fagnant and Kockelman [10]

Tourism extension Cohen and Hopkins [28]

Economic and social Bechtsis et al. [29] Bichiou and Rakha [30]

Expand new markets and more software and hardware companies to be

developed

Bamonte [31]

Travel speed increase Kröger, Kuhnimhof and Trommer [32]

It is anticipated that AVs will increase safety and comfort [7,9], and
reduce traffic congestions, pollution, fuel consumption, as well as fa-
cilitate further the mobility accessibility to disable and older people.
Also, self-driving will decrease the number of accidents and crashes
through the vehicle to vehicle communication [8,10]. Besides safety,
several scholars have discussed further in prospect benefits of adopting
AVs, as shown in Table 2. [11] argues that since internet emergence,
AVs will be the most substantial change and transition that will happen
to societies and cities.

As AVs will bring several benefits, it could also be associated
with several potential risks. For example, the digitisation of the trans-
port system can be vulnerable to hacking [15,19,33]. Furthermore,
[12,13,34] claim that AVs could be exposed to system failure. Another
hazard that can be linked to AVs is malicious cyberattacks through a
non-trusted network [34]. Not only risks are cybernetically related, but
also other hazards can be associated with AVs such as using both modes
of driving (Manual and automated) can lead to miscommunication [35].

Extensive research is being conducted on AVs and their potential
effects on many aspects of our lives. However, access to these bene-
fits will have to overcome several obstacles. Many researchers have ad-
dressed these obstacles, and some have suggested several solutions to
surpass AVs holdbacks. Table 3 summarises the selected reviews that
discussed the most critical problems facing AVs based on their date of
publication and number of citations. Interestingly, most of these prob-
lems are related to technology and users’ behaviour. For example, we
find that many scholars have focused more on technological and tech-
nical issues studying vehicular communications, and sensors technolo-
gies. Starting from the principle that they come to the most important
barrier that must be overcome. At the same time, but to a lesser ex-
tent, some reviews have pointed out other obstacles, especially in the
study of behaviour and to what extent people accept this new tech-
nology. Based on the above, this review attempts to integrate all the
obstacles discussed by the previous studies. Thus, the purpose of this
review is not only to determine these obstacles but to employ a mixed
research method to extract other barriers and study the extent of their
overlap.

It is crucial to understand how these emerging technologies can be
managed and tackle their challenges. Precisely, to achieve AVs benefits,
we must start planning, deploying policies and realise their advantages
and disadvantages [49]. Therefore, it is evident that the adoption of AVs
could have many advantages, and it is impractical to attain such benefits
without understanding and tackling different barriers/ obstacles associ-
ated with its approval. In other words, to understand and evaluate the
effects and changes that AVs can cause in our cities, it is imperative to
explore and comprehend firstly, the mechanism of how an AV works
(Vehicle specifications) or what is called “Autonomous vehicle system
architecture”. Secondly, identify the various barriers that restrain the
adoption of these technologies because this will help to define the re-

quired infrastructures that ensure the smooth performance and safety of
AVs.

Although there exists a considerable amount of work addressing the
potential benefits, barriers and risks of AVs, there is no study that has
reviewed all obstacles of AVs in one review. For those reasons, this pa-
per aims to examine various barriers and challenges to the AVs imple-
mentation, meanwhile studying their interrelatedness. Also, this study
suggests a developed conceptual framework showing the AVs system ar-
chitecture and how the possible obstacles are linked to it. Furthermore,
the proposed framework of this study considers the highest automation
level, which is Level 4 (Full Self-Driving Automation) Table 1.

The review is structured into four sections. Firstly, section 1 discusses
the background of the subject highlighting the benefits and risks of AVs
as well as the focus of existing research. Secondly, section 2 outlines the
research methodology applied to achieve the aim of this review which is
a mixed-methods research methodology. Thirdly, section 3 presents the
findings of the study and combines the barriers to full adoption into two
main groups. Finally, section 4 summarises the findings and proposes a
framework assembling the barriers that are needed to overcome linked
to AVs ’system architecture.

2. Methodology

This paper critically reviews the state of the art of literature about
AVs, where more than 82% of the selected papers were published since
2017. The focus is on papers that refer to issues and obstacles that AVs
are currently facing. Besides, this paper considers various source types of
publications, such as journal articles, books, book sections, reports, and
conference proceedings, see Fig. 1. However, about 72% of the sources
are journal articles. This systematic review followed a technique of clas-

72%

15%

7%
6%

Journl articles
Books and books' section
Reports
Conference Proceedings

16%

53%

13%

9%

9%

2019 2018

2017 2016

2012-2015

Fig. 1. Types and publication date of the Sources analysed.
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Table 3

Summary of selected reviews about AVs and related subjects (citations till April 2020).

Study/year Aim of the study Subject Citations References

2019

Gkartzonikas and Gkritza [36] To examine the individuals

behavioural, perceptions and

willingness to use AVs

AVs and users’ acceptance 51 50

Faisal et al. [37] Suggest a framework to advocate the

urge of preparing cities to adopt AVs

AVs impacts, planning and policies 26 144

Pearre and Ribberink [38] Understand current concepts on V2X

technologies

Vehicular communication 19 70

Cui et al. [39] Explore the recent research about AVs

safety and security attacks.

AVs Safety 15 167

Stead and Vaddadi [40] Explore how AVs can transform

urbanisation patterns and affect urban

forms.

AVs and urban impacts 12 37

Iskander et al. [41] Explore various theories about motion

sickness and its applicability to AVs.

AVs and Users’ Comfort 06 77

2018

Yang and Pun-Cheng [42] Examine various vehicle detection

approaches considering several

environments

Vision computing Machine learning 39 123

Duarte and Ratti [43] Investigate the impacts of AVs on

cities and urban life.

AVs and cities 36 61

Abbasi and Shahid Khan [44] Investigate V2V communication

protocols in urban environments.

Vehicular communication VANETs 17 33

Campbell et al. [45] Examine the required sensor

technologies for an AV.

Sensors technologies 09 22

Meinlschmidt, Stalujanis and Tegethoff [46] Investigate the psychobiology of using

automated driving

AVs and the psychobiology 03 46

2017 Milakis, van Arem and van Wee [47] Explore the implications of automated

driving on policy and society.

Social and Policies 271 162

2016 Richards and Stedmon [48] Highlights the important key human

factors linked between users and AVs

systems

AVs and users’ reaction and interaction 32 32

Fig. 2. The methodology flowchart under-
taken for this study.

sification employing the taxonomy approach, which is more empirical,
as described by [50].

Fig. 2 represents the methodology diagram used in this study to an-
swer the research question, which is a mix-methods research method-
ology that is composed of four stages. The Figure also demonstrates
how the four stages were performed consecutively and whether they
are quantitative or qualitative.

The first stage we began by building a database of papers, firstly, the
search was conducted by including words related to Autonomous vehi-
cles such as driverless and self-driving vehicles. This search was pro-

ceeded on various online databases, i.e., ScienceDirect, Web of Science,
Scopus, Google Scholar and ResearchGate. Secondly, an in-depth anal-
ysis of abstracts and relatedness of 400 papers was carried out, which
led to select 140 sources. Four stages have been performed to address
the aim of this paper.

The second stage consists of two phases; (1) the empirical analysis
is done using the software NVivo 12 Pro by employing the word fre-
quency function on the selected sources looking for words with four
letters minimum length. The grouping criteria to measure the similarity
level is set to exact matches. Table 4 and Fig. 3 illustrate the most fre-
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Table 4

Word frequency and their weighted percentage.

Word Count Weighted Percentage (%)

data 3871 0.44

time 3865 0.44

control 3116 0.35

technology 2736 0.31

safety 2564 0.29

information 2389 0.27

public 1818 0.21

liability 1765 0.20

traffic 1717 0.19

travel 1709 0.19

network 1628 0.18

mobility 1604 0.18

future 1448 0.16

human 1424 0.16

urban 1402 0.16

speed 1267 0.14

lane 1258 0.14

communication 1243 0.14

planning 1234 0.14

cost 1124 0.13

services 1101 0.12

connected 1099 0.12

policy 1096 0.12

intelligent 1062 0.12

risk 1043 0.12

demand 1040 0.12

market 1039 0.12

software 1007 0.11

environment 984 0.11

users 950 0.11

sharing 922 0.10

people 887 0.10

simulation 825 0.09

detection 817 0.09

privacy 815 0.09

energy 813 0.09

test 808 0.09

insurance 794 0.09

social 794 0.09

infrastructure 740 0.08

Fig. 3. Word cloud showing the 40 frequented words.

quented words and their weighted percentage obtained from the second
stage.

Then, (2) Cluster analysis of the generated concepts from the word
frequency (Table 4). The former is done by analysing their context in-
tensively in the papers to cluster them in several groups based on their
possible context interpretation. The analysis indicated that the concepts
can be classified into four groups. For instance, the word “Data” is found
that its interpretations been linked to being technical, social and legisla-
tive. Table 5 illustrates examples of how the context of “data” is associ-

ated with different interpretations. Following the same method, Table 6
summarises the four clusters generated from the analysis of the entire
words listed in Table 4, where the symbol (X) indicates the association
of the concept with the cluster.

The third stage is also a combination of two different phases; (1)
an empirical analysis (2nd) using the software NVivo 12 Pro utilising
the function “Text Search” instead of “word frequency” of the four clus-
ters’ (Technical, social, Urban and legislative). The former phase is car-
ried out on the papers’ database created at the beginning (stage 1).
The second phase is analysing the former four clusters using Word tree
function in NVivo. Fig. 4 illustrates the legislation as an example of a
word tree function output. Hence, Table 7 summarises the 2nd cluster
analysis, where the outcome of this phase has also been grouped into
two groups (Information and Communications Technology (ICT), and
User/Government perspectives). The investigation was focusing on is-
sues and obstacles that AVs are facing. Hence, the outcome of the three
stages has revealed that the full adoption of AVs depends on various key
barriers to overcome.

The final stage is a conceptual analysis of the barriers resulted from
the previous three stages, with an examination goal that is set to explicit
terms (Fig. 4). This stage is also done using NVivo 12 Pro utilising the
function “Text Search”. For instance, searching the word “safety” in the
papers’ database disclosed that it is associated with 116 papers out of
140. The range of the word references occurrence was between 1 to 759.
Thus, analysing the rest of the barriers illustrated in Fig. 5 demonstrates
that each obstacle is also tied up to other factors. An in-depth examina-
tion of all the barriers is discussed in section 3. Following the four stages
discussed above, a framework of barriers that prevents full adoption of
AVs is suggested, which also is linked to AVs system architecture.

3. Key findings and discussions

This section presents a synthesis of the key findings that resulted
from the four stages carried out on 140 papers published between 2012
and 2019, as illustrated in Table 8. The results of this study cluster the
barriers into two main groups: ICT and User/Government perspectives.
In turn, the formers are grouped into 6 sub-clusters, including the factors
that contribute to each barrier as shown in Fig. 6. Therefore, this section
discusses in detail AVs barriers to full adoption.

In addition, each of the barriers shown in Fig. 5 is explained with
a diagram highlighting and clarifying the factors involved in the for-
mation of each obstacle. Likewise, a synthesis of suggested solutions or
actions is also shown in each diagram in the green boxes.

3.1. User/Government perspectives

This category of barriers extends on the behaviour of the end-users
and how public opinions can influence the adoption of AVs based on
governments actions. Thence, this category presents the following bar-
riers: safety, users’ acceptance and behaviour, and legislations.

3.1.1. Safety

Safety has been discussed extensively to be the most significant ob-
stacle regarding the implementation of AVs. Following an extensive
analysis of different articles highlighted in Table 8, we found out that
tackling the safety barrier depends on addressing four domains. These
domains are Pedestrians (road users), infrastructures, share-ability and
Technology. Literature has addressed safety from various points. How-
ever, as mentioned above, it had been summarised into the four per-
spectives. All the above factors illustrated in Fig. 7 that influence safety
are considered obstacles that contribute to the overall barrier, which in
turns must be governed by regulations. Hence, regulations are discussed
separately as a barrier in section 3.1.3.

a. Pedestrians (Road users)

Statistics showed that in Britain, five fatalities and about 66 in-
juries occur every day [71] with 26% of road death were pedestrians
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Fig. 4. Example of a word tree function (Legislation).
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Table 5

Example of context analysis of the word Data and its association.

Context Source Interpretation

“Data Fusion (DF) presents a key point in road safety

applications”

Armingol et al. [51] Technical

“willingness of end-users to give consent to broadcast data

is not a barrier, in particular if the data is to be used to

enhance road safety”

Alfonso et al. [15] Social

“It is essential that any data gathered from CAV are used in

accordance with data protection law”

The House of Lords Science and Technology Committee [22] Legislative

Table 6

Concepts’ clustering based on their context.

Word Technical Social Urban Legislative

data x x X

time X X X

control X X

technology X X X X

safety X X X X

information X X X X

public X X

liability X X X

traffic X X X X

travel X X X X

network X X X

mobility X X X X

future X X X X

human X X X X

urban X

speed X X X

lane X X

communication X X X X

planning X X X

cost X X

services X

connected X X

policy X X

intelligent X X

risk X X X

demand X X

market X X X X

software X

environment X X X X

users X X

sharing X X X X

people X X

simulation X

detection X X

privacy X X X X

energy X X X X

test X X X X

insurance X X X

social X X X X

infrastructure X X X X

[57]. As [64] stressed out, there will always be unpredictable people
in the streets who cannot assess the hazard. Many experts anticipate
that AVs technologies will significantly decrease pedestrians’ fatalities.
Urban areas will constitute a challenge as road users can be vulnera-
ble, and they must interact with AVs in different ways [52]. Thus, the
sureness of a well-designed and integrated system must prioritise the
safety of pedestrians [69] and contribute to any ethical legislation. A
study by [54] analysed pedestrians fatality reports in the U.S. Further-
more, they also assessed the cases that could have been avoided if an
AV equipped with pedestrian sensors had been employed. The study re-
vealed that 3,386 transportation related pedestrian fatalities could have
been shunned out of 4,241, which roughly represents 80% reduction in
deaths. Equipping the vehicle with such sensors can grant great benefit
yet might be unreasonably costly. Section 3.2.1. expands r more infor-
mation on AVs sensors.

b. Infrastructures

Fig. 5. Key barriers preventing full adoption of AVs.

Introducing infrastructure players will leverage and re-balance the
responsibility and will widely ensure the safety of adopting AVs.
Moreover, implementing infrastructures that enable vehicles coopera-
tion through wireless communication systems technology will improve
safety and efficiency [15]. Effective vehicular communication allows
high-level behaviours [63], platooning is one of these behaviours and it
represents great benefits of AVs [67]. Thus, to achieve the former, var-
ious infrastructure are required. In other words, implement new traffic
management strategies by traffic authorities to extend the sensing capa-
bilities and the exchange of information. Indeed, [63] believe that com-
plexity and challenging scenarios of our urban areas necessitate specific
research in the following domains: big data, sensing technologies, IoT,
Cloud computing, and artificial intelligence which in turns can develop
the required infrastructure to manage them. For instance, ARTS is one
of the systems suggested by [56] in the cityMobile 2 project. The system
is recommended to be implemented in urban areas for efficient road and
transportation. Volvo suggested Magnetic road project which requires to
use magnets installed on the road surface. These 40mm × 15mm mag-
nets are fitted to guide and keep the vehicle in its lane and determine
the exact position [70]. Cooperative driving achieved out of the updated
infrastructure will also assist in better management and maintenance
besides it will reduce the need for building new roads [73].

c. Shareability

[24] believe that Shared Autonomous vehicles (SAVs) will affect peo-
ple’s mobility, traffic conditions and their behaviour. However, it is not
clear whether increased accessibility will reduce congestions. There is
a consensus in the literature that the benefits of AVs can be maximised
when they are shared. Thus, Shared mobility will alter significantly ur-
ban transportation when integrating adaptable public travel modes com-
pared to private [61]. A study by [65] revealed that each shared AV
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Table 7

2nd clustering based on the word tree of the 1st clustering analysis.

Technical Social

89 sources 353 count 91 sources 908 count

Technology Vehicular Communication/Sensors

Computer/network/simulation/Ad Hocs/VANETs Real-time

control Human-Machine Interface Navigation/

Mapping/Positioning Safety Travel

behaviour/forecasting/attitude Path reconstruction

Certification/legal/policy/Law/liability/ Regulations//

Standardizations Traffic management/performance

Shareability Platooning Testing

Safety Sustainability Behaviour/Control/Change/Forecasting/Psychological perspectives/

perception Identity/Adoption/acceptance/Ownership Sharing systems/Norms/Participation/Trips

Information/Data/Accessibility Ad Hocs /Networks/ Smartphones/technology/Navigation

Benefits/Opportunities/ Failure/Attacks/Emergency Infrastructural factors/smart cities

Economy/finance/cost/commercial Media/Politics/Government/Educational/Research

Events/needs/ Employment/Independence/disability IoT/IoV/SIoV Activities/Recreations

Legislative Urban

33 sources 112 count 109 sources 1306 count

Safety Pedestrian/Change Technical/ V2X communication/

Technology maturity Civil law Law Backcasting approach

Liability/Standards/Guiding-principles/Policies/

Regulations/Funding transport Insurance

Research/collaboration Market and businesses

Experiments/testing Pricing/cost Data Protection

Safety/Regulation/Policies Planning/Infrastructure/Centre parking

Cities/Rural/Regional/suburban/agglomerations/

sprawl/Dispersion/building/Trips/Commute/Mobility-models/Sharing/

travel-time/distance-travelled/ Cybernetic-Public-transport/Taxi/ Urban design/space

morphology/ Urban-mobility/Traffic-Management/ Surface/roads/Street/crosswalk/intersection/

Highway/Expressway/roundabouts/Pathways/Nodes Environment/Tourism/Population/Geography/

Land/Location/landscape Accessibility/maintenance/charging stations/ Technology/Vehicular

communication/ Network/Positioning/Simulation/GPS/smart servers/ Platooning

Users/Privacy/Community/Sensors Services/Demand/density/congestion/footprint Testing

• Safety
• Users’ acceptance and behaviour
• Legislation

• Accurate positioning and mapping
• Computer software and hardware
• Communication systems

Fig. 6. Hierarchy of the barriers based on the clus-
tering method.
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Table 8

Summary of the barriers and their related sources.

Barriers Scholars

2019 2018 2012-2017

1 Safety

Ackermann et al. [52] Aguiléra [53]

Combs et al. [54] Magnusson et al.

[55]

Alessandrini, Holguin and Parent [56]

Alfonso et al. [15] Armingol et al. [51]

Department for Transport [57]

Gopalswamy and Rathinam [58] Grush

and Niles [59] Jiménez [60] Nazari,

Noruzoliaee and Mohammadian [61]

Simoni et al. [24] Skeete [62] Straub

and Schaefer [35] Villagra et al. [63]

Alessandrini et al. [12] Bell [64]

Fagnant and Kockelman [10] Fagnant

and Kockelman [65] Francis [66] Kho,

Abdulla and Yan [67] Litman [68]

Maurer et al. [69] Perch [70] Roberts

[71] Santi et al. [72] wsp [73]

2 User acceptance and

reaction

Agarwal, Kumar and Zimmerman [13]

Aguiléra [53] Alfonso et al. [15]

Boutueil [74] Cohen and Hopkins [28]

Combs et al. [54] Webb, Wilson and

Kularatne [75]

Aarhaug and Olsen [76] Anania et al.

[77] Buckley, Kaye and Pradhan [78]

De Bruyne and Werbrouck [79]

Ferrero et al. [80] Gheorghiu and

Delhomme [81] Grush and Niles [82]

Joiner [21] Kaur and Rampersad [33]

Kim [34] Kolarova et al. [83] Liljamo,

Liimatainen and Pöllänen [84]

Meinlschmidt, Stalujanis and Tegethoff

[46] Molnar et al. [85] Winter et al.

[86] Panagiotopoulos and

Dimitrakopoulos [20] Straub and

Schaefer [35] Xu et al. [87]

Alves [88] Babbar and Lyons [89]

Bansal and Kockelman [90] Nath [91]

Wadud [14] Bansal, Kockelman and

Singh [92] Nordhoff, van Arem and

Happee [93] Fagnant and Kockelman

[10] Kyriakidis, Happee and de Winter

[94]

3 Certification/regulations

and ethics

Narayanan [95] Anania et al. [77] Bichiou and Rakha

[30] Congressional Research Service

[96] De Bruyne and Werbrouck [79]

Kröger, Kuhnimhof and Trommer [32]

Li et al. [97] López-Lambas [98] Noy,

Shinar and Horrey [99] Ruggeri et al.

[100] Straub and Schaefer [35] Evas

et al. [101]

Chen et al. [102] Conceição, Correia

and Tavares [103] Bonnefon, Shariff

and Rahwan [104] Schellekens [105]

4 Accurate positioning and

mapping

Hongyu et al. [106] Konrad et al. [107] Li et al. [108] Wang, Deng and Yin

[109] Katrakazas et al. [110] Signifredi

et al. [111] Kala and Warwick [112]

Kim et al. [113] Zhang et al. [114]

Levinson et al. [115] Chen and

Fraichard [116]

5 Computer software and

hardware

Loukas et al. [117] Marletto [118] Xu

and Duan [119]

Armingol et al. [51] Bechtsis et al.

[29] Bichiou and Rakha [30] De La

Torre, Rad and Choo [120] Guanetti,
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could substitute roughly 11 private cars which has the potential to re-
duce car ownership that in turns will decrease traffic congestions and
urban pollution. In New York, 95% of taxi trips taken in the city can
be shared [72]. In the U.S. statistics have shown that 4.2 billion hours
are lost in traffic congestion which equivalent to one workweek for each
passenger [66].

On the other hand, shareability presents the principal obstacle to
achieve the above benefits and they are related to safety concerns. The
formers can be assimilated in various factors such as insurance prob-
lems, flexibility in schedules and coordination, risk of attacks and acci-
dents [53]. Moreover, [59] stated that personal space enjoyment and the
illusion of being in control are barriers to shared use of vehicles. Another
essential factor discussed by [59] is the safety regulations accompanied
with rear seat designated to children. Parents believe that shared or on-
demand vehicle will not be suitable or sanitary appropriate; therefore,
parents would still prefer to possess a private car.

d. Technology

Information and Communications Technology (ICT) permit users to
alter the manner transit time and exploit it better [53]. It is believed
to be the enabler of AVs application as they will offer a great deal of
flexibility and adaptability of the circumstances related to traffic con-
ditions that comply with safety and security regulations [12]. Thence,
handing over control to AVs has the potential to improve safety through
the vehicle to vehicle communication [8,10]. Various sensors embedded
in the vehicle are expected to sense the environment for an active safety
system, but the former can be limited by the road area visibility [15].
Therefore, fusing the data obtained from several sensors plays a critical
role in enhancing the detection capacity that can deliver more reliable
road safety, which presents a pivotal point to overcome the limitation
of a single sensor [51].

Another way that ICT maximise the safety is through the knowledge
of road condition that is achieved employing sensors reporting real-time
data about the road conditions and the potential to be used for mainte-
nance [51]. For instance, LiDAR scanners can detect the potholes and
report it to the stakeholders for actions. Having said that, [55] argue
that information about road condition such as potholes and friction are
a necessity for AVs for the sake of safer and efficient travel because the
information can be utilised to improve maintenance such as salting and
potholes repair. As a result, ICT applications are very decisive in at-
taining safety either throughout the collected or provided information.
A suggestion by [15] that in order the users to receive all the infor-
mation related to traffic and safety conditions a hybrid communication
approach is the answer by integrating both On-Board Units (OBUs) and
Road-Side Units (RSUs) outcomes.

On the other hand, the European Commission (EC) consider stan-
dardisation will bring various benefits particularly data access but inter-
operability is an important challenge to overcome to ensure functional-
ity [62]. Thus, [35] claim that there is a necessity to develop common
technical standards to deal with interoperability and safety.

3.1.2. User’s acceptance and behaviour

Adopting a new technology always has been influenced by the mind-
set and attitude of the people, therefore, for instance, this can affect to
what extent AVs benefits are achieved [84]. Public opinion also will
determine the way that vehicles manufacturers need to develop their
market [94]. According to [77], many studies have demonstrated that
participants are not keen to utilise driver-less technologies. A study us-
ing a survey conducted by [90] has revealed that respondents were un-
willing to ride in AVs either for a short or long distance with 42.5% and
40% respectively. Unwillingness can be explained because of the users’
feelings and distrust in automation [21,86]. Thus, the lack of public trust
is one of the main barriers that obstruct fully adoption, this trust can be
imputed in several variables such as reliability, performance expectancy
and security [33]. Nevertheless, [85] assumed that people who are al-
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ready engaged with technology would be more in favour of AVs and
trust them.

The precise determinants of users’ acceptance of AVs are still am-
biguous, and there is a lack of a conceptual model that clarify the mo-
tives of recognition acceptance [93]. However, the majority of these
determinants can be grouped into three categories: (i) perception, (ii)
vehicle usage, and (iii) cost as presented in Fig. 8. In addition to these
factors, ethical issues regarding AVs have a strong influence on users’
acceptance. For instance, people will prefer to ride in AVs that prioritise
passenger safety above all in any situation [28].

a. Consumer Perceptions

Many studies have been carried out in an attempt to study users’ per-
ception of AVs. [46] believe that the present comprehension of human
psychobiology identified with automated driving is yet constrained and
limited. Primarily, feeling a high level of safety is a vital precondition for
people to accept AVs [87]. A survey by [90] forecasting Americans’ long-
term AVs adoption, stated that roughly 50% of the respondents were not
willing to pay (WTP) to get level 3 and 4 automation. Since respondents
could not imagine the world with AVs as well as they have expressed
safety and reliability concerns towards these technologies. Also, people
are likely to adopt AVs if they know further about their real benefits.

Who should be held responsible in case of an accident or any dam-
aged caused by AVs? Is a conclusive question to answer. The answer to
this question will have impacts on the commercialisation and the use of
self-driving vehicles [79]. Moreover, increasing the sense of security on
sharing services can enhance users’ acceptance. For instance, including
features such as “Alert button” in the apps can facilitate the users to
communicate with their relatives or police in case of emergency [74].
A study by [78] employing a qualitative examination of drivers using
AVs disclosed that participant do not have the same safety reservations
and some of them reported that they require practice before going to
the real roads.

Quality of service also affects the perception of transport mode such
as the travel time reliability which is considered very influential in users
travel behaviour. The former also can be used to measure the perfor-
mance of such mode [53].

On the other hand, [20] argue that AVs have not been commer-
cialised yet therein, most end-users are not familiar with these technolo-
gies. Hence, this affects the perception of AVs. Therefore, media plays
a large part in forming the end-user’s perception of AVs. [77] consider
that consumers are less likely to use AVs if they f are portrayed in a
negative perspective. In contrast, if they are advertised positively, par-
ticularly in terms of efficiency and safety consumers will be persuaded
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to use these technologies. Furthermore, [21] suggested that libraries can
play an integral part in promoting driverless technologies; thus, librari-
ans can provide assets on AVs such as online and printed resources. This
can help raise awareness about their legislation, insurance and other dif-
ferent areas that have the potential to affect people lives.

In the scenario of conventional cars, drivers are blamed for their
mistake in case of accidents. Whereas in the scenario of AVs the car drive
itself, passengers will not be held responsible, and so this can encourage
the adoption of AVs. Thus, user acceptance is positively influenced by
the reliability where the responsible party in case of an accident is clear
[33].

b. Vehicle usage including Shareability/Ownership and Pri-

vacy.

The definition of private and commercial transport is changing
through the introduction of on-demand ride services like ride-sourcing,
e.g. Uber and Lyft. However, in the scenario of AVs, critical questions
must be addressed like how the market will be organised and will they
be owned personally or run by private companies or integrated into pub-
lic transport? [76]. Nevertheless, in all cases, matters like congestions
and regulations must be dealt with. [88] argue that issues like conges-
tion and pollution will not vanish with AVs but smart use of it can lead
to sustainable mobility. [10] believe that AVs taxis will become legal
and viable and serve as same as personal cars; this will minimise own-
ership demands. As a result, if AVs in shared mobility has proven its
effectiveness, this will influence users’ usage of them. People either in
the suburbs or urban areas will respond to AVs in a variety of ways,
[82] stated that private AVs would reach its high peak before shifting to
various type of shared transport-on-demand. Having said that, it is sig-
nificant to concentrate on how to move users to ride-buyers to reduce
ownership rather than focusing on promoting AVs [59].

Carpooling is one of the transportation modes that policymakers
should encourage and shall be integrated in the public transportation
mainly if the fares were considered, which can contribute to the long-
term sustainable transport [81]. Despite the above recommendations
were based on a non-autonomous vehicle, this also could be a form of
shareability that would be used in the case of AVs.

[80] believe that the widespread of car-sharing services is changing
the perception of citizens as they are moving from car ownership to a
service on demand. AVs will reform the whole sharing services concept
not only opportunities to share a car but also seats and cargo spaces
[34]. As a result, this will be implied as well in the case of AVs.

Combining the reduction of the value of time (VoT) and providing
new mobility services has the potential to affect mode choice and pas-
senger’s behaviour [83]. Subsequently, aspects of ownership and share-
ability of AVs will have impacts on the acceptance of users.

Privacy will constitute a vital impediment that will manipulate users’
approval of AVs. Indeed, information gathered by AVs through V2X
communication can be misused and lead to fatal consequences and this
present a grave concern for users [13]. [15] indicate that the willingness
of end-users to share their data coming from the vehicle will depend on
data protection principles that impose compliance with a legal frame-
work to implement a cooperative intelligent transport system (C-ITS). In
addition, to prevent privacy, violation data protection protocols must be
embedded at the design stage of AVS.

c. Cost

Cost can slow down the adoption of AVs due to their long lifes-
pan [84] because integrating sensors technologies will be unrealistically
costly [54]. In fact, a study by [89] expected that the total per-vehicle
software and hardware will start roughly at £3,000 by 2025 and will
decrease to the half by 2035.

[92] outline that with the social acceptance of AVs and the relia-
bility of SAVs will decrease the cost of usage. Hence, social acceptance
of driverless cars is very crucial in determining their price. In addition,
low-cost of SAVs will increase shared mobility if they are reliable and
accessible as stressed by [75] that the key of car sharing will rely dis-
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tinctly on on-demand access. The survey conducted by [92] assessing
public opinions about AVs in Austin has demonstrated that more than
80% of respondents were reluctant to pay more for SAVs that the ex-
istent carsharing companies are charging. Although the cost currently
presents an obstacle for users to full adoption of AVs, the former will be
a temporary issue as it will change with the mass production.

A study by [14] using total cost of ownership (TCO) has compared
AVs, and conventional vehicles (CVs) including private cars, taxis, and
trucks concerning cost suggested that commercial applications will be
the highest beneficiaries from fully automated driving. The potential to
adopt them in the logistics depends on materials handling like loading
and unloading.

To conclude, all the above factors are very substantial in determin-
ing end-user’s acceptance of driverless technologies. Since IoTs will con-
verge the physical world with computer hardware and software, it is not
possible to ignore the users’ experience [91]. However, the actual per-
formance of AVs and how well they behave in reality in our roads will
eventually decide social acceptance [35].

3.1.3. Legislation Including Certification, Regulation and Ethics

AVs technologies are rapidly turning into reality, despite they are
still not mature enough [30]. This implies that the legislation of the
matter is challenging and need to be addressed shortly. In addition, eth-
ical reasoning has attracted significant interest in machine ethics [95] as
it is crucial to learn the convenient way to embed it into AVs. Also, a
study by [32] indicated that the national policies would influence AVs
adoption. Fig. 9 represents the factors found in the analysis that influ-
ence the legislation to implement AVs and CAVs.

Currently, many questions are accompanying AVs, noticeably, who
is accountable in case of an accident? as well as to whom or what pas-
senger be given instead of driving licence? [30]. Legal issues are a prime
worry for the application of AVS since responsibilities must be evident
in the case of a system failure [98]. Liability is a paramount factor as it
has a strong liaison with insurance, as stated by [105] such a law will
be decisive to answer the question of whom cost accidents borne by, is
it the victim, another actor or shared (Co-responsibility). Thence, gov-
ernments need to work with manufacturers and research organisations
to embrace this new mobility and address the arising legislations issues
to ensure safety as much as possible [99,100]. Furthermore, policies
regarding AVs should be developed neutrally and away from the “bad
press” influence [77].

Ethical considerations are very crucial in determining AVs decision-
making, which likewise would reflect the relevant regulations can be
framed. Not all the crashes can be avoided; thus, AVs have a tough and
complicated ethical choice to make. For instance, in case of decision
making should AVs be running over pedestrians or save them at the cost
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of its passengers? [104]. In fact, these scenarios will affect the commer-
cialisation of AVs and users’ willingness to adopt them.

To develop a legal framework that at least ensure the safety, encour-
aging AVs large scale tests are indispensable for their deployment in our
roads. Besides, these tests can lead to advance the technological aspects
and the applicable legislation [79]. For instance, in September 2017, the
USA house of representative has passed the SELF DRIVE Act to support
AVs testing. As mentioned in the ACT, several new regulatory tools are
being addressed, such as “require manufacturers to publicize their cyberse-
curity and data privacy plans” [96].

Research by [102] studied the possibility of using three different
lanes policies for a diverse combination of driving modes. The first sce-
nario which is a complete separation between both modes, where the
1st lane is dedicated only to AVs and allows platooning and 2nd for CVs
only. The second scenario, 1st lane, is dedicated for mixed traffic both
AVs platooning and CVs, whereas the 2nd lane is designated only for
CVs. The final scenario, which is the opposite of the second scenario,
Where the 1st lane is devoted exclusively for AVs whilst the 2nd lane
is for mixed modes. The study concluded that the first scenario is the
most likely one to be successful as it permits a smooth AVs transition.
These scenarios can extend further the legal framework by either limit-
ing the lanes for different driving modes or an opportunity to develop
regulations while observing their behaviour in testing phases. Another
study by [103] supports dedicated zones for AVs as an option for future
policies in case of mixed driving modes or their phase of penetration.
Despite the limitations of their study model, the results demonstrated
that it would help to decrease the travel time.

Many of the previous scholars highlighted several areas that require
necessary legislations. Nevertheless, the most important policies are
safety, environmental, interoperability, liability, infrastructure and cost
[97]. On the other hand, [35] stated that the outcome of the previous
exploration regarding AVs policy direction is a very difficult challenge
to guarantee public safety with rapid technological advances. In addi-
tion, [35] suggested several questions that they believe the answer to
them will help guide the future policy for AVs. Policies should not be
developed only towards the technological perspective but also social
interaction paradigms such as between users and AVs and road users.
Policies are expected to accelerate the development of AVs [97]. In the
light of developing a legislative tool for handling civils and AVs liabil-
ity, a commission by the European Parliament urged to consider three
elements; “limitation to liability”, system of liability determination (is it
strict liability or risk management approach), and “Obligatory insurance
scheme and guarantee fund” [101].

3.2. ICT

Unlike the first category, this set of obstacles includes all that is
related to technology. Hence, the next section expands on the follow-
ing barriers: Computer software and hardware, Communication Systems
V2X/VANETs, and Accurate positioning and mapping.

3.2.1. Computers’ software and hardware/Sensors

[121] stated that the idea of AVs had been around for a century, and
the innovative advance in sensing technologies and computer made it
possible. In recent years, computers are becoming necessary parts of ve-
hicles taking care of several tasks automatically like cruise control [30].
Not only cars have to sense all the surrounding areas but also must un-
derstandwhat they are sensing. Hence, for the AVs to perform as desired,
a significant development in algorithms is compulsory [30] so they can
act and decide what to do in a split of a second [69]. Therefore, two
fundamental elements are essential, which implies developing software
and hardware/sensors, as illustrated in Fig. 10.

According to [99], the complication of AVs is that there are no fun-
damental or sophisticated algorithms that can cover all the possible ac-
cidents which indicate that there is still a lot to know about automated
technologies. Very advanced computer software and hardware needed
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for the collected information coming from various sensors, LiDARs and
cameras for the fusion process that assist AV decision making. At full
adoption of AVs, it is highly expected to eliminate the human errors ac-
cidents though Computer software and hardware related hazards could
augment [14]. However, [117] believe that intrusion detection systems
(IDSs) can aid to defend against cybersecurity risks. Hence, this kind of
approaches needs to be designed in the AVs and networks, which also
presents a challenge.

According to [124], AVs software systems can be comprehensively
grouped into three classifications perception, planning and control. AVs
will always depend on fusion data to assure reliability [51]. Fig. 11 de-
picts AVs system architecture, and the processing phase is where most
of the computers software are needed, which what is also called a com-
puter vision.

All software and hardware are human-made and conceivable to a
failure and can lead to catastrophise on roads [124]. Therefore, AVs
require new system architecture and impose to have a centralised su-
percomputer to manage data generated from all the sensors ([126]. In
addition, [125] argue that vehicle classification is significant for overall
(ITS) efficiency. Although software-based classification has a significant
time constraint, they are more robust than hardware-based classifica-
tion. As a result, the former demands robust computers.

AVs are expected to deal with diverse data containing road con-
ditions, obstacles, communications and many others. This enormous
data is collected and processed every second and the transferring data
amongst AVs will be with speed up to 1GB per second [129], which re-
quires powerful computers and big data storage hardware. According
to [119], processing big data is beyond the usually utilised PCs; hence,
it entails for a super-PCs or clusters. Over 250 million of lines of code
need to be programmed to build AVs software which can vary from AVs’
category to other [122].

Both software and hardware need extensive system testing before
supplementing to the real world [123,127] which requires a consid-
erable amount of time for the process of testing and legal approval.
[121] argue that selecting suitable testing scenarios that reflect the real
world is significant. For instance, AVs testing started in 2009 by google,
and over 2 million miles have been carried on actual streets [118] and
still ongoing to develop how AVs can be deployed.

On the other hand, simulation tools can play a critical role in the
integration of AVs/CAVs. They can assist operations managers in assess-
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ing their performance and capture the facilities needed (infrastructure)
[29]. Thus, highly customised simulation tools are a necessity.

3.2.2. Communication Systems V2X/VANETs

With the advent of IoT, AVs are at the centre of ITS, and they are al-
ready equippedwith several innovative technologies that permit them to
establish communications and cooperation with different units includ-
ing vehicles (OBUs) and RSUs through short-range wireless networks
[19]. In addition, Fig. 12 represents various factors that affect AVs’ com-
munication.

The increasing interest in vehicular communication has led to the
emergence of Internet of Vehicles (IoV). IoV is becoming the critical em-
powering technology to implement future AVs that can be achieved
through Vehicular Ad-hoc Networks (VANETs). The former is an off-
shoot of mobile ad-hoc networks (MANETs) and have ended up being the
essential building for ITS [15,44,138,139]. These VANETs are used to
provide communication between vehicle and different nodes V2X: these
communications can be classified as follow: Vehicle to Vehicle (V2V),

Vehicle to Infrastructure (V2I) and Vehicle to Pedestrians (Users) (V2P)
[25,126,134,137]

Vehicular communication will result in a better ITS application. Nev-
ertheless, [130] believe that the primary hindrance of its implementa-
tion is the financial cost because currently just a small part of over-
all road infrastructure that can be ready for V2X thus significant eco-
nomic sources are needed. A further concern of employing VANETs
is the comprise of privacy and security because VANETs expose crit-
ical information of the vehicles [141]. A large number of scholars
have discussed this arising issue and proposed various solutions [131–
133,136,143,144,147]. For instance, [145] suggested a privacy pro-
tection mechanism that permits vehicles to utilise pseudonyms when
data exchange periodically in order to obviate the consistency of at-
tackers’ tracking. In addition, data transmission within the network
presents a challenging task caused by high mobility and continual lo-
cation changes [135,142,146]. Since the urban driving environment is
complex, building a reliable VANETs also depends on sufficient signals
strength amongst its receiver and connectivity [140].

3.2.3. Accurate positioning and mapping

According to [108], due to the recent competition on the self-driving
cars, a large number of methods and algorithms have been developed
regarding the machine learning, image processing, localisation, decision
making and communication. [109] believe that autonomous navigation
is the crucial technology key for driverless vehicles, as it provides accu-
rate positioning to a few centimetres. Fig. 13 Illustrates the key factors
affecting AVs navigation.

Autonomous navigation is about having the ability to perceive,
track, map, real-time moving planning and localise [116]. There is
a necessity of precise localisation exceeding the available inertial
guidance systems GPS that would enable AVs navigation to function
correctly in urban environments. Using GPS and IMU with LIDAR can
generate high-resolution ground maps (3D reconstruction map) which
will be utilised for delicate localisation [115]. Thus, for AVs to perform
highly, real-time navigation and accurate positioning are enabler keys;
actually, Global Navigation Satellite Systems (GNSS) is one of the
preferred options for delicate positioning [107].

A multimodal fusion data suggested for precise positioning using au-
toregressive and moving average (ARMA) models that based on GPS-
IMU and DR navigation data. Despite using this model that achieve pre-
cise localisation, it generates and accumulates errors resulted from DR
[109]. Thus, more research needs to be done on AVs navigation.
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Not only AVs are required to move from point A to B in real-time but
also with high safety performance, accuracy in positioning, precise ob-
jects recognition, prerequisite decision and traffic law submission [108].
Therefore, path planning algorithms are being adapted to address the
complexity of urban traffic scenarios because these algorithms are run
in parallel with data fusion of different 3D scanners, navigation systems
and cameras.

Path planning is very critical for AVs navigation [106,110–112,114].
Path planning algorithms are constituted of mission planner, optimal
path and longitudinal motion planner. These algorithms are responsi-
ble for vehicle mode decision, reaching the destination without colli-
sion and acceleration and deceleration [113]. Some methods are being
used; Voronoi Diagrams, Fuzzy logic, VFH (Vector Field Histogram) and
graph search to name a few. Moreover, Detailed and more processes are
explained in [110].

Nevertheless, [108] suggested that the best option is to use a hybrid
path planning system and is achieved by local and global preparation.
The former is to create an optimal path avoiding obstacles, whereas the
latter is to maintain the vehicle by smoothing the trajectory [111].

Section 3 of this paper has analysed the state of the art of litera-
ture and presented the current and expected obstacles of AVs. Moreover,
each of the suggested barriers has been separately discussed in detail.
Nevertheless, to understand more precisely the importance of knowing

these obstacles, we have integrated them with the AVs system architec-
ture (see section 4). This integration will permit us to understand how
these barriers affecting the performance of AVs; thus, solutions and ac-
tions can be taken to be prepared and ready to adopt AVs.

4. Conclusions

This paper presented a comprehensive systematic review of AVs bar-
riers to full adoption. At the outset, we started looking at recently pub-
lished papers dealt with the various problems facing AVs. Then, we be-
lieved it was necessary to list the prospected benefits and risks of AVs.
This is to stress further on the importance of overcoming their current
and potential obstacles to achieve their interests and manage their risks.
Thus, the findings presented in section 3 are integrated with AVs sys-
tem architecture. Fig. 14 shows the integration of all six barriers and AVs
system architecture to full operation as well as it illustrates where the
barriers are affecting the whole AVs’ system (shown with coloured ar-
rows). Overall, the analysis concludes that all obstacles are intertwined
and cannot be separated. For example, in the input phase, the fourth ob-
stacle is the biggest obstacle that affects this stage. However, since the
overall obstacles are twisted, this does not mean that the other obstacles
do not impact. In the same context, the fifth barrier also affects clearly
at the input phase but also influence the output phase significantly. On
the other hand, Obstacle 1, 2 & 3 do not particularly affect each stage
but generally affects the overall system.

The reason for identifying the AVs’ obstacles is that their analysis will
lead to the knowledge of the internal and external factors contributing to
their composition; thus, knowing these factors will lead to finding suit-
able solutions, whether the latter is technical, social, legislative and/or
urban. For instance, analysing the barrier of users’ acceptance and be-
haviour, we can understand that the unwillingness of people to use AVs
is due to their distrust feelings towards automation. The former is ex-
plained that people still do not trust computers to drive them, although
they are believed to be much safer than human driving. As a result, this
distrust can be linked to a lack of public test, media role, cost, share-
ability and many other factors. Consequently, a good understanding of
these factors and their overlap enables us to know how to address them
and thus achieve full adoption of AVs.

The study suggests a summary of the actions and recommendations
needed to be taken to promote the adoption of AVs. Table 9 shows these
actions that should be made based on the analysis of the barriers.

The next step is to study in-depth their interrelatedness and develop
questionnaires designated both to end-users and experts to validate the
framework content (Fig. 14). Another matter that must be considered is
that there will be other barriers evolving, such as when extensive large
tests are being conducted and policies are employed in the real world.
There is a need to combine the framework suggested and the potential
evolved barriers.

Table 9

Study recommendations to adopt AVs.

Barriers Actions and recommendations

User/Government perspectives

Users’ acceptance and behaviour • Maturity of technology including:

Supercomputers/cluster, cloud computing ad

Intrusion detection systems (IDS)
• Simulations to study their impacts on different

aspects such as energy and traffic
• Regulations/ Legal framework that protect users
• Car sharing services and cost considerations
• Enable Large scale tests of AVs in cities
• Analysis of various Social interaction paradigms
• Use of Hybrid communication system approach
• Develop Interoperability standards
• Develop and embed Security protocols
• Mass production

Safety

Legislation

Information and Communication

Technologies (ICT)

Computer software and hardware

Communication systems

Accurate positioning and mapping
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2

5

6

1

3

4

Legisla�on

Certification/regulations Ethics

• Large Scale Tests

• Social interaction paradigms

• Type of driving license

• System failure

• Insurance

• Safety

• Compensations

• Bad press influence

• Driving modes/Mixing

• Environment

Immaturity of technology

Accountability 

Interoperability

• Ethical reasoning

• Ethical choice

• Advanced algorithms

• Commercialisation

• Users' acceptance

Communica�on System
V2X/VANETs

RSUs OBUs

• IOV

• V2V

• V2I

• V2P

• Financial Cost

• Lack of Infrastructure

• Connectivity

• Privacy

• Security/Vulnerability

• Signal strength

• Interoperability

•Security protocols

Accurate posi�oning 
and mapping

Track/Planning
Mapping (3D 

reconstruction)

Navigation

Localisation

•Hybrid approach

• Sensors

• Communication V2X

• Data fusion

• Object recognition

• Safety performance

• Decision making

• Advanced Algorithms

• Optimal time

Users’ Acceptance 
and Behaviour

Perception
Vehicle performance 

and Usage
Cost

• Car sharing services

• Cost

• Legal Framework

• Reliability and Ethics

• Distrust

• Safety feeling condition

• World imagination with AVs

• Unaware of AVs real benefits

• Commercialisation and 

Media role

• Communication

• Security

• Share-ability Promotion

• Ownership

• Service on demand

• Smart use

• Ride-buyers

• Carpooling

• Security

• VoT reduction

• Privacy

• Big data share protection

• Software and hardware

• Shared mobility

• Low of SAVs

• Accessibility

• Mass production

Camera 
LIDAR scanner
Localisation sensor

Input

Sensors Interface

Vehicle to vehicle 
Vehicle to infrastructure 
Vehicle to user 

Communica�on

Processing 

Output 

• Vehicle state 

• Accurate positioning 

• Vision 

• Object detection 

• Global path 

• Local path 

• Mission planning 

Planning 

Percep�on

Control and actuator  

• Path tracking 

• Technical control (speed, 

gear, brake…etc.)

New Communica�on Data 

Data fusion 

Computer So�ware 
and Hardware/Sensors

Software Hardware/Sensors

Cost 

Fusion/Perception

Big Data 

System failure

Storage

• Object detection

• Communication V2X

• Advanced algorithms

• Deep learning

• Decision making

• Cyber-security

• Vehicle classification

• Processing Speed and 

transfer

• Shared mobility

• Low of SAVs

• Accessibility

•Supercomputers/Clusters

•Cloud computing

•Testing and simulations

•Mass production

• Intrusion detection 

Systems (IDS)

Safety

Pedestrians (Road users) Infrastructures Shareability Technology

• Unpredictable pedestrians

• Hazard assessment

• Interaction with AVs

• Pedestrians' priority

• Infrastructure Players

• Unclear Responsibility

• Expensive new infrastructure

• Vulnerability of infrastructure

• New traffic management

• Accessibility

• Ownership keeping

• Cost

• Security

• Insurance

• flexibility

• Personal space

• Suitability to children

• Sensors

• Computers

• Communications systems

• Fusion systems

• Big data

• Recognition

• OBUs & RSUs

• Standardisation

• interoperability

•Regulations

•Maturity of technology

Fig. 14. Framework assembling all the barriers and their factors combined with AVs system architecture.
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a b s t r a c t

Natural ventilation is recognized for improving the thermal comfort of the built environment and indoor air
quality. It provides comfortable conditions for building occupants and reduces energy consumption for air-
conditioning. Therefore, it is important to study and explore effective means of ventilation to improve the building
designs. This study investigates the thermal comfort of a naturally ventilated hostel operational building in the
composite climate of Jaipur, India using Computational Fluid Dynamics (CFD) simulation tool ‘Cradle scSTREAM’.
A 3D building model has been developed to analyze the thermal comfort for different natural ventilation strategies
with advanced mesh algorithms which generate fewer mesh elements and maintain good mesh quality. A field
study was carried out to collect the actual data and to validate the model which was further used to evaluate the
thermal comfort range based on the ASHRAE-55 standard. Several design strategies have been applied to enhance
thermal comfort. It was found that an increase in air velocity up to 0.5 m/s was achieved by Cross Ventilation
while a drop of 2.0–2.5°C in the air temperature was found using Night Ventilation. It can be stated that cross
ventilation increases the air movement while night ventilation gives comparatively higher comfort regarding air
temperature and relative humidity.

1. Introduction

India has the highest energy consumption in residential buildings
amongst all the Asia Pacific Partnership countries [1]. Indian residen-
tial buildings are using about 45% of the total energy consumption for
achieving thermal comfort indoors and about 73% of the energy con-
sumed in Indian residential buildings is used for lighting and ventilation
controls to provide thermal and visual comfort indoors [2]. On the other
hand, an exceptional increase in the use of air conditioners in residen-
tial buildings is noticed in recent years in India. For a populous country
like India, the consequences of this elevated energy consumption are
alarming. Therefore, the need to implement innovative low-cost and
sustainable technologies for more efficient and comfortable buildings
is now unquestionable. A good understanding and prediction of natu-
ral ventilation phenomena in buildings and their relationship with the
outdoor climate can help to resolve any issues. People spend their maxi-
mum time in the indoor environment. Under favourable outdoor climate
conditions, efficient natural ventilation can provide thermal comfort for
building occupants. Natural ventilation can be solved and analyzed by
the powerful technique of CFD.

Natural ventilation has two main intents when it comes to thermal
comfort: Indoor air cooling/heating by changing it with outdoor air, and
direct evaporative/convective cooling effect over the human body. The

∗ Corresponding author.
E-mail address: vrk1007@gmail.com (V.R. Khare).

ventilation principle designates the relation between the exterior and
the interior air flows, and hence how the natural driving forces are used
to ventilate a building.

A study [3] presented a new evaluation index for natural ventilation
evaluation in the early design stage. This study proposed an improve-
ment on natural ventilation potential evaluation by considering design
information that is available at the early design stage, in addition to the
climate information. The result of the Design-Based Natural Ventilation
Potential is around 46.7% for a city.

Different tools used to analyze the performance of ventilation in
buildings are empirical models [4], small and full-scale experimental
models [5], multi-zone network models [6], and Computational Fluid
Dynamics (CFD) models [7]. There are various strategies to investigate
the natural ventilation potential in a building. One such approach used
pressure difference pascal hours (PDPH) as a parameter to determine
the natural ventilation potential. PDPH is calculated as the difference
between adequate pressure available in the building and required pres-
sure to maintain air quality and thermal comfort [8–11]. A study by
Pacheco et al. [12] has shown that the mean temperature of a building
can be reduced by up to 3°C with night-time ventilation. This proce-
dure is especially applicable in arid or desert regions with high day-time
temperatures, and where the minimum night temperature in summer is
lower than 20°C.
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A study [13] investigated the indoor comfort conditions in a typical
classroom of a school and explored the impact of natural ventilation on
both thermal comfort and air quality. It was found that the application of
natural ventilation strategies during every break time has a beneficial
impact on the reduction of CO2 concentration without compromising
thermal comfort. Also, cross ventilation during break-time was found
to be an effective ventilation strategy in terms of CO2 concentration
reduction compared to all other types of ventilation.

The ASHRAE Standard 62.1 [14] specifies minimum ventilation rates
and other measures intended to provide indoor air quality that is accept-
able to human occupants. The problem lies in predicting airflow patterns
in the building before its construction. CFD enables designers to divide
the domain into small regions and to calculate the heat transfer and air-
flow between each area, minimizing the assumption related errors that
would occur [15].

In most cases, CFD is integrated as a part of the design of new build-
ings and assessment of existing buildings in areas such as ventilation,
thermal comfort, and contaminant transport, and fire safety. CFD has
taken a prominent position, these days, for simulation of indoor airflow
problems termed as airflow modeling [16].

A study has been done in the US for quantifying the impact of out-
door air pollutants on the usage of natural ventilation across large cities.
It was stated that integrating natural ventilation into commercial build-
ings promises to provide significant energy savings with lower carbon
emissions. However, the influence of outdoor air pollutants, which is
typically neglected in both naturally ventilated building design and con-
trol development, is also a critical factor to consider when adopting nat-
ural ventilation due to the impact of the pollutants on occupant health
[17].

Various researchers have been working on thermal comfort studies
in fully air-conditioning buildings and naturally ventilated buildings.
Air velocity is one of the appropriate parameters when thermal comfort
is concerned [18,19].

A thermal comfort study performed by Yang & Zhang [20] showed
that subjects in naturally ventilated buildings felt comfortable at 28.3°C,
while those in Air-Conditioned buildings were comfortable at 27.7°C,
which is 0.6°C lower. A thermal comfort survey [21] during summer
2011 has been performed for six naturally ventilated hostel buildings
of composite climate in MNIT Jaipur. It showed neutral temperatures
to be 25.9–33.8°C for the hostel premises which is more than na-
tional/international standards of thermal comfort. Acceptable air ve-
locity and relative humidity were found to be 0.51 m/s and 36%, re-
spectively.

Natural ventilation studies include airflow patterns for calculating
and anticipating airflow rate, air distribution; and thermal comfort stud-
ies for naturally ventilated buildings. Research reveals that there are
several studies performed in the field of Natural Ventilation, Thermal
comfort, and CFD in relation to buildings but there are very few on the
integration of all the three areas.

Therefore, the current study obtains the airflow pattern and assess-
ment of the thermal comfort of the building. A CFD tool, scSTREAM,
is used to generate all-hex mesh for this study. A 3D model of a hostel
building has been developed to evaluate thermal comfort performance.
Further, the model has been used to improve thermal comfort by inte-
grating other natural ventilation strategies.

2. Methodology

There are two main methods to simulate natural ventilation in CFD:
the coupled model and the decoupled model. A coupled model includes
both indoor and outdoor environments in the same computational do-
main. Openings are treated as fully opened holes, which connect the
external wind environment with the airflow inside the room. The de-
coupled model requires two separate geometries and computational do-
mains for outdoor and indoor spaces. The decoupled approach assumes

Table 1

Building Details.

1 Building floor area 2520 m2

2 No. of floors Ground + 5

3 No. of rooms per floor 80

4 Area of each room (2.95 × 4.24) m2

5 Dimension of Windows 1.2 m × 1.5 m

6 Thermal properties of the windowU-value: 2.8 W/m2 K SHGC:

0.64 VLT: 0.4

that openings will not affect pressure distribution on the building enve-
lope [22].

Due to the complexity of large-scale computation domain with fine
details of the openings in the building, coupled cross ventilation has usu-
ally been studied with a single zone configuration [23]. Recently, few
studies have performed coupled indoor and outdoor CFD simulations of
an isolated high-rise building with more complex configurations on a
larger scale [24,25].

To fill the gap, this paper uses a coupled CFD model to analyze nat-
ural ventilation in a building. Large-scale CFD analysis requires a bal-
ance between accuracy and speed. It is possible to conduct simulation
on personal computers to support designers with low cost in the early
design stage with the scSTREAM CFD tool which uses advanced mesh
algorithms to generate fewer mesh elements preserving good quality of
mesh in terms of aspect ratio and skewness of the mesh elements.

2.1. Description of Building

The building used in this study is a high-rise multi-residential build-
ing with a 2520 m2 gross floor area and provides accommodation for
600 college students located at MNIT Jaipur, India. The building of-
fers a single-seater room, leisure areas, lounges, meeting rooms, and
laundry facilities. Each room is provided with a single-window of size
1.2 m x 1.5 m and a door of size 1.2 m x 2.1 m. A brief description of
the building is given in Table 1. The typical floor plan of the building is
presented in Fig. 1.

The building is symmetric about North-South and East-West axis.
The building arrangement is based on the internal courtyard arrange-
ment that provides daylight and natural air in the corridor area. It uti-
lizes a natural ventilation system based on operable windows, a pas-
sive stack, and mechanical-assist fans. The building envelope consists of
RCC slab with 75 mm insulation for the roof (U-value = 0.26 W/m2)
and brick wall with 35 mm EPS insulation for the exterior walls (U-
value = 0.51 W/m2).

2.2. Research Methodology

The geometrical model was constructed using AutoCAD pre-
processor, and it was further refined in Cradle scSTREAM Pre-processor.
The validation process was performed using in-situ data to test the abil-
ity of the CFD model to predict indoor conditions. In the solver, the
steady-state simulation was performed to converge the results and then
transient simulation for typical days of the month was conducted. Lastly,
results were analyzed in the post-processor. Fig. 2 explains the method-
ology of the work.

Assumptions during CFD Study:
The CFD analysis has been carried out with the following assump-

tions:

(i) Ambient air velocity and outdoor temperature assumed constant
for 30 min.

(ii) As variation in temperatures is low, properties of the walls and
fluids such as specific heat, thermal conductivity, and density are
taken as constant.
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Fig. 1. (a) Geographical view of the building,
(b) CAD Model of Building.

Fig. 2. Flow Diagram of Methodology.

(iii) There is no internal source/occupancy of thermal energy gener-
ation.

3. Formulation of Base Case

The base case consists of the model of building selected for analysis.
This case was treated as a Single-Sided (SS) ventilation case. Single-
sided ventilation has openings only on one side of the enclosure. Fresh
air enters the room via the same side as stale air is exhausted.

3.1. Geometric Modelling

A 3-D model of a hostel building was developed with the use of sc-
STREAM pre-processor to extrude the AutoCAD drawing and then de-
fined Boundary Conditions. The model validated with the experimental
results of the single-sided ventilation of the building. The building cov-
ers large areas, and all levels are symmetric in the buildings; thus, only a
single floor having a sandwich structure was considered under analysis
for time-saving simulation. Simulation of one level gave an estimate of
airflow patterns and thermal parameters for all the floors. Fig. 3 shows
the geometric model of the building.

3.2. Computational Grid of CFD Domain

All-hex mesh elements were generated in the directions parallel to
coordinate axes using scSTREAM mesh generator. An ideal mesh is the

Fig. 3. Geometric Model of Building.

one that maintains the geometric ratio between 0.8 to 1.2 and aspect ra-
tio under 10 [26]. A geometric ratio is a ratio of adjacent mesh widths,
whereas the aspect ratio is a width-to-height ratio of an individual mesh
grid. In this building model, the aspect ratio was maintained between
2.4 to 8. The developed physical model of the building was finer meshed
near the target building and coarse meshes in the far-field were gener-
ated using a multi-block method. The multi-block meshing method is
capable of increasing the grid density where desired. As a result, the im-
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Fig. 4. Meshed representation of the building.

Table 2

Boundary Conditions for the Model.

Flow Boundary Xmin: X-velocity, Y-velocity, Z-velocity, Inflow

Temperature and Relative Humidity profiles

Xmax: Natural Inflow/Outflow Boundary

Ymin: Natural Inflow/Outflow Boundary

Ymax: Natural Inflow/Outflow Boundary

Wall Boundary Zmax: No-slip

Zmin: No-slip

Thermal boundary Fluid-Solid Boundary: Log-law Heat Transfer

Between Solid Boundaries: Conduction

Radiation boundary Emissivity: 0.9

Transmissivity: 0

Absorptance: 1

Humidity Boundary Humidity transfers: Lewis Law

provement of calculation precision can be expected. The meshing com-
prised of total cells of around 19.2 million (elements) for the whole
model. Fig. 4 shows the meshed drawing of the building.

3.3. Boundary Conditions

There are mainly four boundary conditions in scSTREAM. Flow
boundary is kept as natural inflow/outflow whereas inflow tempera-
ture and relative humidity profiles were entered from the weather file
of MNIT Jaipur. It was assumed that there is a no-slip condition on
the boundary of walls for the Wall Boundary condition. For thermal
boundary, log-law heat transfer [26] applied on the fluid-solid interac-
tion boundaries and conduction is used on solid-solid interaction bound-
aries. For Radiation Boundary condition, emissivity, transmissivity, and
absorptance were fed according to need. Humidity boundary works on
Lewis law. Table 2 shows the boundary conditions for the model.

The weather profile has been chosen for the model which consists of
hourly average temperature, relative humidity, and wind speed with the
direction [27]. The weather profile has been taken from the weather sta-
tion installed at the MNIT campus for the simulated months. The study
has been done for March and April month only. The reason for choosing
these two months because March and April are dry months for Jaipur
climate and natural ventilation. A typical representative day for each
month has been chosen for analysis based on literature. The most repre-
sentative day constitutes a simple and immediate method that minimizes

Fig. 5. Temperature versus Element Size for Grid Independence Test.

the sum of squared differences with respect to all the daily trends in a
temporal series.

The grid independency test of the model is an important part of CFD
simulation. This step was necessary to assure that results do not change
significantly with the increasing number of cells, ensuring a balance
between accuracy and computational time. In this case, the mesh was
refined while all other parameters were left unaffected. The process of
mesh improvement has been done to confirm that any further deviations
to the mesh will not affect the calculated results.

It has been observed from Fig. 5; when mesh element size changed
from 0.2 m to 0.1 m, there is no or minimal effect on the air tempera-
ture (operating parameter) of the room. Therefore, 0.2 m element size
is chosen as the model grid size as it gave good accuracy and lesser
computation time.

3.4. Governing Equations

Cradle scSTREAM allows heat transfer within the fluid and solid re-
gions in the model. Problems ranging from thermal mixing within a
fluid to conduction in composite solids can be handled by this CFD tool.
The equations used in scSTREAM include mass conservation, momen-
tum conservation, energy conservation, and turbulent equations.

3.4.1. Mass conservation equation

The conservation equation of mass is derived by taking the mass
balance in a control volume. If the density of the fluid is 𝜌, the velocity
in x and y-direction is ui and uj respectively. Following Eqs. (3–1) and
(3–2) are the equations normally used to express the mass conservation:

For incompressible fluid:
𝜕𝑢
𝑖

𝜕𝑥
𝑖

= 0 (3–1)

For compressible fluid:
𝜕𝜌

𝜕𝑡

+
𝜕𝜌𝑢

𝑖

𝜕𝑥
𝑖

= 0 (3–2)

3.4.2. Momentum conservation equation

The equation for the conservation of momentum is derived by tak-
ing the flux balance in a control volume; the sum of the momentum
introduced by the mass flowing into the control surface

Follwing Eq. (3–3) is used for incompressible fluid:

𝜕𝜌𝑢
𝑖

𝜕𝑡

+
𝜕𝑢
𝑗
.𝜌𝑢

𝑖

𝜕𝑥
𝑗

= − 𝜕𝜇

𝜕𝑥
𝑖

+ 𝜕𝜌

𝜕𝑥
𝑗

𝜕𝑢
𝑖

𝜕𝑥
𝑗

− 𝜌𝑔
𝑖
𝛽

(
𝑇 − 𝑇0

)
(3–3)

For compressible fluid, Eq. (3–4) must be used:

𝜕𝜌𝑢
𝑖

𝜕𝑡

+
𝜕𝑢
𝑗
.𝜌𝑢

𝑖

𝜕𝑥
𝑗

= −
𝜕𝜎
𝑖.𝑗

𝜕𝑥
𝑗

+ 𝜌𝑔
𝑖

(3–4)

Where gi is the gravity and 𝛽 is the thermal expansion coefficient. The
above equation says nothing of the stress tensor 𝜎i.j. The treatment of
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𝜎i.jdetermines the properties of the fluid. For example, if no shear stress
is acting to the fluid in motion, the fluid is called as a perfect fluid.

3.4.3. Energy conservation equations

The equations for the conservation of energy is derived from the bal-
ance of energy in a control volume. For an incompressible fluid, such as
a liquid or a gaseous fluid whose velocity is low in comparison with the
speed of sound, the first, second, and third terms on the right-hand side
of Eq. (3–6) are much smaller than other terms and can be eliminated.

For incompressible fluid, the following Eq. (3–5) must be used:
𝜕𝜌C

𝑝
𝑇

𝜕𝑡

+
𝜕𝑢
𝑗
.𝜌C

𝑝
𝑇

𝜕𝑥
𝑗

= − 𝜕𝐾

𝜕𝑥
𝑖

+ 𝜕𝑇

𝜕𝑥
𝑗

+ �̇� (3–5)

For compressible fluid:

𝜕𝜌.𝐻

𝜕𝑡

+
𝜕𝑢
𝑗
.𝜌𝐻

𝜕𝑥
𝑗

= 𝜕𝑝

𝜕𝑡

+
𝜕𝑢
𝑖
.𝑝

𝜕𝑥
𝑖

+ 𝜎
𝑖𝑗

𝜕𝑢
𝑖

𝜕𝑥
𝑗

+ 𝜕𝐾
𝜕𝑥
𝑖

𝜕𝑇

𝜕𝑥
𝑗

+ �̇� (3–6)

Where Cp is specific heat, K is thermal conductivity, H is the enthalpy,
p is the pressure of the fluid, and q is the heat source.

3.4.4. Humidity Equation

scSTREAM solves humidity using the boundary conditions. This
study calculates relative humidity, defined as the ratio of the partial
pressure of water vapor present in the air-water mixture to the satu-
ration pressure of water vapor at the mixing temperature. Humidity is
given as Diffusion Coefficient for humidity (HDIF) in m2/s. The humid-
ity equation is described in Eq. (3–7).

𝐻𝐷𝐼𝐹 = 2311 × 10 −5

𝑃

(
𝑇

273

)1.8
(3-7)

Where P = Pressure in mm and T = Temperature in K
HDIF is 2.7 × 10−5 m2/s at 1 atm pressure and Standard room tem-

perature 27°C.
Lewis Law: It shows the relation between diffusive species (humid-

ity) and heat transfer coefficients. Eq. (3–8) shows the Lewis Law equa-
tion.
ℎ
𝑇

ℎ
𝐷

= 𝜌𝐶
𝑃
𝐿𝑒
𝑛 (3-8)

Where

ℎ
𝑇
= Heat Transfer Coeff icient

ℎ
𝐷

= Humidity Transfer Coeff icient

𝜌 = FluidDensity

𝐶
𝑃
= Specif ic heat of constant pressure

𝐿𝑒 = LewisNumber

𝑛 = Exponent equal to 2∕3

𝑳𝒆 =
Thermal Diffusivity

Diffusion Coeff icient for Humidity

3.4.5. Turbulence equations

To model the turbulence, it is necessary to identify two quantities
that characterize the turbulent flow, first is the specific turbulent kinetic
energy k and the other is the turbulent kinetic energy dissipation rate 𝜀
or the energy-specific dissipation rate 𝜔. These quantities are defined in
Eqs. (3–9), (3–10) and (3–11) as follows:

𝑘 = 1
2
(
𝑢
2 + 𝑣2 +𝑤2) (3-9)

𝜀 = 𝜌𝐶
𝜇

𝑘
2

𝜇
𝜏

= 𝑘
9∕2

𝑙
𝜏

(3-10)

𝜔 = 𝜀

𝑘

(3-11)

While turbulence is described by the Navier-Stokes equations, it is
not feasible in most situations to resolve the wide range of scales in time

and space by Direct Numerical Simulation (DNS) as the CPU require-
ments would far exceed the available computing power. Therefore, the
most widely applied averaging procedure Reynolds averaging, result-
ing in the Reynolds-Averaged Navier-Stokes (RANS) equations are used.
Typical examples of RANS equations are the k-𝜀 or the k-𝜔 models with
sub-forms. These models simplify the problem by introducing two ad-
ditional transport equations. Since none of the models is universal so
choosing a model, depends on the most suitable for a given application.

3.4.6. Standard k- 𝜀 Model

Eddy viscosity strongly depends on the turbulent flow field, i.e., func-
tions of location, velocity, etc.; it needs to be redefined for each problem.
Moreover, even in a uniform flow passing through a mesh, it is necessary
to consider the advection effect of turbulence since turbulence is washed
downstream after passing through the mesh. Thus, select a characteris-
tic quantity of turbulence, and solve the governing equations for ad-
vection, diffusion, production, and dissipation relating to the respective
quantities, and then determine the eddy viscosity from the characteris-
tic quantity of turbulence. This characteristic quantity is the following
turbulent kinetic energy ‘k’ and its dissipation rate ‘𝜀’ in Eqs. (3–12) and
(3–13).

𝑘 = 1
2
𝑢
𝑖
𝑢
𝑗
𝑎𝑛𝑑 ∈= 𝑣

𝜕𝑢
𝑖

𝜕𝑥
𝑗

𝜕𝑢
𝑖

𝜕𝑥
𝑗

The Standard k- 𝜀 model has a similar form to the standard k- 𝜀
model:
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And
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3.5. Solver Settings

CFD simulation has been done for the model after creating test points
for validation purposes. During the measurement of data, the instru-
ments were placed at certain points, according to ASHRAE guidelines
i.e. at the height of 1.1 m and in the center of the room. Similarly, for
simulation, the temperature was noted down at the same test points. For
simulation, the operating parameters and models used for the building
are given in Table 3.

3D steady-state simulations for the RANS model have been per-
formed in scSTREAM v12. Re-normalization (RNG) k-epsilon turbulent
model is selected due to its better accuracy [28]. The model allows ac-
curate analysis of a wide range of flows and achieves a significant im-
provement in turbulent models in terms of accuracy of prediction of
flows around buildings. A SIMPLE scheme is used for pressure-velocity
coupling. Convergence criteria kept as 1e-06 for turbulence energy, tur-
bulence dissipation rate, and humidity and 1e-05 for temperature and
velocity because of regular change in both parameters. Due to the limi-
tation of the software, a higher-order scheme cannot be set when using
a multi-block meshing method so the first-order upwind scheme is ap-
plied. After giving input parameters, the simulation was performed for
the steady-state to achieve convergence. After reaching convergence,
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Table 3

Input Models and Constant.

Input Parameters Specification

Solver Setting Space 3D

Time Unsteady, 1st-Order Implicit

Viscous RNG k-epsilon Turbulence

Model

Radiation Radiation Model

Material Properties Solid Limestone Concrete and

Brickwork

Fluid Air

Operating Conditions Operating Pressure 1.01 bar

Gravity Z-direction

Solution Initialization Time step size 60 s

Time duration to solve

flow field continuously

120 s

Time Interval 1800 s

weather files were provided, and transient simulations were performed
for representative days of the months.

3.6. CFD Model Validation

The building has too many identical rooms thus only a few different
rooms with different orientations were considered under analysis. Two
rooms were selected in the North and West direction respectively. At
these points, at the height of 1.1 m [19], data loggers are placed. The
HOBO U12-013 data logger has been used having a temperature accu-
racy of ±0.35°C and RH accuracy of ±2.5% from 10% to 90% RH. The
resolution of the data logger for temperature is 0.03°C at 25°C and RH
is 0.05%. The outputs of the CFD simulations were compared with ex-
perimental data collected. Fig. 6 shows the difference in measured and
simulated air temperature results in two different rooms.

During the performance of the experiment for Room ‘N’ and Room
‘W’ windows were kept open for a full day in the absence of an occu-
pant. The measured results of these two rooms were in agreement with
simulated results. The validation method was succeeded as the relative
difference was below 6% for temperature and 8% for a relative humid-
ity of experimental and simulated data. The Mean Bias Error (MBE) and
Coefficient of variation Root Mean Square Error (CvRMSE) value were
found to be well within their limits which are 5.3% and 6.3% respec-
tively. Therefore, the model was considered to reproduce the building
microclimate with reliable validity.

4. Natural Ventilation Strategies

Among the different natural ventilation techniques, Cross Ventila-
tion and Night Ventilation strategies were selected for this study. Two
different models were created and analyzed to improve thermal comfort
in the building.

4.1. Cross Ventilation

Cross Ventilation is when air flows between two sides of a building
envelope using wind-induced pressure difference. As a rule of thumb,
cross-ventilation is effective up to five times the floor to ceiling height.
For this study, the window of size 1.2 m x 0.6 m is placed on the opposite
side of the existing window at a height of 2.1 m. Simulation of this case
was run similar to the base case for comparison.

4.2. Night Ventilation

Night ventilation helps to maintain a comfortable temperature dur-
ing the night. This cooling is especially applicable in arid or desert re-
gions with high daytime temperatures, and where the minimum night
temperature in summer is lower than 20°C. For this study, windows were

kept open from 7:00 pm to 8:00 am and are kept close from 8:00 am to
7:00 pm. The combined effect of cross ventilation and night ventilation
is to be observed during this simulation. This simulation study has been
performed for the summer months only.

5. Results and Discussions

The complete study performed on the building for natural ventila-
tion effectiveness is represented in the form of three major results. It
was observed that the thermal comfort in a building depends on various
parameters, the three among them forms the basis of results which are:
Air Temperature, Relative Humidity, and Airflow. The results are repre-
sented for the summer season only since natural ventilation contributes
to providing thermal comfort during summers.

5.1. Cross Ventilation (CV)

5.1.1. Temperature Analysis

A representative room in the south direction was selected for cross
ventilation analysis as it has elevated air temperatures as compared to
other direction-oriented rooms. Thus, the critical case of south-oriented
rooms is analyzed in this study. A typical room schematic is given below
in fig, 7.

Fig, 8 shows the variation of room air temperature for single-sided
and cross ventilation for a typical day of March and April month. It
was observed that for Cross Ventilation case, in the morning, indoor
air temperature found to be less than in comparison to the base case
because of the presence of cooler outdoor air. Indoor air temperature in
the rooms was found 2.0–3.0°C lower than the corresponding outdoor
air temperature during the peak hours for both single sides and cross
ventilation case.

5.1.2. Relative Humidity Analysis

Fig. 9 shows the variation of relative humidity for single-sided and
cross ventilation. It was observed that no significant change in relative
humidity observed because of the absence of occupants in the model
while the outdoor relative humidity ranged from 20–52 %.

5.1.3. Air Velocity Analysis

Air velocity plays a crucial role in the perception of thermal com-
fort. Airflow slower than 0.5 m/s feels either pleasant or goes unnoticed
while between 0.5 m/s to 1.0 m/s is considered adequate which shows
that the air velocity should be in the range of 0.25–1.0 m/s with the aid
of cross ventilation. The cross ventilation improves the air movement
through the building and thus increases comfort.

5.2. Night Ventilation (NV)

Another strategy, night ventilation is simulated to improve the room
air temperature. Fig. 10 shows the comparison of night ventilation with
the base case on single-sided ventilation. A substantial drop in room
air temperature was observed during the daytime with the aid of night
ventilation. The night cooling effect states that a consistent reduction of
2.0–2.5°C in temperature during day-time was observed as compared to
full-day single-sided ventilation.

Fig. 11 shows the relative humidity comparison of night ventilation
with the base case on single-sided ventilation. A significant change in
relative humidity was observed during the daytime with the aid of night
ventilation. The consistency in the relative humidity in the range of 33–
39 % was obtained during March as compared to the larger variation in
single-sided ventilation 30–39 %.

It was observed that room air velocity was mainly governed by cross-
ventilation while room air temperature by night ventilation. Thus, while
integrating cross ventilation and night ventilation improves both the
thermal comfort parameters.
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Fig. 6. Measured and Simulated Air Temperature with Time.

5.3. Temperature Contours

The temperature contours in the domain obtained from CFD sim-
ulation for single side ventilation and cross ventilation are shown in
Fig. 12 for a particular time for a day at z = 1 m height. The tempera-
ture variation can be seen through the variation in colors in the picture.
Fig. 12 shows that cross ventilation has a better temperature in rooms
and courtyard areas than single side ventilation because of the better
airflow in case of cross ventilation.

5.4. Thermal Comfort Analysis

Thermal comfort analysis has been done to fulfill the objective of
this study, and it was observed that for the maximum portion of the
day, comfort temperature was achieved.

Figs. 13 and 14 describes the effectiveness of Night Ventilation strat-
egy during March and April as it significantly reduces the room air tem-
perature during daytime while Cross Ventilation does not cause a slight
change in temperature variation.

The adaptive comfort range is calculated from the ASHRAE 55 stan-
dard for Naturally Ventilated spaces. The following equation is used to
calculate thermal range during March and April month for Jaipur city
with 80 % acceptability limits [26] and the range for March and April

was found 21.7–28.7°C and 23.6–30.6°C respectively

𝑇
𝑐𝑜𝑚𝑓

= 0.31 × 𝑇
𝑎−𝑜𝑢𝑡 + 17.8

(◦
𝐶

)

Fig. 15 and 16 describes that lower airflows are obtained with Single-
Sided Ventilation compared to higher airflows with Cross Ventilation
for March and April, respectively. Also, Night ventilation causes higher
airflows during night-time since windows are kept open and vice-versa.

5.5. Airflow Pattern

Air movement in addition to air temperature, radiant temperature,
and relative humidity is a primeval parameter that affects thermal com-
fort. Airflow parameters are mean air velocity, fluctuation frequency,
and turbulence intensity. These parameters significantly affect human
thermal perception and help to offset temperature increases.

It is observed that cross ventilation achieves higher air velocities
as compared to single-sided ventilation. Fig. 17 shows the vector plot
of Single-sided and Cross Ventilation. The density of arrows shows the
greater magnitude of velocity in that region. The direction of arrows
indicates the direction of air movement.

The density of arrows increases in the cross-ventilation as com-
pared to single-sided ventilation airflow patterns because of the higher-
pressure difference created across the two windows in cross ventilation.
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Fig. 7. A typical schematic of a room having cross ventilation.

Fig. 8. Air Temperature variation between
Single-sided and Cross Ventilation.

6. Conclusions

The study of the thermal performance in a building needs detailed
air temperature, relative humidity, and airflow information around and
inside the building which is cumbersome and time-consuming. This pa-
per gives a compact yet useful case study for the natural ventilation
study of a building. The main objective of the study was to analyze the
effectiveness of natural ventilation strategies using the CFD Model with
scSTREAM and to assess the results based on thermal comfort. A compar-
ison between simulation results and experimented measurements show
an acceptable accuracy between the models. Further, results were an-
alyzed and represented based on thermal comfort and airflow pattern
with other natural ventilation strategies. The results obtained from the
study are:

1. Cross Ventilation is an effective technique for improving airflow
through the building. An increase in air velocity up to 0.50 m/s
was achieved by cross ventilation.

2. Night Ventilation is effective in improving the air temperature
and humidity as per thermal comfort. A drop of about 3°C was
achieved by night ventilation as compared to full-day ventilation.

3. Combining cross ventilation and night ventilation will achieve –
1) Average air velocity increase from 0.01 m/s to 0.35 m/s with
maximum air velocity reaching 0.80 m/s in March and increase
from 0.12 m/s to 0.30 m/s with maximum air velocity reaching
0.81 m/s in April and 2) Average room air temperature change
from 24.2°C to 22.3°C during March and from 26.5°C to 24.4°C
during April.

4 Air velocity is mainly governed by cross-ventilation while air
temperature by night ventilation. Thus, the multi objectives of
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Fig. 9. Relative Humidity variation between
Single-sided and Cross Ventilation.

Fig. 10. Air Temperature between Single-
sided and Night Ventilation.

Fig. 11. Relative Humidity between Single-
sided and Night Ventilation.
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Fig. 12. Temperature Contour for both cases at the same time.

Fig. 13. Air Temperature for all cases during
March.

Fig. 14. Air Temperature for all cases during
April.
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Fig. 15. Air Velocity for all cases during
March.

Fig. 16. Air Velocity for all cases during April.

Fig. 17. Comparison of Single-Sided Ventila-
tion and Cross Ventilation.
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thermal comfort can be achieved by adopting various natural
ventilation strategies simultaneously.

The approach followed in the study can be adopted in practice while
constructing new buildings or retrofitting of the existing building. This
study can be further extended for different ventilation strategies such
as solar chimney modeling, wind catcher design, and in-depth microcli-
mate analysis.
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The traditional ventilation mode of subway vehicles adopts the form that the inlets and outlets are placed on the
upper part of the cabin. The air distribution formed in this mode often cause serious problems of thermal comfort
and energy consumption. In order to solve these problems caused by the traditional ventilation mode, a new
hybrid ventilation mode was proposed. The hybrid ventilation mode uses both upper and underside air supply
inlets. A method for evaluating the air distribution performance of subway air conditioning was developed.
The method applies non-uniformity coefficients, maximum temperature difference, air diffusion performance
index, modified energy utilization coefficient and Air short-circuit comprehensive coefficient. Air short-circuit
comprehensive coefficient was a new index to evaluate the degree of air short-circuit of supply air. Based on
the airflow simulation, the air distribution performance for the hybrid ventilation mode was evaluated using
these indexes, and compared with the traditional ventilation mode. The results show that compared with the
traditional ventilation mode, the hybrid ventilation mode has more uniform temperature distribution, better
thermal comfort, higher energy utilization efficiency and lower degree of air short-circuit of supply air.

1. Introduction

With the aggravation of urban traffic congestion, rail vehicles such
as subways have become the major transportation mode for urban pop-
ulations, due to their safety, high speed and large transport capacity
[1]. The thermal comfort of the cabin environment affects the passen-
ger ride experience [2]. However, subway cabin often faces problems
such as non-uniform temperature distribution and high temperatures
in summer. The issues above negatively affect the passengers’ thermal
comfort [3,4]. Unfavorable air distribution in the cabin often results in
the above problems.

Ventilation mode of air conditioning has a significant effect on air
distribution in the cabin [3,5,6]. Subway vehicles air conditioning al-
most applies the form of the upper air supply. In this mode, the air
supply inlet is given to the ceiling of the cabin, and the return air out-
let or exhaust air outlet is also placed on the upper part of the cabin
[7-10]. Train cabins applying the inlets and outlets location mode are
prone to a typical problem, that is, air short-circuit of air conditioning
supply. Owing to air short-circuit, the air conditioning supply cannot be
fully transported into the passenger zone. In summer, this problem often
causes high temperature in the cabin. Thus, the uncomfortable cabin en-
vironment fails to meet the requirements of human thermal comfort and
energy-saving operation, and bring passenger’s complaints. Therefore, it

∗ Corresponding author.
E-mail address: wliu@csu.edu.cn (W. Liu).

is meaningful to perform optimization research on the ventilation mode
of subway air conditioning.

Finding the inlets and outlets location mode with better air distribu-
tion is an essential part of optimization research. Yang et al. investigate
the effects of four different types of diffusers on the ventilation perfor-
mance and contaminate transportations in high-speed train cabins. The
conclusions of the study were that the overall and local airflow field
vary, while all PMV indexes are ideal [6]. Konstantinov and Wagner
studied air distribution and thermal comfort of three ventilation modes
in a train cabin. It is found that the air temperature and velocity of train
cabin applied the ventilation mode with air supply from the floor and
exhaust from the ceiling are higher, but better human comfort [11].
Chai et al. compared air distribution between the two air inlets arrange-
ment modes of subway cabin. They believe that the air temperature and
velocity distribution is more uniform when the air inlet is located at
the rounded corners of the roof throughout the body length [12]. Wang
et al. explored the air distribution and the cough droplets dispersion pro-
cesses of three ventilation systems of high-speed train cabins. Through
the comparison of the airflow organization, it is found that the ventila-
tion system that supply air diffusers located at the roof of train cabin and
the door is considered as an exhaust air outlet, has more uniform tem-
perature distribution and higher ventilation efficiency [13]. Through
the review of the research on the air distribution in the train cabin, we
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Nomenclature

c specific heat of air (kJ/kg·K)
C1, C2, C3, c𝜇 empirical constants of turbulence equations
Ei, j mean strain rate (s−1)
Gb production item of turbulent kinetic energy due to

buoyancy (m2/s3)
Gk production item of turbulent kinetic energy due to

mean velocity gradients (m2/s3)
k turbulence kinetic energy (m2/s2)
p local static pressure (Pa)
pt pressure due to fluctuating velocity (Pa)
S source item in energy equation
Si source item in momentum equations
to temperature of air supply (°C)
tc room control dry-bulb temperature (°C)
tp local air-stream dry-bulb temperature(°C)
𝑡 average air temperature (°C)
𝑡
𝑖𝑧

average air temperature in occupied zone (°C)
𝑡
𝑜𝑧

average air temperature in non- occupied zone (°C)
T mean temperature (K)
T′ fluctuating temperature (K)
ui, uj mean velocities along coordinate axes (m/s)
up local air-stream velocity (m/s)
�̄� average air velocity (m/s)
𝑢
′
𝑖
, 𝑢

′
𝑗

fluctuating velocities along coordinate axes (m/s)
xi, xj distances along coordinate axes (m)
mi mass flow of per mesh (kg/s)
ti fluid temperature of per mesh (K)
N number of mesh the short-circuit airflow flows

through
Pmi ratio of the mass flow rate of short-circuit airflow

to the exhaust air
Pti deviation ratio between the short-circuit airflow

and the average air temperature
M Mass flow of the exhaust air and return air (kg/s)

Greek letters

𝜌 density of air (kg/m3)
𝜏 time (s)
𝜂 molecular viscosity of air (m2/s)
𝜂t turbulent viscosity (m2/s)
Γ molecular diffusivity (kg/m/s)
Γt turbulent diffusivity (kg/m/s)
𝛿i, j Kronecker delta
ɛ turbulence dissipation rate (m2/s3)
𝜎 turbulent Prandtl number
𝜎k turbulent Prandtl number of k
𝜎ɛ turbulent Prandtl number of ɛ
𝜎t root-mean-square deviation of temperature (°C)
𝜎u root-mean-square deviation of velocity (°C)
kt temperature non-uniformity coefficient
ku velocity non-uniformity coefficient
𝜈 kinematic viscosity (m2/s)
𝜃 difference in effective draft temperature (K)

Subscripts

b buoyancy
i, j spatial coordinates
iz occupied zone
k turbulence kinetic energy
oz non-occupied zone
t Turbulence
ɛ Turbulence dissipation rate

found that there are few researches on the under-floor air supply, and
no complete air distribution evaluation scheme was proposed.

Based upon the traditional ventilation mode (TV) of the air condi-
tioning system, a new hybrid ventilation mode (HV) combining upper
and underside air supply was proposed in this paper. On the basis of
the airflow simulation and the proposed evaluation method of air distri-
bution performance, the air distribution characteristics of the HV were
evaluated and compared with the TV. There are two primary concerns:
(1) Can the HV cool the passenger zone more adequately? (2) Can the
HV effectively reduce short-circuit of air supply?

2. Methods

2.1. New hybrid ventilation mode

The HV proposed in this paper is based on the TV and contains the
addition of new air supply inlets under cabin seat. The airflow processed
by the air conditioning unit was sent out through underside air supply
inlet perpendicular to the external wall of the cabin. The locations of
the inlets and outlets are shown in Fig 1. With the HV, part of the air-
flow processed by air conditioning unit is directly transported to the
passenger zone through underside air supply inlet, and fully mixes with
the airflow from the air supply inlet at the ceiling of the cabin. Theoreti-
cally, there are two advantages over TV: first, the airflow from underside
air supply inlet could directly cool the passenger zone, and improve hu-
man thermal comfort in the cabin; second, due to the reduction of the
supply air volume of the upper air supply inlet, energy waste could be
largely avoided caused by air short-circuit.

2.2. Simulation of air distribution in the cabin

2.2.1. Cabin geometrical model

Take a certain subway model of CRRC as an example. The size of the
cabin is 2450 (X) × 2200 (Y) × 13050 (Z) mm3. Since the cabin is com-
pletely symmetrical in the width direction, only half of the cabin needed
to be physically modeled, and then the middle face of the cabin was set
to a symmetrical plane to realize the vehicle simulation. Other stud-
ies have likewise used the same method to establish the cabin physical
model [10]. Gambit 2.4.6 established the cabin physical model [14],
which simplified the complex internal structure of the actual cabin.
Some small but complex objects with little influence on the air distribu-
tion were neglected. The geometric model is shown in Fig 2.

Meshing the cabin model with Gambit 2.4.6. Since the cabin is ap-
proximate to a cuboid, the structured mesh are ideally suited for the dis-
cretization of regular geometric region. Dividing the cabin and meshing
each zone, the inlet/outlet and its nearby zone employ a smaller mesh
size. The mesh size of the physical model is shown in Table 1. The to-
tal number of mesh generated is 3821227, and the maximum EquiSize
skew is 0.443, accounting for less than 0.74%. The proportion of meshes
with EquiSize skew less than 0.1 is 94.27%. This meshing method has
been used for vehicle airflow simulation in other similar models [15].

2.2.2. Turbulence model

Turbulence usually exists in the airflow in subway cabin. Turbulence
is a highly complex three-dimensional unsteady, irregular flow with ro-
tation. Generally, the flow field and the thermal environment in vehicle
cabin are considered to be in a steady-state regime, and it is also consid-
ered the regime in this study. The Reynolds-average method is used to
simulate turbulence. The Reynolds-average equation of turbulent con-
vection heat transfer expressed in tensor form is as follows [16]:

Continuity:
𝜕

𝜕𝑥
𝑖

(𝜌𝑢
𝑖
) = 0 (1)

Momentum:
𝜕

𝜕𝑥
𝑗

(𝜌𝑢
𝑖
𝑢
𝑗
) = − 𝜕𝑝

𝜕𝑥
𝑖

+ 𝜕

𝜕𝑥
𝑗

(
𝜂

𝜕𝑢
𝑖

𝜕𝑥
𝑗

− 𝜌𝑢′
𝑖
𝑢
′
𝑗

)
+ 𝑆

𝑖
(2)
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Fig 1. The inlets and outlets in the subway cabin adopting the hybrid ventilation.

Table 1

The mesh size of the physical model.

Upper air supply inlet Underside air supply inlet Return air outlet Exhaust air outlet Cabin

Dimensions (mm) 10.0 × 8.0 14.6 × 10.5 28.0 × 7.0 15.0 × 2.5 15.0 × 2.5 × 10~32.9 × 40 × 40

Energy:

𝜕

𝜕𝑥
𝑗

(
𝜌𝑢
𝑗
𝑇

)
= 𝜕

𝜕𝑥
𝑗

(
Γ 𝜕𝑇
𝜕𝑥
𝑗

− 𝜌𝑢′
𝑗
𝑇
′
)
+ 𝑆 (3)

In the momentum equations, −𝜌 ̄𝑢′
𝑖

̄
𝑢
′
𝑗
are the Reynolds stresses. In-

troducing the Boussinesq assumption, the item can be given as:

−𝜌𝑢′
𝑖
𝑢
′
𝑗
= −𝑝

𝑡
𝛿
𝑖,𝑗

+ 𝜂
𝑡

(
𝜕𝑢
𝑖

𝜕𝑥
𝑗

+
𝜕𝑢
𝑗

𝜕𝑥
𝑖

)
− 2

3
𝜂
𝑡
𝛿
𝑖,𝑗

(4)
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Fig 2. Geometric model of the subway cabin.

For the turbulent pulsation additional item−𝜌𝑢′
𝑗
T′in the energy equa-

tion, the corresponding turbulent diffusion coefficient is introduced, and
the flux transmitted by the turbulent pulsation can be expressed as:

−𝜌𝑢′
𝑗
T′ = Γ

𝑡

𝜕T
𝜕𝑥
𝑗

(5)

The turbulent viscosity (𝜂t) and the turbulent diffusivity (Γt) are not
physical property parameters of the air, which lie on the turbulence
properties. Researches indicated that, generally, the ratio of 𝜂t to Γt can
be approximatively treated as a constant:

𝜎 =
𝜂
𝑡

Γ
𝑡

(6)

Thus, the key to calculate turbulent is to determine𝜂t. Here, the Re-
alizable 𝜅 − 𝜀 turbulent model is employed [16,17]. In this model, the
turbulence kinetic energy (𝜅) and its dissipation rate (ɛ) are determined
from the following transport equations:

𝜕

𝜕𝑥
𝑖

(
𝜌𝑢
𝑖
𝑘

)
= 𝜕

𝜕𝑥
𝑗

((
𝜂 +

𝜂
𝑡

𝜎
𝑘

)
𝜕𝑘

𝜕𝑥
𝑗

)
+ 𝐺

𝑘
+ 𝐺

𝑏
− 𝜌𝜀 (7)

𝜕

𝜕𝑡

(𝜌𝜀) + 𝜕

𝜕𝑥
𝑖

(𝜌𝑢
𝑖
𝜀) = 𝜕

𝜕𝑥
𝑗

(
(𝜂 +

𝜂
𝑡

𝜎
𝜀

) 𝜕𝜀
𝜕𝑥
𝑗

)
+ 𝜌𝐶1(2𝐸𝑖,𝑗𝐸𝑖,𝑗 )1∕2𝜀

−𝜌𝐶2
𝜀
2

𝑘 +
√
𝑣𝜀

+ 𝐶1
𝜀

𝑘

𝐶3𝐺𝑏 (8)

𝜂t can be obtained as:

𝜂
𝑡
= 𝑐

𝜇
𝜌𝑘

2∕𝜀 (9)

For the calculation of near-wall airflow, the standard wall functions
were employed.

When using Fluent 6.3.26 for simulation [18], in order to reflect
the effects of buoyancy, the buoyancy term needs to be added in the
Eq. (2), and the air was treated as the incompressible-ideal-gas, and the
gravitational acceleration and its direction were specified

The discrete formats used in the simulation include: the pressure
term employed standard discrete format, the momentum term, the tur-
bulence dissipation rate term, the turbulence kinetic energy term, and
the energy term employed second-order upwind.

2.2.3. Boundary conditions and air supply parameters

Table 2 shows the structure parameters and boundary conditions of
the cabin enclosure. Considering the applicability of different bound-
ary conditions, the cabin enclosure applied the third type considered
convective heat exchange. External surface heat transfer coefficient was

Table 2

Boundary conditions for solid walls.

External wall Ceiling Floor

Thickness (mm) 100 25 25

Thermal conductivity

(W/(m·k))

0.44 0.11 0.11

Thermal boundary condition Third type Third type Third type

External surface heat transfer

coefficient (W/(m2·k))

16 16 16

based on the data of the stationary subway vehicle given by TB/T 1951-
87 [19]. The windows, doors and external walls of the cabin were con-
sidered to possess the same thermophysical property.

Heat source term in the simulation includes heat dissipation of hu-
man sensible heat, solar radiant and equipment. In summer, it was as-
sumed that the above heat dissipations were uniformly distributed in the
cabin, but the human sensible heat dissipation was only considered in
the passenger zone (<1.7m). The number of passengers in the simulation
in this paper were 45, and the sensible heat emitted by each passenger
was 47W [19]. According to the above, the heat source densities of the
passenger zone and the non-passenger zone were 232.7W/m3 and 153.8
W/m3, respectively.

The boundary conditions of inlet/outlet are listed in Table 3. Two
adjacent upper air supply inlets transport airflow to the lower left side
(Near the side of the external wall) and the lower right side, and the
angles with the horizontal direction are 60 ° and 40 ° respectively.

Table 4 lists the air supply parameters in the simulation. These pa-
rameters were provided by an air conditioning design team of China
Railway Rolling Stock Corporation (CRRC).The air supply temperature
of the TV and HV was 19 °C, and the air supply velocity was corrected
according to its air supply angle.

2.3. Evaluation method of air distribution performance

Up to now, there has been no special evaluation method for evaluat-
ing the air distribution performance of the air conditioning in rail vehi-
cles. The author has proposed a method for evaluating air distribution
performance for floor-standing type room air-conditioners [20]. Like the
office room, the subway cabin is of limited height, and they all use uni-
tary air conditioning. Therefore, this paper will also apply the evalua-
tion index of this evaluation method for subway vehicles, including air
distribution performance index (ADPI), modified energy utilization co-
efficient (EUC), non-uniformity coefficients. In addition, according to
the European norm DIN EN-14750-1:2006, the maximum temperature
difference was used as an evaluation index of the air distribution per-
formance. This paper also presented a new index to quantitatively eval-
uate the degree of air short-circuit of air conditioning supply, namely
Air short-circuit comprehensive coefficient (ASCC). The above evalua-
tion indexes constitute an evaluation method for the air conditioning air
distribution performance of subway vehicles.

2.3.1. Non-uniformity coefficients

The non-uniformity coefficients quantitatively evaluate the non-
uniform distribution of air temperature and velocity in a certain zone of
the cabin. The equations are as follows [21].

Arithmetic mean of temperature and velocity can be expressed as:

𝑡 =
∑
𝑛

𝑝=1 𝑡𝑝

𝑛

(10)

�̄� =
∑
𝑛

𝑝=1 𝑢𝑝

𝑛

(11)

The root mean square deviations can be obtained as:

𝜎
𝑡
=

√∑
𝑛

𝑝=1
(
𝑡
𝑝
− 𝑡

)2

𝑛

(12)
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Table 3

Boundary conditions for inlet/outlet.

Mode Inlet/outlet Type Number Dimensions (mm2) Hydraulic diameter (m) Turbulence intensity (%)

Traditional ventilation Upper air supply inlet Velocity-inlet 150 80 × 50 0.0615 5

Return air outlet Pressure-outlet 1 420 × 280 0.3360 5

Exhaust air outlet Pressure-outlet 1 11760 × 10 0.0200 5

Hybrid ventilation Upper air supply inlet Velocity-inlet 150 80 × 50 0.0615 5

Underside air supply inlet Velocity-inlet 4 600 × 115 0.1930 5

Return air outlet Pressure-outlet 1 420 × 280 0.3360 5

Exhaust air outlet Pressure-outlet 1 11760 × 10 0.0200 5

Table 4

External ambient temperature and air supply parameters.

Calculation parameters Traditional
ventilation

Hybrid
ventilation

External ambient temperature (°C) 40 40

Air supply temperature (°C) 19 19

Upper supply air volume (m3/h) 4000 2000

Underside supply air volume (m3/h) - 2000

Upper air supply velocity (left/right) (m/s) 1.069/1.371 0.535/0.685

Underside air supply velocity (m/s) - 1.006

𝜎
𝑢
=

√∑
𝑛

𝑝=1
(
𝑢
𝑝
− �̄�

)2

𝑛

(13)

The non-uniformity coefficients are defined as:

𝑘
𝑡
=
𝜎
𝑡

𝑡

(14)

𝑘
𝑢
=
𝜎
𝑢

�̄�

(15)

The temperature non-uniformity coefficient (kt) and the velocity
non-uniformity coefficient (ku) are both dimensionless numbers. The
smaller the values of kt and ku, the better the uniformity of the air dis-
tribution.

2.3.2. Maximum temperature difference

The difference in temperature distribution of some typical cross-
sections can be well reflected by the maximum temperature difference.
The smaller the value, the more uniform temperature distribution in
the cross-section. The European norm DIN EN-14750-1: 2006 has stipu-
lated the maximum temperature difference in the horizontal direction of
the cabin: the maximum temperature difference in the horizontal cross-
section at the height of 1.1m of the subway vehicle must be less than 8
°C [22].

2.3.3. Air diffusion performance index

Air diffusion performance index (ADPI) is used to evaluate the size of
airflow zone where passenger feel comfortable in the cabin, and defined
as the ratio of the number of data collection points that meet the com-
fort requirements of effective draft temperature to the total number of
data collection points in the specific space. Effective draft temperature
reflects the combined effect of air temperature and velocity on human
thermal comfort [21]. The equation is as follows:

𝜃 =
(
𝑡
𝑝
− 𝑡

𝑐

)
− 7.66

(
𝑢
𝑝
− 0.15

)
(16)

Most people feel comfortable when effective draft temperature 𝜃 is
between -1.7 and 1.1K.

Based on effective draft temperature, ADPI is defined as follows:

𝐴𝐷𝑃𝐼 = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 𝑝𝑜𝑖𝑛𝑡𝑠 𝑚𝑒𝑒𝑡 − 1.7 < 𝜃 < 1.1
𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑚𝑒𝑛𝑡 𝑝𝑜𝑖𝑛𝑡𝑠

× 100%

(17)

Higher ADPI value indicate a larger zone that meets thermal comfort.
An ADPI of 100% means that the whole specific zone meets the comfort
requirements.

2.3.4. Modification on energy utilization coefficient

Energy Utilization Coefficient (EUC) can be used to evaluate the en-
ergy efficiency of air distribution. EUC reflects the efficiency of energy
utilization by comparing the difference between the exhaust air temper-
ature and the average temperature of the occupied zone, which is usu-
ally used in central air conditioning in large space. This paper adopts the
modified EUC for small space unitary air conditioning. The equation is
as follows [20]:

EUC =
𝑡oz − 𝑡𝑜
𝑡iz − 𝑡𝑜

(18)

Virtually, the air temperature difference between the occupied zone
and non-occupied zone can also be used to indicate the energy uti-
lization efficiency of air distribution. Thus, the modified EUC replaces
the exhaust air temperature with the average temperature of the non-
occupied zone. It is worth noting that the occupied zone is the passenger
zone in the subway. A larger modified EUC indicates the more fully uti-
lized the air conditioning energy and the better the energy saving.

2.3.5. Air short-circuit comprehensive coefficient

In the traditional upper air supply mode of the subway, the air con-
ditioning supply cannot sufficiently cool the air in the cabin before dis-
charged from the return or exhaust air outlet on the top of the cabin.
This is the air short-circuit of air conditioning supply. The temperature
of the short-circuit airflow when discharged through the return or ex-
haust air outlet is lower than the average cabin temperature in summer.
It will cause a great waste of energy if the air conditioning is in this op-
erating state for a long time. For subway, a new index based on airflow
simulation results is proposed to quantitatively evaluate the degree of
air short-circuit of air conditioning supply, namely air short-circuit com-
prehensive coefficient. The equation is as follows:

𝐴𝑆𝐶𝐶 =
𝑁∑

𝑖=1
𝑃m𝑖 × 𝑃𝑡𝑖 =

𝑁∑

𝑖=1

(
𝑚
𝑖

𝑀

×
𝑡
𝑖
− 𝑡

𝑡
𝑜
− 𝑡

)

(19)

In Eq. (19), ASCC consists of the product of two ratios Pmi andPti.
These two ratios reflect the proportion of short-circuit airflow in the
total supply air volume and the cooling potential of short-circuit airflow
when it is discharged. The product of the two ratios comprehensively
and quantitatively reflects the degree of air short-circuit of supply air.
The index value ranges from 0 to 1. The higher the value, the more
severe short-circuit of the airflow. When ASCC is 0, it means that no
supply airflow is short-circuited; when it is 1, it means that all supply
airflow is short-circuited.

2.4. Location determination of data collection points

The determination of the above evaluation indexes is performed
based on the air temperature and velocity at plenty of data collection
points selected in the cabin. For people in the seating posture, the height
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Fig 3. Schematic representation of locations of the data collection points.

of the ankle, wrist, and head is 0.1m, 0.6m, and 1.1m, respectively; for
people in the standing posture, the height of the ankle, wrist, and head
is 0.1m, 1.1m, and 1.7m, respectively [23]. Therefore, data collection
points were taken at the four heights of 0.1m, 0.6m, 1.1m and 1.7m.
Meanwhile, data collection points were taken at 0.4m, 0.8m, 1.225m in
the width direction of the cabin, and taken at intervals of 0.5m in the
cabin length direction. In this paper, 312 data collection points were
selected uniformly in the cabin (half cabin), and the specific locations
of data collection points are shown in Fig 3.

3. Results

During the simulation, the changes in air temperature and veloc-
ity at several cross-sections and the residuals were monitored in real
time. When the average temperature and velocity value change at the
monitoring cross-section was very small, the residual curve fluctuated
slightly, and the airflow deviation of the inlets and outlets was less than
1 × 10−6, the simulation was seen as convergence. According to the
above convergence criterion, the determination of the evaluation in-

Table 5

The values of the evaluation indexes.

Evaluation index Traditional
ventilation

Hybrid
ventilation

ASCC 0.08 0.01

Modified EUC 0.81 1.08

Temperature non-uniformity coefficient 0.06 0.03

Velocity non-uniformity coefficient 0.48 0.49

Maximum temperature difference on 1.1 m

horizontal cross-section (°C)

7.3 2.1

ADPI 49% 61%

dexes in this paper was based on the simulation results of 40,000 steps.
After the convergence of the calculation, the temperature and air veloc-
ity of the above data collection points and specific zones of the subway
cabin are read through fluent. Then, with reference to Eqs. (10)–(19),
the indexes are calculated by the calculation method proposed in the
paper. The calculation results are shown in Table 5.
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Fig 4. Air velocity and temperature distribution at Z=8.25m cross-section of the traditional ventilation and hybrid ventilation.

The simulation results show that the HV proposed in this paper sig-
nificantly improves the air distribution in the cabin compared with the
TV. Mainly reflected in three aspects. First, the degree of air short-circuit
of the air conditioning supply using the HV was significantly reduced,
and the energy utilization efficiency was significantly improved. As can
be seen from the value of ASCC in Table 5, the HV is 0.07 lower than
the TV, which means more cooling capacity was fully transported into
the cabin. From Fig 4, the air supply inlet is farther away from the re-
turn/exhaust air outlet in the HV. The supply air flows through the pas-
senger zone before discharged from the return or exhaust air outlet. That
can be regarded as the main reason for the decrease in short-circuit of
supply air. Some researches show that short-circuit of supply air was im-
proved by setting the air supply inlet away from the return or exhaust
air outlet [24,25].

The average air temperature and maximum air temperature of the
subway cabin using the TV were 31.4 °C and 36.5 °C, respectively, and
the average temperature in the passenger zone was 31.9 °C. The aver-
age air temperature and maximum air temperature of the subway cabin
using the TV were 28.9 °C and 32 °C, respectively, and the average tem-
perature in the passenger zone was 28.7 °C. Therefore, under the premise
of the same air conditioning unit cooling capacity and total supply air
volume, the average air temperature of the cabin adopting the HV was
lower than the TV of 2.5 °C. Modified EUC of the HV is higher (see
Table 5), which also shows that the cooling capacity of the air condi-
tioning has been efficiently applied.

Second, the air distribution uniformity of the passenger zone (occu-
pied zone) using the HV is significantly improved. Table 5 shows that
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Table 6

Air temperature distribution at different heights for the traditional ventilation and hybrid ventilation.

temperature non-uniformity coefficient of the HV is less than the TV, and
velocity non-uniformity coefficient is slightly higher than the TV. Mean-
while themaximum temperature difference of the two ventilationmodes
both meets the requirements of the European norm DIN EN-14750-1:
2006, but the one using the HV is smaller, only 2.1 °C. Table 6 shows
the comparison of the horizontal temperature distribution at different
height cross-sections. The temperature of the cross-section of the sub-
way cabin using the traditional method is the highest at 0.1m height,
and the temperature gradually decreases as the height increases, but the
temperature of each cross-section is higher than that using the HV. In
the TV, all the air inlets/outlets are located at the top of the cabin. It
is difficult for air conditioning supply to fully transport into the lower
part of the cabin, resulting in a higher temperature near the floor. It
can be seen that the HV effectively improves the common problem of
higher temperature at both ends of the cabin under the TV [7,26], con-
sequently, the temperature distribution is more uniform. It is noted that
the upper and underside air supply inlets of the HV send the airflow
from the upper and lower part of the cabin respectively, therefore, the
airflow can be more fully mixed in the cabin. Reducing the difference
in temperature distribution between different zones in the cabin was
achieved.

Third, the proportion of zones that meet human thermal comfort
requirements using the HV is higher. The ADPI value of the HV indi-
cates that 61% of this zone meets human thermal comfort requirements,
which is higher than 49% of the TV. As shown in Fig 4, the air condi-
tioning supply sent from the underside air supply inlet directly flows
into the passenger zone. Therefore, it can eliminate the heat dissipa-
tion of passengers more effectively and maintain a comfortable cabin
air temperature compared with the TV. The advantage of the HV will
be more obvious in crowded conditions. Draft is also a significant fac-
tor affecting human thermal comfort [27]. Fig 5 shows the air velocity
values of all the data collection points of the two ventilation modes. In
the HV, although the underside air supply inlets are located in the pas-
senger zone, the supply air volume only accounts for half of the total
supply air volume. Therefore, the air velocity of most data collection
points is not significantly higher than the TV. The air velocity of most
data collection points of the two ventilation modes does not exceed 0.4
m/s, within the limits specified by the European norm DIN EN-14750-1:
2006 [22]. Konstantinov et al. found that the higher air velocity close to
the passengers lead to better thermal comfort [11]. Therefore, maintain-
ing the air velocity within a reasonable range will help improve thermal
comfort.

Fig 5. Air velocity distribution of data collection points of the traditional ven-
tilation and hybrid ventilation.
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Fig 6. Passenger PMV distribution of the traditional ventilation and hybrid ventilation.

4. Discussion

The influence of the ventilation mode on the passenger’s thermal
comfort should be the key consideration of the vehicle air conditioning
system design. At present, there is no specific evaluation index for
thermal comfort of rail vehicles. Therefore, this paper introduces
ADPI, which is used to evaluate thermal comfort of air distribution in
large space buildings, into evaluation of air distribution performance
of subway cabin. The index shows the proportion of the zone that
meets thermal comfort in the total zone [21]. This means that ADPI is
reasonable to evaluate air distribution of the subway cabin. However,
whether the comfort range of effective draft temperature (see Eq. (17))
meets thermal comfort of passengers in the subway cabin environment
remains to be verified. In this paper, the PMV model proposed by
Fanger is used to calculate the steady-state predicted thermal sensation
of the passenger zone [28]. The relative humidity of the cabin is set
at 60%, and passenger clothing insulation and metabolic rate are 0.32
clo (thin T-shirt, thin shorts, thin socks, shoes, etc.) and 70W/m2,
respectively. Based on the simulation results, the PMV distribution is
shown in Fig. 6 according to the passenger distribution location and
occupied space (see Appendix 1). Fig. 6 shows that in the HV, the
proportion of zones predicting thermal sensation between neutral (0)
and slightly warm (1.5) is 98%, and that of warmth and hot (> 2) is
0%. In the TV, these two zones account for 0% and 60%, respectively.
Most people feel comfortable when thermal sensation is between 0 and
1.5 [29,30]. This result indicates that the proportion of the zone where
passengers feel comfortable when using HV is significantly higher than
that of TV. The analysis based on the predicted thermal sensation is
consistent with that of the ADPI, which verified the rationality of ADPI
for evaluating the air distribution of rail vehicles to some extent.

This paper proposed a new evaluation index for air short-circuit in
rail vehicle air conditioning, namely air short-circuit comprehensive co-
efficient (ASCC). Two aspects should be considered when evaluating the
degree of air short-circuit: one is the short-circuited supply air volume;

the other is the temperature of the short-circuit airflow when it is dis-
charged from the return or exhaust air outlet. Theoretically, the more
short-circuit airflow and the lower the temperature of the airflow when
it is discharged, the more severe the air short-circuit. ASCC combines
these two factors together to express it as the product of two ratios.
The higher the ASCC value, the more severe the air short-circuit, which
means the lower the utilization efficiency of air conditioning cooling
capacity. The results show that the ASCC value of the HV is lower than
that of the TV. Meanwhile the EUC value of the HV is higher than the
TV, indicating that the utilization efficiency of air conditioning cooling
capacity is higher. The difference in ASCC and EUC between the two
ventilation modes reflects the same meaning, indicating the rationality
of ASCC.

Due to the narrow space of the subway cabin and the close proxim-
ity of the air supply to the passengers, the supply airflow will affect the
passengers’ thermal comfort. Fig. 5 shows that the air velocity in most
zones of the cabin is lower in the two modes, which has little influence
on the passenger. In order to further study the influence of supply air-
flow on the passenger, the PD model proposed by Fanger is used here
to calculate the percentage of dissatisfaction caused by the draft at the
0.1m and 1.7m height levels in the cabin [31]. Draft is defined as an
unwanted local cooling of the human body caused by air movement
[31]. The calculation equation of PD model is presented in Appendix
2. The PD value reflects the intensity of the draft. The larger the PD
value, the more people are dissatisfied and the more obvious the draft.
The PD values at the heights of 0.1m and 1.7m are 12.3% and 2.1% in
the HV, respectively, while the PD values are 0.7% and 2.9% in the TV,
respectively. The PD value of both the two modes is lower than 20%,
which meets the reference requirements of ASHRAE standard [23]. In
the HV, due to the underside air supply inlet is arranged on the exter-
nal wall under the seat, the air temperature of the zone near the floor
is lower and the air velocity near the inlet is higher. So the passengers’
dissatisfaction percentage at 0.1m level is higher than the TV. The un-
comfortable phenomenon can be improved by adjusting the underside
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Fig 7. Schematic diagram of subway air con-
ditioning ducts.

air supply velocity. However, some field surveys show that people tend
to prefer more air movement in the warmer environment in summer
[32,33]. Therefore, in the crowded cabin, a slightly increased air veloc-
ity may be conducive to improving passenger comfort.

Owing to the limitation of subway vehicle structure, it is currently
the mainstream arrangement to arrange the air supply inlet on top of
the subway. A part of supply airflow needs to be introduced from the
air conditioning unit to underside air supply inlet in the bottom of the
cabin in the HV. A possible arrangement method is given here. Fig. 7
gives a reference scheme for the layout of air duct. On top of the subway,
an independent air duct parallel to the main air duct along the length of
the vehicle is provided, and then the air duct is connected to underside
air supply inlet through a vertical branch duct arranged in the external
wall of the cabin. The supply air volume of the underside air supply inlet
can be adjusted by the air damper setting at the junction of the induced
draft duct and the main duct. Similar air duct structure methods have
been used in some rail vehicles for under-floor air supply in winter. Such
as CRH1-380D, CRH3 etc. and other vehicles, as well as Ansaldo light
rail vehicles. However, the under-floor air supply need to be equipped
with the induced draft duct and branch duct, which will increase the re-
sistance of air supply. So it is necessary to increase the power of blower.
The addition of air ducts also increases the construction cost.

The limitations of the paper and future work mainly include: (1) In
the HV, the supply air volume of the upper and underside air supply
inlets accounts for half of the total supply air volume. The supply air
volume allocation is a reference value provided by the design depart-
ment of CRRC, but it may not be the optimal option. Based on the air
distribution evaluation method for rail vehicles proposed in this paper,
the effect of different supply air volume allocation of the upper and
underside air supply inlets on the air distribution performance will be
analyzed, and then the best allocation value will be obtained. (2) The
calculations of the effective draft temperature in the ADPI and the PMV
model used in this paper are based on the steady-state thermal comfort.
The travel time of passenger in the subway is short, so not all passengers
reached a steady-state thermal comfort. For these passengers, the eval-
uation index based on unsteady thermal comfort theory should be used
to evaluate thermal comfort. But at present, there is no such compre-
hensive and accurate evaluation index. Therefore, the unsteady thermal
comfort of passengers should be further studied in the future. (3) The
number of passengers will affect the movement of the supply airflow

in the cabin. The airflow analysis in this paper only considers the most
basic condition that no passenger occupies the cabin. However, when
the cabin is full or even overloaded, the supply airflow will be blocked
by the passengers. Under these circumstances, the air distribution per-
formance formed needs to be further studied. Based on the results of
the empty cabin, this paper has shown that compared with the TV, the
HV can better transport the airflow to the passenger zone. It can be
speculated that the advantages of the HV are greater than the TV in the
crowded cabin. (4) During the operation of subway, the piston wind will
have a significant impact on the air distribution in the cabin. In addi-
tion, the role of the HV in eliminating pollutants such as VOCs, PM2.5,
and viruses is also worthy of further study in the future.

5. Conclusion

Based on the results of airflow simulation for subway vehicles, the
air distribution performance of air conditioning supply using the HVwas
evaluated and compared with that using the TV. Following conclusions
can be obtained.

Compared with the traditional TV, the HV expresses the lower degree
of air short-circuit of supply air, the higher energy utilization efficiency
and the lower average air temperature of the cabin. This indicates that
the cooling capacity of the air conditioning is more fully utilized.

The value of ADPI of the HV is higher than that of the TV, indicating
that the proportion of zones in the cabin that meet the requirements of
human thermal comfort is higher. Meanwhile, the underside air supply
inlet of the HV does not cause excessive air velocity, which meets the
requirements of the European norm DIN EN-14750-1: 2006.

The air distribution uniformity of the HV is higher than that of the
TV. In particular, it effectively decreases the air temperature at both
ends of the cabin, which can make the air temperature distribution in
the cabin more uniform.

The air distribution performance evaluation method proposed in this
paper for air conditioning of rail vehicles including subways, distin-
guishes the air distribution performance differences between the two
ventilation modes, and has good practicability.
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a b s t r a c t

The paper presents a novel demand-responsive control strategy to be equipped centrally at the district level for
district heating systems. The demand-responsive feature was maintained as to both the direct and the indirect
substation configurations (by basing on their rating measures) in order to achieve lowest possible return temper-
ature degrees from the end-user substations. Different than the traditional weather-compensation based supply
temperature resetting, the new control strategy was formulated to adjust the supply temperature at the district
level as to the cooling performance at the end-user substations. Two different simulations were carried out in
order to quantify the benefits of the novel control strategy as compared to the traditional weather-compensation,
equipped both at the substation level and the district level. The results obtained showed that the new control
strategy, when considering the electricity loss at the heat production plant, shows superiority when compared to
other control strategies.

1. Introduction

This paper addresses the topic “Return Temperature Reduction” in
District Heating (DH) systems. Lowering of the return temperature in a
hydronic heating system can be referred to the increased/enhanced cool-
ing and, in other words, to a heightened temperature difference (ΔT)
between supply and return medium so to avoid the ‘low ΔT syndrome’.
The benefits by the low return degrees are many, briefly introducing
some here such as; (i) a decrement in the flow requirement in general
so a cutback in the pump consumption and/or reductions in pipe diame-
ters, (ii) the possibility to reduce the DH supply temperature and/or the
extension of the DH capacity, (iii) a lessening at the DH heat loss, and
(iv) an increased electricity production at the heat source (especially at
the heat production plants with condensing abilities) [1–5].

1.1. Problem statement

Besides all, the operational control strategy is determinative on the
overall DH return temperature significantly. In the light of the research
topic “Return Temperature Reduction”, one of the tasks by our project
“EFRO/SALK GeoWatt” [6] questions for an active and smart opera-
tional control, consideration given to the indoor heating circuit in order
to obtain the lowest possible return temperature from the end-users back
to the DH network. This current study, therefore, focuses mainly on de-
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veloping operational control strategies at the district level, special focus
given on reducing the return temperature from the indoor heating units.

1.1.1. Background

In the traditional approach, a weather-compensation curve is used
by the controller unit (and/or by the DH operator) to set the DH sup-
ply temperature [7]. In literature, various definitions for the weather-
compensation curve can be found such as ‘outdoor temperature com-
pensation’, ‘outdoor temperature reset’, ‘heating curve’, ‘supply temper-
ature reset’, ‘outdoor temperature-compensated flow temperature’ etc.
The principle is simple; the curve refers to a correlation/relationship be-
tween the outdoor temperature and the set degree value for the supply
temperature, maintaining a change at the supply temperature as to the
outdoor temperature (i.e. a lower outdoor temperature leads to a higher
supply temperature and an exact opposite on the contrary situation).
This control (resetting) strategy is used widely at the end-user substa-
tions as well as at the DH level, both independent of each other [7,8].
Besides the benefits possible with the weather compensation, there are
some risks in use of it. Gustafsson and Sandin [8] stress the missing ef-
forts on the adjustment of the correlation/curve to obtain the maximum
supply-return temperature difference (referring to the indirect substa-
tions but valid also for the direct substations). Besides, one can note
from their chapter (see Fig. 12.4 there) that the nature of the overall
consumer heat demand shows a dispersed variation in general, even at
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Table 1

The grade (absolute of the slope) values of the weather-
compensation curves as designated for various heat emit-
ter types, calculation based on temperature values at [°C]
as converted from the raw data taken from [14].

Heat Emitter Type Grade

Fan-Coil 2.00

Fin-Tube 1.84

Radiator 1.51

Baseboard 1.34

Radiant – Light Mass 1.16

Radiant – Heavy Mass 0.84

the same outdoor temperature (same can be observed in Fig. 4 of [9]).
This dispersed nature of the weather-compensation curves, in reality,
can be due to various effects such as solar radiation, infiltration of wind,
domestic hot water usage, end-user behaviour difference at different pe-
riods, internal heat gains etc. [8,10–12]. In line with these, Ionesi et al.
[11] propose a self-adaptive algorithm with learning abilities to adjust
the weather-compensation curve. Liao et al. [13] point out the necessity
for proper commissioning with selection of the weather-compensation
curve as to the site in focus, highlighting the possible risk that the DH
performance can be poorer than a constant supply temperature strat-
egy. Same is also described by Ionesi et al. [11] that (i) an unneces-
sarily broad-covering curve can maintain the thermal comfort but with
undesirable high indoor temperature possible at some cases while (ii)
an inferior curve leads to thermal discomfort. Besides, a characterized
heating curve is in suggestion, characterization based on taking into ac-
count the heat emitter types equipped at the end-user house. In detail, a
unique slope is designated at the weather-compensation curve for each
of the different heat emitter units, as shown in Table 1 [14]. A similar
approach of characterization can be found for the radiant floor heating
system at [15].

Lauenburg [5] stresses the necessity for a particular analysis as re-
quired to obtain the optimal supply temperature scheme as unique for
each district since, as can be observed from the existing DH system ap-
plications, the tradition in determination of the set degree for the DH
supply temperature is with considerations still given on the elder con-
ditions together with high safety factors.

1.1.2. Research question

The main purpose of this current paper is to examine and develop
an operational control philosophy with the goal to reach lower return
temperature degrees at the DH level, special consideration given to the
space heating as an alternative to the rules-of-thumb (i.e. the weather-
compensation curve). In view of this purpose, this current paper ad-
dresses the following research question:

What shall be the features of an operational control strategy at the
DH level in order to obtain low return temperature degrees consider-
ing the whole heating period, taking consideration in the end-user be-
haviour/nature/performance?

1.2. Aim, objective and scope

This paper proposes a novel (supply) temperature control strategy as
an alternative to the weather-compensation based supply temperature
resetting strategy, considering the space heating service, focus given
on the adaptive demand-responsive control approach. Details regarding
this novel temperature control strategy can be found in [16].

In order to realize this aim, the research objectives are listed as:

RO1. To determine the thermal effectiveness of the radiator unit as
to changing supply temperature degrees at various (heat) load

conditions so to have an understanding of the end-user behaviour
by means of radiator rating analysis.

RO2. To evaluate the radiator thermal behaviour in consideration
to develop the demand-responsive control module, as a new au-
tomatic temperature resetting algorithm, to be embedded at the
DH controller unit.

RO3. To quantify the impact of the novel control strategy with com-
parison given to the traditional weather-compensation curve, by
means of a steady-state analysis of a DH system model, supported
with sensitivity analyses formulized as to changing degrees of lin-
ear heat density, special focus given on the use of new strategy
on existing DH systems.

RO4. To compare the novel control strategy from a different per-
spective, this time among various cases with different operational
strategies and substation types considered.

Some points can be directed to highlight the scope of this study. The
developed operational control philosophy is vital for DH systems with
direct substation configurations due to simplicity and economical fea-
tures possible. Hence, the scope of the applicability in use of the new
control strategy was mainly considered for direct substation configura-
tion (for details about substation types see [17,18]). However, analyses
carried out in this current study revealed that the same novel control
strategy can be applied also to the indirect substation configurations. As
most-common usage, the indoor hydronic heating circuit is considered
to be equipped with radiators, as heat emitter units [5]. Unless other-
wise stated, the considerations within this paper are for variable-speed
controlled DH networks.

1.3. Significance

The significance of the return temperature can be highlighted by the
economic savings as obtained from the field studies [2,4]. Zinko et al.
[2] present the economic savings by 10 °C reduction at the return tem-
perature as obtained with 71,785 €/year in the DH heat loss, 27,446
€/year in the pumping cost, and 101,236 €/year for the excess produc-
tion of electricity at the cogeneration plant at a capacity of 12 MWe &
40 MWth [2]. Frederiksen and Werner [4] remark of a cost reduction
gradient at a rate of 0.16 €/MWhth·°C as obtained from a survey taken
on 27 different Swedish DH systems (currency exchange rate counted
as SEK/€=0.106). Besides, Tol and Svendsen [19] report that the pipe
dimensioning determined during the design stage has an impact by the
control strategy to be considered during the DH operation. Accordingly,
the strategy developed within this research work with boosting supply
temperature just at the coldest peak periods shows that the required
flow rate at these periods can be lowered so the size of the pipes.

1.4. Literature review

Various previous researches have emphasized the operational con-
trol strategies at DH. Special focus was directed here to the topic of
supply temperature resetting at DH level. The literature survey has an
extension to include also the communal heating systems (a central heat-
ing system at a smaller-scale than a DH system).

Benonysson [20] proposes an iterative optimization procedure for
determination of the supply temperature for a given (estimated) heat
load by simultaneous considerations of time delay within a DH model
developed, the scope extended to consider various forms of heat pro-
duction plants together with their limitations of operation. Madsen and
Sejling [10] suggest a stochastic modelling for the heat load estimation
together with a weighted predictive control to adjust the supply temper-
ature and the mass flow rate in DH due to their ability to deal system
uncertainties and low dependence to physical data.

Byun et al. [21] present an optimization algorithm for a communal
heating system servicing to multi-story apartment buildings equipped

106



H.İ. Tol, J. Desmedt and R. Salenbien Energy and Built Environment 2 (2021) 105–125

with indirect substations with the objective of reducing the overall net-
work heat loss by means of adjusting simultaneously the supply tem-
perature and the flow rate, the constraint being formulized to maintain
the heat demand as to the outdoor temperature. Park et al. [22] exhibit
another optimization algorithm, also at a communal level; the optimiza-
tion formulation aimed at minimizing operational cost (cost considera-
tions given to the heat loss cost, the pumping consumption, and the
required heat exchanger capacity) while the optimization decision vari-
able defined as the supply temperature, its range maintained as to a low-
temperature strategy as in a range between 45 – 65 °C. Laakkonen et al.
[23] analysed a predictive optimization procedure to determine the sup-
ply temperature by means of a neural network modelling developed to
represent the consumer behaviour as heat demand, and the return tem-
perature; and a brute force optimizer being used to consider time delays
in calculation of mass flow as to the changing supply temperature, focus
given to the operational cost. Papakonstantinou et al. [22] propose the
similar approach of the two steps, (i) the heat load estimation as to the
consumer type together with the consumption profile in a season and a
day; and the weather forecast and the time delay calculation based on
a similarity approach with clustering of the similar consumers, the crit-
ical consumer cluster dominates the maximum DH supply temperature.
Tunzi et al. [24,25] report of their methodology for optimization of the
operational temperature degrees (the supply and/or the return temper-
ature) as to the heat demand of an existing Danish building considering
the existing hydronic circuit there via two different optimization for-
mulations, (i) one based on a scenario to reach low return degrees (to
benefit from incentive tariffs promoting low return degrees), and (ii)
the other based on another scenario to lower the supply temperature
degrees (so low-grade energy sources can be utilized directly).

2. Methods

2.1. General considerations

The new control strategy developed was considered with an ideal
weather forecast tool so avoiding the considerations for time delay to-
gether with the thermal mass effect by the building masses. For example,
a ‘Model Predictive Controller’ can be used for this purpose, as explained
in [10].

Another consideration can be directed to the substation configura-
tion. This current study considers the direct substation configurations
when dealing with the DH operation control strategy developed. This
remark shall be given here due to the dissimilarity at the end-user be-
haviour when there is a heat exchanger equipped at the substation hy-
draulically separating the indoor space heating circuit from the DH net-
work (known as ‘indirect substation configuration’), as details can be
found in studies [7,26,27]. In order to guarantee the lowest return tem-
perature from indirect substations at all conditions, the substation con-
trol strategy has to be based on the algorithm given in these publications
in question (to have a clear understanding of this control strategy, please
see Figs. 5 and 6 in [7]). Hence, instead of using weather compensation
curve at indirect substations, the supply temperature to the indoor heat-
ing circuit (the secondary outlet temperature from the heat exchanger
unit) has to be adjusted as to the given condition and the primary DH
supply temperature degree.

One another assumption can be directed to the rangeability of the
control valves (e.g. the thermostatic radiator valve). In this current
study, the rangeability of the control valves is assumed to be ideal, cov-
ering the whole range of flow rate at any operational condition. Be-
sides, the simultaneity factor (the decrement factor due to the rarity of
simultaneous heat consumption – also known as ‘diversity factor’) was
presumed to be same at partial loads as same as the peak load. Same ap-
plies also to the z-factor such that the z-factor was assumed to be same
at various rates of heat load.

2.2. New control strategy

2.2.1. Radiator characteristic

It is rewarding to briefly introduce here the behaviour of the radi-
ator unit at changing operational conditions. It should be noted that
the control type has an influence in the behaviour of the radiator unit.
When a constant-flow strategy is in use, the increase of the supply tem-
perature to a radiator unit leads to increase at the radiator heat output
while the supply-return temperature difference tends to increase as well
with increasing supply temperature. When a variable-flow strategy is
in choice (considering a thermostatic radiator valve equipped next to
the radiator unit), the increased supply temperature causes a reduction
at the flow rate while the supply-return temperature difference has an
increase as well [22,28,29]. Hence, the degree selected on the supply
temperature directly affects the return temperature from the radiator
unit, its effect showing variation as the control strategy in use. One pos-
sible conclusion from these statements can be the suggestion of keeping
the supply temperature at maximum so to reach the lowest return tem-
perature degree at all conditions. Hence, considerations shall be given to
the limitations of the maximum degree for the DH supply temperature.
Most importantly, a low supply temperature enables using of low-grade
(low-temperature) heat sources and can increase the power-to-heat ra-
tio at the cogeneration plants [5,20,30]. Another effect on the radiator
performance originates from the heat demand of the heated space such
that the rate of the heat demand is in command of the requirements on
the operation parameters (i.e. a lower demand can easily be maintained
by milder operation – e.g. a lower supply temperature) [19,31].

Due to the major impact on the DH system, the heat load together
with its thermal characteristic is of great importance obviously. Hence,
a preliminary effort was given from our department to formulize the
thermal performance (modelling as the rating measures) of the end-user
radiators equipped in the indoor space heating circuit (details given in
[29]). An accurate modelling to carry out rating calculations is a ne-
cessity since, otherwise, an under-dimensioning of the radiator unit is
possible when an over-estimation of the heat load happens incidentally
[31]. The empirical formulation given by Bøhm [32] (namely the Loga-
rithmic Mean Temperature Difference (LMTD) method) was considered
as an accurate and simple radiator model (Details for this formulation
can be found in [31,33]). Radiator modelling here refers to the realiza-
tion of the end-user behaviour/characteristic/reflection, formulized as
obtaining the return temperature as a function of the heat load and the
supply temperature at any given condition.

2.2.2. Principles of new DH control unit

The novel operational control method developed suggests of a
new resetting strategy for the DH supply temperature structured as a
demand-responsive operational control, automatically responding to the
feedback signals of the demand nature by the end-users (and their equip-
ments). The main idea behind this control is to adjust the supply tem-
perature to an optimal degree that leads to a reasonably low return tem-
perature from the end-users at each condition.

Considering the end-user behaviour and limitations on the maximum
degree of the supply temperature (described in Section 2.2), a real-time
temperature resetting can be modelled in a demand-responsive struc-
ture. The simplified block diagram for this controller as well as the tra-
ditional controller based on weather-compensation can be seen in Fig. 1.
As can be seen in Fig. 1– (a), the traditional controller has the form of an
open-loop control, so without feedback, making use of a decision logic
programmed with a weather-compensation relation, decision input by
the signal from the outdoor temperature sensor. On the contrary, the
new controller unit in question (Fig. 1– (b)), formed as a closed-loop
control, has a feedback signal from the real-time measurements at the
end-user site i.e. the return temperature and/or the flow rate [16]. The
decision logic of this controller is suggested to be programmed to main-
tain the controlled variable (i.e. the return temperature) to a set degree
to keep the supply-return temperature difference at reasonably high.
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Fig. 1. The simplified block (signal flow) diagrams of the controllers; (a)
the traditional weather-compensation based control and (b) the new demand-
responsive control strategy.

The reason for this controlled variable defined as the temperature dif-
ference (not the return temperature) is because of the dynamic nature
of the supply temperature as changing as to the actual load condition in
this control strategy. A change marked on the supply-return temperature
difference, sensed as the control error (a deviation from the reference
set degree), activates the control actuator which, as response, resets the
supply temperature to a lower or higher degree as to the change. As
stated in Section 2.2.1, a diminution on the supply-return temperature
difference corresponds to a situation where the supply temperature falls
short compared to an ideal situation so an immature cooling at the end-
user units occurs so a high return temperature is encountered. The new
DH controller avoids such shortage moments by increasing of the sup-
ply temperature gradually as to the deviation sensed at the end-user
site. In the exact opposite situation, when an increase marked on the
supply-return temperature, this time the DH controller reset the sup-
ply temperature to a lower degree still enough to provide an adequate
cooling by the end-user units. Considering the time delay possible at
DH-level, a set value lower than the real shortage value can be assigned
as indicative to the impending shortage moments [16].

The demand-responsive structure (the feedback from the end-users)
is maintained by a smart sensor with one-way communication ability
(either a smart indoor thermostatic controller or a smart heat meter). It
should be noted that the DH controller does not control any indoor heat-
ing circuit but maintaining the ideal condition as responding to what it
needs. The self-regulating thermostatic radiator valves are must as a part
of this DH controller.

It should be noted that as according to the complexity level of the
DH network in focus, aggregation and clustering of similar building
types can be implemented for simplification concerns or, instead of clus-
tering, a sample house representing the community (or a reasonably-
critical one) in a sub-branch can be employed for the feedback mea-
surements. Another consideration shall be directed to the necessity of
commissioning of the new control method due to the expected dissimi-

lar behaviour from the district as specific to the site in focus and/or the
behavioural differences possible from the buildings. This brings the cor-
rect modelling of the consumer site, which is described to some extent
in Section 2.4.1.

2.3. DH modelling

System-level DH modelling is the heart to compare different strate-
gies as changing by the operational control. Hence, efforts were given to
impart the physical thermo-hydraulic behaviour of the sub-parts and the
characteristics of the control within the DH system. The simulation (so
the modelling) approach is based on the steady-state evaluation of the
DH system under each of the periods within the heating season (namely
the load duration curve – details given in Load duration curve) in order to
compare the impacts by the operation conditions in focus. The two dif-
ferent simulations (each having a unique purpose of comparison) make
use of various models within their scope, the details for that given in
Section 2.4.

2.3.1. End-User behaviour

The design and operation of the end-user installations noticeably af-
fect the heat consumption and the performance of (heat) use which can
be attributed to the cooling measure by the end-user site [34]. In addi-
tion to that, the operation condition provided by the DH system (and
its control strategy) has also impact on the substation performance. Ac-
cordingly, the interaction between the control strategies of DH and sub-
station is crucial so of concern within the aim of this current study.

The first sub-section “Radiator Model” shall be considered for end-
users having direct substation configuration while the sub-section “Sub-
station Models” has an introduction of the already efforts on simultane-
ous consideration of the radiator unit and the substation heat exchanger
when at indirect substation configuration, as described by [7,27,35].

Radiator model: The thermal behaviour of the radiator unit was for-
mulized to obtain the return temperature as a function of the supply
temperature (or the flow rate) at various conditions (of demand so of
the outdoor temperature). The empirical steady-state model present by
Bøhm [32], as described by Phetteplace [31], shown in Eq. (1) was used
in this current study to evaluate the radiator performance under differ-
ent operational conditions at different periods of the heating season.
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where T is the temperature [°C], while the subscripts referring as s and
r to the supply and the return temperature to/from the radiator unit, i
to the indoor temperature, and x and o to the actual condition and the
original condition, respectively; q̇ is the heat output rate [kW]; ∆T is the
temperature difference [°C], one with the subscript LM as the radiator
excess temperature as based on LMTD method and n is the empirical
radiator exponent as independent from the temperature conditions [-].

Substation models: Two connection layouts, as most commonly-used
substation types, ‘direct’ and ‘indirect’ layouts are in focus within the
scope of this study. The modelling has the focus here on the physical
layout (direct or indirect), the characteristic of the sub-equipments (e.g.
the heat exchanger) and the regulation by the control strategy (the sub-
station controller). It should be noted that the supply temperature from
the DH network is possible to be modulated to another inlet tempera-
ture to the indoor heating circuit by the substation controller (even at
direct substations having mixing loop to alter the inlet temperature by
the weather-compensation at substation level) [36]. The main idea be-
hind the efforts by [7,26,35,37–39] that the end-user is considered as a
whole to quantify the demand characteristic (their efforts mainly being
for indirect substation configuration – combined thermal behaviour by
the radiator and heat exchanger together) has been also concern in this
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study with a similar approach in determination of the behaviour by the
end-user as a whole.

The rating/performance measures of the substation heat exchanger
at various operation conditions were obtained by use of the commer-
cial software ‘SSP online calculator’ by the SWEP company [40]. The
nested demand characteristic (of the radiator and the heat exchanger
unit together), as stated by literature in question, indicates of a proper
adjustment of the radiator supply temperature (secondary outlet temper-
ature from the heat exchanger unit) as according to the primary supply
temperature (coming from the DH network) and the outdoor tempera-
ture (or the heat demand) in order to achieve the lowest possible return
temperature back to the DH network. In this current study, the nested
performance measure of the substation heat exchanger and the radiator
unit was sorted out for various operational conditions (changing pri-
mary supply temperature degrees and heat demand rates) in order to
obtain the optimal radiator supply (secondary outlet) temperature that
leads to the minimum primary outlet temperature (return temperature
back to the DH network). The substation ΔT controller unit (described
in Table 10) was then formulated to interpolate through this sorted per-
formance data, seeking the secondary outlet temperature as to the pri-
mary DH supply temperature (set by DH controller unit) at each heat de-
mand condition, as according to the substation control strategy present
by Gustafsson et al. [7].

2.3.2. Network modelling

For the simulations, a model structure of the DH network is required
in order to evaluate the operational strategies and their reaction as the
network behaviour.

Branched network model: The simulations here are based on the (tree-
like) branched network model. Accordingly, the DH network model is
represented as a list of node and pipe segments together with their reg-
ister of ordering on the overall DH layout (how one node connected
to other, the hierarchy maintained from the source to the end node)
[20,41]. With such a network model, the idea is to evaluate each of the
pipe segments as to its unique capacity (the cumulative number of con-
sumers each service to) together with the hydraulic and thermal effect in
subject of by its location in the hierarchy of the DH network in order to
concatenate the interactions amongst each other (e.g. for pressure loss
and temperature drop, respectively). The terminology for the DH net-
work model (namely ‘Trekroner’) together with the modelling structure
(and the same case district) used in [41] is valid at this current paper
(such as the lists appointed for the node, the pipe, the route etc.).

Pipe dimensioning method: The Simulation 1 (Section 2.4.1) is based
on dimensioning of the network as to various set values defined by the
operational conditions (the same approach can be found in [19]). The
existing DH systems are assumed to be dimensioned with the traditional
method ‘Maximum Pressure Gradient’ – also known as ‘Target Pressure
Loss’ [31,41,42]. This method makes use of the maximum pressure gra-
dient calculated by basing on the critical route as its ratio of the pressure
loss through it per its length (critical due to its lowest pressure gradi-
ent among the all DH routes), which later on is used in sizing of each
of the pipe segments in the whole DH network – minimum pipe size
possible that results in this maximum pressure gradient locally (the ‘Di-
mensioning Method 1 – The maximum pressure gradient, critical route
method’ given in Section 2.3.1 at [41]). As same, the friction pressure
loss calculations are based on the Darcy–Weisbach equation, its friction
coefficient determined by use of Clamond algorithm [43,44]. As mostly
referring to the existing DH networks in this current study, the pipe cat-
alogue was chosen to be only by traditional steel pipes, details given in
Heat loss & temperature drop.

When a variable nature is adopted for the supply temperature (as
by the controller), heat demand is no longer an advisable reference to
represent the heat required by the end-user but the mass flow rate which
is basically the function of the supply (and the return) temperature in
a given condition of the heat demand. At some certain points in the
simulations, the fundamental relation between the temperature and the

pressure is in play such that the change in the temperature affects the
flow and, in return, the pressure loss [19].

Pump model: The pump sizing was carried out by use of the online
commercial software “Grundfos Pump Selector” [45], with application
area specified for DH usage and installation type stated there to be as
‘main circulator’ for distribution purpose. The pump capacity was de-
fined by use of the input parameters as the overall DH flow rate and the
head loss calculated for the peak condition for each given simulation
scenario when required [45,46]. The behaviour of the main pump unit
as centrifugal pump (the changing operation characteristics –the duty
point– of the DH hydraulic) at partial load conditions is obtained from
the load profile given as next to the pump characteristic curves, based
on the pump affinity laws for the centrifugal pump [45,46]. The hold-
ing pressure at the heat source was assumed to be as 1.5 Bara and the
pressure drop through the each of the end-user stations was presumed
to be 0.5 bar; leading to a maximum pump head lift capacity of 8 bar
[41,47].

Heat loss & temperature drop: The heat load together with the temper-
ature set degrees in action affects the water flow rate circulating through
the DH piping network to a large extent. Due to the vast variety control
approaches in test at this paper, the temperature drop through the net-
work shall be involved next to the heat loss calculations. The necessity
for this consideration can be referred to the statement in a Danfoss re-
port [48] that the degree of change at the temperature drop gets doubled
when the flow is reduced to its half value for a given considerable length
of a pipe segment under the same inlet temperature degree maintained
[19,48].

The main idea here is to form a heat loss model as a function of
the flow rate, considering also the impact of the water temperature,
and the changing underground soil temperature as to the outdoor tem-
perature (or the heat load), so to determine independently the temper-
ature drop through the DH piping network and thus to obtain the fi-
nal temperature supplied to the end-user. The temperature drop model
is based on steady-state heat conduction through the multi-layers of a
buried/underground pre-insulated single pipe, the heat transfer direc-
tion from the water medium having a fully developed flow condition
(through the pipe material, insulation, and outer casing) to the sur-
rounding soil medium with an undisturbed temperature, considered at
shallow (near-surface) depths.

In this current study, the primary calculation step was directed to
obtain the temperature drop, as one way, via Eq. (2), an expression
based on Newton’s law of cooling. The heat loss value was then obtained
by use of the heat balance equation as a function of the temperature drop
marked [49–51].
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where the subscripts, as used with the temperature T, refers to the in-
let temperature in and the outlet temperature out after the temperature
drop while soil refers to the undisturbed soil temperature for a pipe seg-
ment at a length of L and having an inner diameter din – the water flow
rate being ṁ and Cp being the specific heat for water. Rt is the total
thermal resistance, constituted by mainly the convective heat transfer
through the fully developed flow inside the pipe and the steady-state
heat conduction through the pre-insulated pipe materials (i.e. the pipe
wall, the insulation, and the insulation coating) and the soil with an
undisturbed temperature gradient as shown in Eq. (3).

𝑅
𝑡
= 1

ℎ
𝑖𝑛
𝐴

𝑠𝑡

+
𝑙𝑛

(
𝑟
𝑝𝑢

𝑟
𝑠𝑡

)

2𝜋𝐿𝜆
𝑠𝑡

+
𝑙𝑛

(
𝑟
𝑝𝑒

𝑟
𝑝𝑢

)

2𝜋𝐿𝜆
𝑝𝑢

+
𝑙𝑛

(
𝑟
𝑜

𝑟
𝑝𝑒

)

2𝜋𝐿𝜆
𝑝𝑒

+

𝑙𝑛

{
𝑧

𝑟
𝑜

+
[(

𝑧

𝑟
𝑜
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2𝜋𝐿𝜆
𝑠𝑜𝑖𝑙

(3)

where h is the convective heat transfer coefficient [W/m2K], A is the
surface area [m2], r is the inner radius [m], L is the pipe length [m], 𝜆
is the thermal conductivity [W/mK] (Table 2), and z is the depth of the
pipe (the distance from the ground) [m] while the subscripts in, o, and
soil refer to the inner flow, outer (referring to outer radius as ro), and
the soil (the thermal conductivity of the soil is assumed as 0.52 W/mK),
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Table 2

Materials and thermal conductivity of the pipe layers assumed in this current study [50,52].

Layers Nomenclature Material Thermal Conductivity [W/mK]

Pipe st P235 TR1 51.000

Insulation pu Polyurethane 0.027

Casing pe Polyethylene (High Density) 0.430

Table 3

Regression coefficients for the sinusoidal
regression equation given in Eq. (3) fitted
for a depth of 1 m, the reference raw data
for interpolation taken from [56].

Regression Coefficients Values

a1 2.00951E+01
b1 2.71747E-04

c1 9.26382E-01

a2 8.03618E+00
b2 1.75352E-02

c2 3.87345E+00

respectively; and st, pu, and pe refer to the pipe layers as pipe, insulation,
and casing, respectively.

The convective heat transfer coefficient for the internal flow was
calculated by the use of the Mills’s correlation for the laminar flow,
given in Eq. (4), and the Gnielinski’s correlation for the turbulent flow,
given in Eq. (5) [53,54]. The absolute roughness of the steel pipes is
considered to be 0.1 mm [50].

𝑁𝑢
𝑙
=ℎ𝐷

𝜆

= 3.66+
0.065𝑅𝑒𝑃 𝑟

𝐷

𝐿

1+0.04
(
𝑅𝑒𝑃 𝑟

𝐷

𝐿

)2∕3 (4)

𝑁𝑢
𝑡
= ℎ𝐷

𝜆

=
(𝑓∕2)(𝑅𝑒 − 1000)𝑃𝑟

1 + 12.7
(
𝑃𝑟

2∕3 − 1
)√

𝑓∕2
(5)

where Nu is the Nusselt number, Re is the Reynolds number, Pr is the
Prandtl number, and f is the Darcy friction factor while the subscript l
refers to the laminar flow and t refers to the turbulent flow.

The underground soil temperature is of need for the heat loss & the
temperature drop calculations. So efforts shall be given to determine
the undisturbed soil temperature at the depth of the pre-insulated pipe.
It should be noted that the amplitude and the frequency of the sea-
sonal periodical change throughout the year differ as to the given depth
of the pre-insulated pipe. A model for the periodic seasonal change
of the undisturbed soil temperature is assumed for the case studied
in this paper (as a Belgian case), as its sinusoidal function given for
depth at 1 m (as reasonable for DH pre-insulated pipes) below ground
in Eq. (6) [50,55].

𝑇
𝑠𝑜𝑖𝑙

= 𝑎1 ⋅ 𝑠𝑖𝑛
(
𝑏1 ⋅ 𝑡 + 𝑐1

)
+ 𝑎2 ⋅ 𝑠𝑖𝑛

(
𝑏2 ⋅ 𝑡 + 𝑐2

)
(6)

where Tsoil is the undisturbed soil temperature for the time t defined as
the day of the year while a, b, and c with the subscripts 1 and 2 are the
regression coefficients, their values given in Table 3.

It should be noted that a similar outdoor temperature degree can be
observed at different heating periods while the soil temperature does
not change as readily as the change of the outdoor temperature. Hence,
while making use of a load duration curve (see Load duration curve), the
soil temperature shows a scattered variation for the same order main-
tained for the outdoor temperature (i.e. since a same outdoor temper-
ature degree observed on February and November), as can be seen in
Fig. 2. In order to sustain ease in the interpretation of the simulation
results, the soil temperature variation was smoothed to a simple curve
as reasonable to mimic the real scattered data.

In Simulation 1, the temperature drop through the pipe segments was
not considered. Hence, a simple regression expression was derived to de-
termine the heat loss from the pipe segments as a function of the supply
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Fig. 2. Soil temperature variation through the heating season (depth at 1 m),
as ordered according to the load duration curve.

Table 4

The regression coefficients as obtained for traditional sin-
gle pipes (insulation Series 1) for a nominal diameter
range between 20 and 250 mm [50].

Coefficient Values

p00 9.46184E-01

p10 −3.36656E-02
p01 1.28359E-01

p20 2.41053E-04

p11 4.88636E-03

p30 −4.84191E-07
p21 −1.09014E-05

temperature, the ground temperature and the inner pipe diameter, as
shown in Eq. (7), as based on the catalogue data for traditional single
pipes (with insulation level of Series 1) as obtained from the Logstor
calculator (valid for nominal diameters between 20 and 250 mm) [50].

𝑈loss = 𝑝00 + 𝑝10 ⋅𝐷in + 𝑝01 ⋅ Δ𝑇
𝑠

+𝑝20 ⋅𝐷in

2 + 𝑝11 ⋅𝐷in ⋅ Δ𝑇
𝑠
+ 𝑝30 ⋅𝐷in

3 + 𝑝21 ⋅𝐷in

2 ⋅ Δ𝑇
𝑠

(7)

where Uloss refers to the heat loss coefficient [W/m], Din is the inner
pipe diameter, and ΔTs is the temperature difference between the water
temperature and the undisturbed soil temperature while p values are the
regression coefficients, their values given in Table 4.

2.3.3. Control modules

Load duration curve: (Heat) Load duration curves are means to exam-
ine the overall load to which the system subject in an order being sorted
from the peak to the valley, substantially keeping in view the duration
of occurrence of each independent load over the heating season (con-
sideration being given only to the space heating). It should be remarked
that the pattern of any load duration curve is specific to the site (e.g. de-
pending on the building type, the building insulation class, the weather
conditions at the studied district etc.) [57].

In this current study, the simulations are based on the heat load du-
ration curve constituted from the hourly data of the outside temperature
considering the typical Belgian weather condition (for a building type
assumed to be with an UA value as 400 W/°C located at Brussels, indoor
set degree being 20 °C and design outdoor temperature being −10 °C)
for a heating period lasting 6590 h (space heating period considered
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Fig. 3. Load duration curve for only space heating as based on a heating period
in Brussels, raw data taken from the commercial software EnergyPlusTM [58].

Table 5

The regression coefficients as obtained for the weather-
compensation curves as given for the direct and the in-
direct substation configurations (the labels/slopes to be
selected between 1 and 40 with an interval of 1) [61,62].

Substation Configurations

Direct Indirect

p00 1.91392E+01 2.14549E+01
p10 2.22341E+00 2.29494E+00
p01 6.44103E-02 6.40545E-02

p11 −1.02681E-01 −1.03620E-01
p02 −7.23969E-03 −1.30527E-02

when the outdoor temperature is below 15 °C), as shown in Fig. 3. The
raw weather data is, as a type of International Weather for Energy Cal-
culations (IWEC), by the commercial software EnergyPlusTM [58].

Weather-compensation at substations: The substation control is usually
based on a decentralized substation-level weather-compensation curve.
In case of direct configuration, a mixing loop is maintained with a by-
pass between the supply and the return lines, the flow from the return
medium to the supply altering the inlet temperature (to the indoor heat-
ing circuit) as to the signal by the weather-compensation based control
[59,60].

The regression equations were derived for the substation weather-
compensation curves (both for direct and indirect configurations) to ob-
tain the set degree for the supply/inlet temperature as a function of the
outdoor temperature as specific to the user choice on the label (in fact
‘the heating curve ratio’), based on the heating curves by [61,62]. The
coefficients for the polynomial regression at the form of Eq. (8) are given
in Table 5.

𝑇
𝑖𝑛
= 𝑝00 + 𝑝10 ⋅ 𝑙𝑠 + 𝑝01 ⋅ 𝑇𝑜

+ 𝑝11 ⋅ 𝑙𝑠 ⋅ 𝑇𝑜
+ 𝑝02 ⋅ 𝑇𝑜

2 (8)

where lS is the slope of the curve, as to be chosen by the end-user (or
the commissioning engineer) and the subscripts o and in referring to the
outdoor temperature and the inlet temperature to the end-user indoor
heating circuit.

Weather-compensation at DH: Another data fitting (similar to the ones
taken for substations) was carried out for the heating curve for the DH
level controller [63]; the same polynomial regression function as used
for the substation curves, here as Eq. (9) and the regression coefficients
being given in Table 6.

𝑇
𝑠
= 𝑝00 + 𝑝10 ⋅ 𝑙𝐷𝐻

+ 𝑝01 ⋅ 𝑇𝑜
+ 𝑝11 ⋅ 𝑙𝐷𝐻

⋅ 𝑇
𝑜
+ 𝑝02 ⋅ 𝑇𝑜

2 (9)

where lDH is the slope of the curve, as to be chosen by the commissioning
engineer and TS refers to the supply temperature from the heat plant.

Besides, at one point there needs a comparison of the new control
unit with the linear heat resetting curve having maximum and min-

Table 6

The regression coefficients as obtained for the weather-
compensation curve at DH level, raw data taken from (the
labels/slopes to be selected between 0.25 and 4 with an
interval of 0.25) [63].

p00 2.15247E+01
p10 1.91182E+01
p01 −1.08243E-01
p11 −7.60178E-01
p02 −8.73018E-03
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Fig. 4. A collection of various linear heat resetting curves from various refer-
ences as HC1 by [64], HC2 by [65], HC3 by [66], and HC4 by [67].

imum limitations for the supply temperature (i.e. at Simulation 1 –
Section 2.4.1). Involving also the ones for the indoor boilers, Fig. 4
shows various linear heating curves as taken from literature. The one
with the label ‘WC(s1)’ is in use as a fictitious weather compensation re-
lationship for the simulation 1, considering of limitations for the supply
temperature; a maximum degree of 90 °C for an outdoor temperature
at/below −10 °C; and a minimum degree at 60 °C at/above 10 °C.

Pressure control: The variable-flow strategy together with a variable-
speed type main circulator pump is in favour and thus used as the
main hydraulic control approach at this current study (reasons given
in Section 2.1). Details given in Section 2.3, the real-time measurement
on the flow rate makes it possible to build a demand-responsive struc-
ture as well for the pump control module in relation to the main new
temperature resetting controller. Such a module is in need due to contin-
uously changing flow conditions possible by the dynamic temperature
resetting strategy. For example, the pressure difference at the distant
end-user station shall be maintained at a level as enough to provide the
necessary flow through the indoor hydraulic loop at all times. The in-
creased flow rate typically in the DH network with the increasing heat
load, leading to higher pressure losses for the whole part of the DH net-
work, brings the necessity to set a higher degree of pump head from
the production plant, aim continuously given on the minimum differen-
tial pressure set level at the distant end-user. Similarly, the lower heat
load requires a lower pump head, still maintaining the same level of
differential pressure at the distant end-user [34].

It should be noted that, with this new control unit, one application
way can be with the aim of a constant-flow strategy (parallel pumps
with low-capacity jockey pumps that are for low-load conditions [3])
with the objective of maintaining a continuously fixed supply-return
temperature difference (ΔT) as to the demand respond by the end-users
through the periods.
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2.3.4. Other calculation modules

The calculation methods given in this section are not intended in the
modelling but as a means to give insight about the network measures.

Linear heat density: The ‘Linear Heat Density’ is a measure in DH sys-
tems showing the denseness of the overall heat load/supply as per the
wideness of the network (the total length of the DH network), its cal-
culation procedure given in Eq. (10) [48,64,65]. The use of linear heat
density in this current paper is to show the sensitivity analyses of the
simulation results as to various ratios of linear heat density for the same
district, variation generated for a combination of the various number
of the flats connected to the same nodes at various lengths of the pipe
segments (a multiplier involved for the lengths of all pipe segments).

𝜌
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) (10)

Additionally, another parameter was involved in line with the lin-
ear heat density parameter, namely the weighted average diameter, its
calculation procedure given in Eq. (11).
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z-Factor measure – Cogeneration: The electricity-to-heat ratio (also
termed as ‘alpha value’, the ratio between the electricity and the heat
generated) in the cogeneration plant has an influence by the degree
of the DH operational temperatures (supply & return) [66,67]. The z-
factor is one of the measures showing the changes in the cogeneration
performance by the DH operational temperatures, its formulation based
on the ratio of the electricity loss per the heat generated as shown in
Eq. (12) [67–70].

𝑍 =
�̇�

𝑙𝑜𝑠𝑠

�̇�
𝑠𝑢𝑝𝑝𝑙𝑦

(12)

where ẇ is the electric energy [MWe], with its subscript loss referring to
the electric loss while the generation of the heat supply at the cogener-
ation cycle is being represented by q̇supply [MWth].

Eq. (13) shows the regression for the z-factor as a function of the sup-
ply and return temperature degrees as to/from the DH network, based
on the raw data given for an extraction-condensing cogeneration tur-
bine, as shown in Fig. 2.8 of [67]. The main purpose behind using of
z-factor regression is to evaluate the temperature regimes at each load
condition, to provide a basis in comparison of different cases (the basis
criteria being the electricity loss at the cogeneration system to produce
the DH heat required).

𝑍 = −4.344 + 0.1482 ⋅ 𝑇
𝑠𝐷𝐻

+ 0.07831 ⋅ 𝑇
𝑟𝐷𝐻

if 𝑇
𝑟𝐷𝐻

< 𝑇
𝑠𝐷𝐻

(13)

Another effort was taken on data fitting to obtain the z-factor as a
function of the supply and the return temperature (by DH system) in
a nuclear power plant, the raw data taken from (Fig. 1 of) [70]. This
time, the polynomial function needs to be at the 2nd degree for both
the variables TsDH and TrDH due to the non-linear nature of the z-factor
data, as given in Eq. (14). The regression coefficients as obtained for
two different plant capacities 1000 MW and 1300 MW are shown in
Table 7.

𝑍 = 𝑝00 + 𝑝10 ⋅ 𝑇𝑠𝐷𝐻
+ 𝑝01 ⋅ 𝑇𝑟𝐷𝐻

+ 𝑝20 ⋅ 𝑇𝑠𝐷𝐻

2 + 𝑝11 ⋅ 𝑇𝑠𝐷𝐻
⋅ 𝑇

𝑟𝐷𝐻

+𝑝02 ⋅ 𝑇𝑟𝐷𝐻

2if 𝑇
𝑟𝐷𝐻

< 𝑇
𝑠𝐷𝐻

(14)

Mixing: Mixing can be the part of the DH system at various forms such
as (focus given sole on control actions) by-pass mixing, mixing to alter
the inlet temperature at the substation level etc. The final temperature
of the mixture as calculated by basing on the conservation of energy
principle is shown in Eq. (15) [19].
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)

]

(15)

Table 7

The regression coefficients as obtained for two different
plant capacities for a nuclear plant, raw data taken from
[70].

Nuclear Plant Capacity [MW]

1000 1300

p00 2.0278E+01 1.9925E+01
p01 8.2176E-02 7.0576E-02

p02 −1.4546E-03 −1.3218E-03
p10 −1.9003E-01 −1.7803E-01
p11 9.2464E-04 9.0266E-04

p20 1.0787E-03 9.8319E-04

where ṁ is the mass flow rates of the fluids to be mixed, leading to a
final temperature of the mixture at Tmix while hf is the function returning
the specific enthalpy of water as a function of its temperature and Tf is
the function returning the temperature of the water as a function of its
enthalpy.

2.4. DH simulations

Two distinct quasi-steady simulations both based on hourly data are
within the scope of this current study, both with the purpose of quanti-
fying the potential of the novel operational control in outperforming the
other alternative control options, consideration sole directed on space
heating (so no concerns on the domestic hot water in these simulations).
In the first simulation (Fig. 5), the focus was given on comparing the
operational control strategies in a system-level perspective, considering
that each end-user has direct substation configuration.

The second one (Fig. 6) has the aim to compare different cases built
with consideration of the two different substation types (direct and indi-
rect), each based on various control strategies together with the district-
level control approaches in focus.

2.4.1. Simulation 1 – Temperature resetting strategies

The simulation at this section is limited to the direct substation con-
nection type, with focus given sole on the performance by the indoor
space heating circuit. Three control strategies related to the determi-
nation of the supply temperature at the heat source is in consideration
such that (i) maintaining a constant supply temperature through the
whole heating season as at 90 °C), (ii) the weather-compensation curve
as the one ‘WC(s1)’ shown in Fig. 4, and (iii) the new control approach.
A system-level approach is in consideration with this simulation so the
network performance was measured via various matters such as the heat
loss from the DH network, the pump consumption and the electricity loss
at the heat plant due to the effect by the operational temperature de-
grees in use (on the z-factor), considering both the heat demand and the
network heat loss together.

The details of the simulation steps are given below, describing how
the DH models and modules (those given in Section 2.3) were used:

• The supply temperature is determinant on the return temperature.
So the degree of the supply temperature defined by the control al-
gorithm leads to a flow rate at each period (each interval within the
load duration curve) together with the return temperature as a re-
sponse by the end-user (the sole behaviour of the radiator unit – by
use of Eq. (1)). For each of the operational strategies in question, the
required flow rate was obtained for each of the periods.

• The maximum flow rate obtained was considered to be the design
condition for the DH network in focus unless otherwise stated. Con-
sidering an old existing DH system, the pipes were dimensioned as
according to the critical route by use of the “Maximum Pressure Gra-
dient (Target Pressure Loss)” dimensioning method for each opera-
tional strategy basing on its unique maximum flow rate obtained (re-
ferring to the peak condition) [41]. The idea behind this approach is
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Fig. 5. Illustration for the Simulation 1, with interactions of models considered.

Fig. 6. Illustration for the Simulation 2, with interactions of models considered.

that an existing DH system, dimensioned as to the old dimensioning
method, can provide enough capacity to keep the return temperature
at the lowest possible while the supply temperature is being lowered
as much as possible.

• The heat loss from the DH network was calculated by use of
Eq. (7) without consideration given to the temperature drop through
the DH network, the aim being just to evaluate the sole DH perfor-
mance as directly related to the end-user response together with the
effect by the operational strategy in choice.

• Sensitivity analyses were carried out for various ratios of linear heat
densities which were adjusted via a combination of changing end-
user number supplied from the DH network and multipliers applied
on the length of the DH pipeline.

For the comparison purposes, various scenarios were employed, de-
tails given below:

Sc1: In this scenario, the supply temperature was appointed at a con-
stant degree of 90 °C during the whole heating season.

Sc2: An arbitrary weather compensation curve (shown in Fig. 4 with
the label ‘WC(s1)’) was used in this scenario.

Sc3, Sc4, and Sc5: In these scenarios, the new control strategy was
utilized, the control idea, for all, maintained to keep the flow rate
constant at each of the periods of the heating season. Hence, an
adjustment of the supply temperature was formulized with the
objective to reach the goal of a set value of flow rate at each
period. The unique set values were appointed to be as 0.103,
0.160, and 0.200 kg/s per one end-user for these scenarios, re-
spectively. Sc3r was formulized to utilize the excessive potential
by the pump head lift so giving space in lowering the supply tem-
perature by means of exploiting the additional mass flow capac-
ity (lowering of the supply temperature brings the necessity for
a higher flow rate). In short, the design unique set value for the
flow rate was increased (by means of lowering the supply tem-

Table 8

Pressure loss as obtained for the Sc3 and Sc3r that is for-
mulized to make use of the excessive potential of pump
head lift (by maximizing the pressure loss through the
routes as much as possible via increasing the flow rate
but, in fact, by reducing the supply temperature).

Route Sc3 Sc3r

R1 2.85 2.85

R2 1.97 3.77

R3 3.24 6.18

R4 3.84 7.34

R5 1.55 2.97

R6 2.11 4.02

R7 3.39 6.48

R8 4.19 8.00

perature) until one of the routes in the DH network reached to
the maximum pressure loss of 8 bar (that the main pump station
can handle of), as shown in Table 8, Sc3r there having a unique
set value of 0.143 kg/s.

Sc𝚫T20 and Sc𝚫T30: In these scenarios, the new control strategy
was employed to keep a constant supply-return temperature dif-
ference (ΔT) in each of the periods, 20 °C for the ScΔT20 and
30 °C for the ScΔT30.

2.4.2. Simulation 2 – Substation configurations

This simulation focuses on the DH network behaviour when con-
sidering both of the substation types and the operational strategies to-
gether. In this circumstance, the temperature loss was involved in the
simulations due to various effects on the operational temperature and
the flow resulted from the appointed control strategy (at both substation
and DH level) and the substation configuration together. The main idea
behind this simulation is to stress the temperature requirement by each
of the cases (substation types and control philosophy).
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Fig. 7. Illustrations of the configurations for the direct substation type, (a) with
a direct connection without substation controller unit, (b) with the patent idea
and (b) with the substation controller using the Weather Compensation (WC).

The substation configurations and controllers evaluated in this cur-
rent study are shown in Fig. 7 for the direct substation type and in Fig. 8
for the indirect substation type and the related case descriptions are
given at Table 9. It should be noted that at all cases the radiators are
equipped with self-regulating TRVs.

Some remarks shall be given for the calculation steps for the cases.
Regardless of the supply temperature provided by the heat source (set
either as constant through the whole heating periods as with ‘Fixed Ts’,
by the DH weather-compensation relation as with ‘WC’, or by the novel
controller proposed in this current study), a temperature loss was for-
mulized for the case district so the incoming temperature to the substa-
tion can be obtained differently as to the case features (depending on
–as a function of– the flow rate). In the cases of the substations with
the weather-compensation based controllers, the incoming supply tem-
perature was considered to be altered, by means of mixing at the direct
substation configuration or by means of flow control as to the heat ex-
changer performance in case of indirect substation configuration.

3. Results

3.1. New control strategy

The determination of the new control strategy was based on hav-
ing an understanding of the end-user behaviour, due to maintaining a
demand-responsive control philosophy.

Fig. 8. Illustrations of the configurations for the indirect substation type, (a)
with the substation controller using weather-compensation, (b) with the con-
troller maximising the supply-return temperature difference (ΔT) at the substa-
tion level, and (c) having the same controller described in (b) but together with
the new DH control unit.

3.1.1. The end-user behaviour

Direct substation: Fig. 9 shows the behaviour by the end-user space
heating unit (direct substation configuration so, in fact, the thermal ef-
fectiveness of the radiator unit) in terms of the return temperature and
the required mass flow rate (required to satisfy the heat demand in need
at that condition) according to changing heat demand at various levels
of the supply temperature. Each heat demand rate can be supplied with
various forms of operational parameters. For example, the heat demand
ratio (over the nominal heat demand) of 0.44 [-] can be satisfied by
two alternatives (but not limited to), with (i) a supply temperature at
55 °C, leading to a return temperature of 48.8 °C at a mass flow rate of
0.155 kg/s and (ii) a supply temperature at 65 °C, leading to a return
temperature 41.6 °C at a mass flow rate of 0.041 kg/s.

Indirect substation: The behaviour by the indirect substation is of im-
portance here since it is enclosed partially within the cases studies of
Simulation 2. Fig. 10 shows the performance of the end-user space heat-
ing unit, this time with indirect substation configuration, in terms of the
return temperature and the required mass flow rate (required to satisfy
the heat demand in need at that condition) according to changing heat
demand at various levels of the supply temperature (Tr refers to the
return temperature back to the DH network). It should be noted that
this performance measure is considered with the substation control al-
gorithm described by Gustafsson et al. [7]. In detail, this substation con-

114



H.İ. Tol, J. Desmedt and R. Salenbien Energy and Built Environment 2 (2021) 105–125

Table 9

Description of cases, details given about the substation types together with the control strategies at the radiator, the
substation, and the DH level.

Case Description Substation Type (Fig. 7 & Fig. 8) Radiator Control Substation Control DH Control

Direct | Sub:NC | DH:FT Substation_Direct (a) TRV NC ∗ FT §

Direct | Sub:NC | DH:Patent Substation_Direct (b) TRV NC ∗ Patent ‖

Direct | Sub:WC | DH:FT Substation_Direct (c) TRV WC † FT §

Direct | Sub:WC | DH:WC Substation_Direct (c) TRV WC † WC †

InDirect | Sub:WC | DH:FT Substation_Indirect (a) TRV WC † FT §

InDirect | Sub:WC | DH:WC Substation_Indirect (a) TRV WC † WC †

InDirect | Sub:ΔT | DH:FT Substation_Indirect (b) TRV ΔT ‡ FT §

InDirect | Sub:ΔT | DH:WC Substation_Indirect (b) TRV ΔT ‡ WC †

InDirect | Sub:ΔT | DH:Patent Substation_Indirect (c) TRV ΔT ‡ Patent ‖

∗ ‘NC’, as the abbreviation of ‘No Control’, refers to the direct connection without alteration (or change) of the inlet
temperature to the radiator unit.
† ‘WC’ refers to the Weather Compensation (as dependent where it is indicated – i.e. at the substation level or at the

DH level).
‡ ‘ΔT’ refers to the substation controller for indirect type, which keeps the supply-return temperature difference at

the primary side maximum – e.g. by Gustafsson et al. [7] (Please see Section 2.1 for the details of this approach).
§ ‘FT’, the abbreviation of the ‘Fixed Temperature’ refers to the temperature strategy of keeping the supply tempera-

ture as constant through the whole heating periods, in this simulation as fixed at 90 °C.
‖ ‘Patent’ refers to the novel temperature strategy enclosed within this current study (Please see Section 3.1.2), as

enclosed in [16].
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Fig. 9. Return temperature and required mass flow rate as to changing heat demand rates at various levels of the supply temperature based on a design condition
of 90|70|20 °C at q̇

o
= 9 kW [16].

troller in question is considered to set the secondary-side supply temper-
ature degree (the supply temperature to the indoor heating circuit) as
formulated to minimize the return temperature at the primary side as
according to the degree of the DH supply temperature and the outdoor
temperature (Please see Figs. 5 and 6 at this reference [7]). However,
how the DH supply temperature shall be set considering this substation
behaviour (direct and/or indirect) is the main concern at this current
paper so Fig. 10 is the mean of the novel DH control unit (enclosed
at this current paper) in the supply temperature resetting action, detail
given in Section 3.1. Hence, here the aim is given to obtain the indi-
rect substation behaviour when employed with a substation controller
as described in [7] so the system-level DH control unit can be formulized
[16]. For the cases considered with this substation algorithm, please see
Section 2.4.2.

3.1.2. Control approach

The new control idea was formulized with a temperature resetting
strategy having a demand-responsive nature that bases on the thermo-
hydraulic performance that can be illustrated as one approach as in
Fig. 9, the purpose here being to keep the return temperature at the low-
est possible together with lowering down the unnecessarily high supply
temperature.

Details given in [16], with this new demand-responsive control strat-
egy, the supply temperature has the resetting criteria as based on the
continuous measurements at the end-user stations, either of the return
temperature or of the flow rate; or of both. The response of the controller
(resetting of the DH supply temperature) is as to the performance of the
end-user to a pre-defined threshold as on the return temperature or on
the flow. To illustrate, a deviation observed in the measurements from
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Fig. 10. Return temperature and required mass flow rate at the primary side (of the heat exchanger) as to changing heat demand rates at various levels of the DH
supply temperature based on a design condition given at the introduction of Section 3.3.

the end-user site (e.g. a major increase at the return temperature or at
the flow rate) activates the controller to set a new value of the DH supply
temperature (e.g. continuing the last example; a higher supply tempera-
ture to prevent immature cooling by the end-users). Considering the di-
rect substation configuration without a local temperature resetting unit
(substation-level weather compensation based control), the DH control
unit can be formulized to estimate the behaviour of the local end-users
by basing on the thermo-hydraulic performance as in the form shown in
Fig. 7. As according to the complexity of the DH network, the feedback
loop can be maintained from each end-user, a decentralized group of
them, or a critical one in the neighbourhood.

3.2. Simulation 1

In this Simulation 1 (Fig. 5), the end-user housing was considered
to have a nominal heat demand of 9 kWth, its indoor heating system
being considered to be dimensioned as to the old design parameters of
90|70|20 °C (as supply | return | indoor temperature, respectively) with-
out consideration of any radiator over-dimensioning for the Belgian de-
sign outdoor temperature of −10 °C. Each end-user node was considered
to supply to 6 end-users within the Trekroner DH network (structure)
of which the pipe lengths are shown in Table 2 at [41], as the reference
condition employed in the sensitivity analysis (labelled as CN06L1 at
Section 3.2.4 – here CN refers to consumer numbers at each of the end-
user nodes and L to pipe length multiplier). The weather-compensation
curve was considered as the one with the dashed line given in Fig. 4 –
WC(s1).

3.2.1. Operational temperature strategies

Fig. 11 shows the temperature strategy (supply temperature ap-
pointed – solid lines) and the corresponding response as the return tem-
perature (dashed lines) from the end-users for each of the scenarios in
question (Sc1 – 5). Fig. 12 shows how the z-factor changes by the oper-
ational supply and return temperature as changing through the periods.

Table 10

The heat loss in thermal energy [GWhth] as obtained for the scenarios in
question.

Sc1 Sc2 Sc3 Sc3r Sc4 Sc5 ScΔT20 ScΔT30

0.212 0.179 0.168 0.167 0.181 0.183 0.169 0.163

3.2.2. Electricity loss – System-level

It is rewarding to have a view on the cost breakdown for the electric-
ity consumption and loss of the scenarios, focus given on the electricity
consumption at the main pump station and the electricity loss at the heat
plant in order to generate the heat load and the overall heat loss from
the DH network, as shown in Fig. 13. The overall annual heat load for
this district was found to be as 2282 GWhth as same for each scenario.
It is rewarding to remind that (see Heat loss & temperature drop) the tem-
perature of the medium at the DH network, considering both supply and
return, affects the heat loss so each scenario leads to a different heat loss
rate.

The z-factor is misleading the level of the observations. Hence, it is
rewarding to point out the heat loss as in thermal energy (Table 10).

3.2.3. Network data

The same DH network was re-dimensioned as to the obtained unique
flow rates changing by the operational strategy in use (Table 11). Ex-
ceptionally the dimensions as obtained for the Sc2 were used as same
at the scenarios Sc3, Sc3r, ScΔT20, and ScΔT30 due to enough capacity
by the pipe dimensions already existing there. It should be noted that
the dimensional change at the pipes affects the heat loss as well as the
temperature resetting strategy and also the pump consumption for the
same DH network servicing the same end-users without any change at
their heat demand rates.

Table 12 illustrates the flow rates as found for the scenarios, which
are considered for the pipe dimensioning and also the pump consump-
tion. For each of the scenarios, proper pump re-dimensioning taken due
to ease of pump replacement considered.
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Fig. 11. Supply temperature (solid lines) and consequent return temperature degrees (dashed lines – same colour as the supply for each scenario), as obtained for
the scenarios of Simulation 1.

Fig. 12. z-Factor ratios as obtained for each period of the whole heating season based on the temperature degrees by the scenarios (shown in Fig. 11– same colour
scheme kept for the scenarios).

3.2.4. Sensitivity analysis

Various linear heat density levels were generated by implementing
combinations of different lengths of the network and of different rates of
the overall heat load; both at the same case of the Trekroner DH network
(please see Branched network model). The labels for the parameters of
the sensitivity analysis are shown in Table 13. For example, the label
CN12L2 refers to a case that each node supplies to 12 end-users/flats

(part ‘CN12’) while the raw lengths of the pipe segments being extended
to their double sizes (part ‘L2’).

Fig. 14 illustrates the DH network in the point of linear heat density
by the simultaneous changes at the DH network length and the overall
heat load, weighted average diameter there changing as to the linear
heat density. That is obvious that with each change of the parameters in
question (CN and L) there was a need to re-dimension the DH network
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Sc1 Sc2 Sc3 Sc3r Sc4 Sc5 ScΔT20 ScΔT30

Pump Consumption 0.016 0.021 0.076 0.105 0.121 0.180 0.027 0.019

Electricity Loss - Heat Loss 2.438 1.616 1.347 1.32 1.42 1.43 1.440 1.604

Electricity Loss - Heat Load 26.589 20.893 18.451 18.16 18.08 17.95 19.690 21.160
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Fig. 13. Overall annual electricity cost [GWhel] as obtained considering the pump consumption and the loss of electricity at the cogeneration plant as a consequence
by the generation of the heat load and the heat loss.

Table 11

The length of the pipe diameters (traditional steel pipes – insulation level 1 [50]) as obtained by
use of the ‘Maximum Pressure Gradient (Target Pressure Loss)’ method for each of the scenarios
(Sc3 and Sc3r makes use of the same diameter by Sc2).

Nominal Diameter [mm] Sc1 Sc2 (also Sc3, Sc3r, ScΔT20, and ScΔT30) Sc4 Sc5

25 369.5 187.2 187.2 –

32 343.1 525.4 182.3 369.5

40 177.3 177.3 343.1 343.1

50 191.6 191.6 177.3 177.3

65 66 – 191.6 191.6

80 – 66 – –

100 – – 66 66

Table 12

The mass flow rate requirement per the end-user (q̇unique) and the overall DH volumetric flow rate (V̇DH); and the
pump model appointed [45], as obtained for the scenarios.

Sc1 Sc2 Sc3 Sc3r Sc4 Sc5 ScΔT20 ScΔT30

q ̇unique 0.093 0.103 0.103 0.143 0.160 0.200 0.104 0.069

V ̇DH 31.49 34.87 35.16 48.64 54.36 67.59 35.24 23.50

Pump Model∗ CR 45–6 CR 32–6 CR 32–6 CR 45–6 CR 45–6 CR 45–6 CR 32–6 CRN 20–7

∗ The pump models were selected from the Grundfos product centre [45].

Table 13

Labels for sensitivity cases as based on the length multiplier and the consumer
number serviced per each node.

Length Multiplier\Consumer Number per Node 6 12 24

x1 CN06L1 CN12L1 CN24L1

x2 CN06L2 CN12L2 CN24L2

x5 CN06L5 CN12L5 CN24L5

pipes, again by use of the ‘Maximum Pressure Gradient (Target Pres-
sure Loss)’ dimensioning method. The design condition was considered
to be with Sc2, the operational strategy being based on the weather-
compensation curve (other strategies were formed to use the same pipe
dimensions). The total lengths found for each of the nominal diameters
are given in Table 14.

Fig. 15 shows how the electricity cost changes as to the linear heat
density, formed via various levels of DH network length and number of
consumers served per each node.

3.3. Simulation 2 – Temperature demand

3.3.1. Site description

In this simulation (see Fig. 6), the case district was considered to be
supplied by a 1 km transmission line at the end-node of which is supply-
ing heat to 27 houses (their consumption assumed to be simultaneous –
so simultaneity factor for them being 1 throughout the heating season).
The end-user housing was considered to have a nominal heat demand of
12 kWth, its indoor heating system being considered to be dimensioned
as to the design parameters of 70|60|20 °C (or 90|50|20 °C) for the Bel-
gian design outdoor temperature of −10 °C without consideration of any
radiator over-dimensioning. For the indirect substation configurations,
the heat exchanger was assumed to be designed as to the inlet/outlet
temperature degrees of 80/63 °C at the primary side (supply/return as
to the DH network) and of 60/70 °C at the secondary side (return/supply
as to the indoor heating circuit) for a design heat transfer rate of 12
kWth, respectively [71]. The heat exchanger rating/performance mea-
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Fig. 14. Linear heat density and relevant weighted average diameter as a function of the DH overall network length and the DH heat load, as obtained for the case
network.

Table 14

Length of nominal pipe diameters, as obtained for each of the sensitivity cases.

Nominal Diameter [mm] CN06L1 CN12L1 CN24L1 CN06L2 CN12L2 CN24L2 CN06L5 CN12L5 CN24L5

25 187.2 187.2 – 374.4 – – – – –

32 525.4 182.3 187.2 1050.8 374.4 – 936 – –

40 177.3 343.1 – – 364.6 374.4 911.5 936 –

50 191.6 177.3 525.4 354.6 686.2 364.6 1715.5 911.5 936

65 – 191.6 177.3 383.2 642.8 686.2 1607 1715.5 911.5

80 66 66 144.1 132 95 354.6 237.5 1240 1715.5

100 – – 47.5 – 132 383.2 330 604.5 886.5

125 – – 66 – – 132 – 330 958

150 – – – – – – – – 330

sures were taken for the type of ‘B4Mx30’ from SWEP catalogue (the
performance tool can be found in [40]). The dimension for the trans-
mission line is considered to be constant (through its length) at DN50
(Dst= 54.5 mm, Dpu=60.3 mm, Dpe=119 mm, Do=125 mm – as to its in-
sulation class of ‘series 1′ from the Logstor catalogue [50]). The ground
temperature was assumed to have the variation (smoothed degrees as
through the year period – based on the load duration curve) as shown
in Fig. 3. The load duration for the substation was based on Eq. (8) and
for the DH control unit as based on Eq. (9).

3.3.2. Flow effect on temperature drop

As independent from the simulation, Fig. 16 shows the effect on the
temperature drop by the inlet temperature and the water flow rate for
a pipe segment at a length of 1 km, having a nominal diameter of DN50
with consideration of a depth of burial at 1 m, the undisturbed soil tem-
perature assumed to be 10 °C as only valid at this case.

3.3.3. Simulation results

Figs. 17 and 18 show the temperature change through the sub-
parts of the DH system for direct and indirect substation configura-
tions, respectively, when different operational control strategies in ac-
tion. Mainly, the consideration given to the sub-parts of temperature
change, namely; the temperature loss through the supply line (Tloss_s),
temperature alteration at the substation (if involved with a weather-
compensation based controller at a direct type substation – Tsurp), tem-
perature drop at the end-user unit (ΔTrad as only radiator considering
the direct substation configuration or ΔTsub as the substation heat ex-
changer considering the indirect substation configuration), and the tem-
perature loss at the return line (Tloss_r). The mass flow rate is also shown
as with ṁ_dh, referring to the flow rate as required from the DH network
by each consumer (It should be noted that in case there will be a mixing
loop in a direct type substation, the required flow from the DH network
will be lower than the heating circuit flow rate due to the mixing). The
chosen weather-compensation slopes are given on the case label in the
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Fig. 15. Overall annual electricity cost [GWhel] as obtained for each of the sensitivity cases.
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Fig. 16. Temperature drop as a function of the flow rate as found for different
inlet temperature levels for a pipe segment of DN50 at a length of 1 km.

figures in question (e.g. ‘Case_Direct | Sub:WC(20) | DH:WC(2.5)’ makes
use of the slope of 20 at the substation controller and the slope of 2.5
at the DH controller). The slopes of the weather-compensation curves
were decided as the minimum satisfactory one as to the required heat
demand for all periods of the heating season.

For the cases with the indirect substation type (Fig. 18), the sec-
ondary side (radiator) temperature drop was additionally included as
next to the primary side temperature change (the reader shall consider
the radiator temperature drop –coloured in red as transparent– as an-
other layer on the top of the main graphs coloured in green gradient).
The focus of this study is to achieve low return temperature degrees at
the DH network. Hence, the changes at the secondary side are not di-
rectly related to the main concern of this study so the temperature drop
at the radiator unit given at this figure is only with the aim of demon-
stration.

It shall be noted that the case of ‘InDirect | Sub:ΔT | DH:WC(2.5)’
was found not to provide the required heat at the low-demand periods
so the same case was simulated with another slope at 3.5 by the DH
controller unit, as can be seen in ‘InDirect | Sub:ΔT | DH:WC(3.5)’.

Figs. 19 and 20 present the final return temperature degrees as ob-
tained for the cases with direct and indirect substation types, respec-
tively.

4. Discussion

This study presents a novel demand-responsive operational control
strategy favouring of reducing the return temperature at DH systems.
An adaptive nature was maintained in the control logic with feedback
from the performance by the end-user indoor heating unit/s. Two dis-
tinct annual simulations were carried out on two different cases in order
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Fig. 17. Temperature alteration in the DH system for the direct substation configuration considering various cases of operational control strategies at the substation
and DH level.

to highlight the advantage of this new novel control strategy, comparing
to traditional control approaches (i.e. weather-compensation based con-
trol) either at substation and/or DH level. Obviously, the end-users have
a dominant effect on the rest of the DH network. However, the opera-
tional control strategy is as well governing in the way of manipulating
the parameters in supply of the demand so as to reach more efficient
system operation [19].

Figs. 9 and 10 give an insight of the novel operation based on this ap-
proach with an evaluation of the possible operational control strategies
by means of changing the supply temperature. Such that, each demand
can be supplied alternatively with different supply temperature degrees
and/or mass flow rates, each result with different response by the end-
user units (i.e. the return temperature). Based on this, the search space
domain can be defined at a DH level in order to reach an optimal op-
eration, depending on the case and the considerations taken. From the
figures, it is apparent that each supply temperature has an extent to a
certain level of heat demand. The higher demand conditions, within the
range of a given supply temperature, bring about the necessity of exces-
sively larger flow rates together with undesirable degrees at the return
temperature. This is valid for both direct and indirect type substation
configurations. It should be noted that Fig. 10 shows the primary return
temperature (from the heat exchanger back to the DH network) when
various supply temperature degrees are evaluated for a substation hav-
ing a novel control unit, featuring of return temperature reduction, as
proposed by Gustafsson et al. [7,27]. A short reminder here that this
substation controller, with a self-regulating nature, appoints the set de-
gree for the radiator unit with the aim of minimizing the return tem-
perature at the primary side as to the DH supply temperature. The DH
controller unit, enclosed in this current paper, works as to this behaviour
by the indirect substation, which is similar to the behaviour of the direct
substation (in fact the radiator characteristic response). So, what is pro-
posed in this current paper is to control the DH supply temperature at
the heat source with consideration given to the behaviours of the end-

users, equipped either with direct or indirect substation types or both.
So it should be mentioned that there can be circumstances when there
is a need of changing the DH supply temperature with this substation
controller in order to obtain a lowest return temperature degree opti-
mally considering the whole well-being of the DH system. This formed
the basis to carry out the simulations enclosed within this paper.

Shortly introducing the new control strategy again here; continu-
ously measured parameters from the consumer site (e.g. the return tem-
perature from the substation) are considered to be decision variables for
the DH controller unit. A deviation on this parameter triggers the reset-
ting unit so an upper/lower supply temperature set from the heat source
(i.e. a higher degree at the return temperature leads to a higher supply
temperature). It should be noted that in addition to the effort on low
return temperature the proposed control strategy enables of a low sup-
ply temperature. According to the system properties (of a DH), a higher
supply temperature (leading to lower return temperature at all times)
does not necessarily be advantageous. From the results of Simulation
1, it can be concluded that maintaining a fixed supply-return tempera-
ture through the whole heating season may seem to be in favour of a
low return temperature (or, as a better expression, a high supply-return
temperature difference). While it is true, as can be seen in Fig. 13, the
high-temperature difference can be costly. For example, a constraint of
keeping a high-temperature difference at peak periods can lead to the
necessity of supply with higher degrees so to achieve the temperature
difference in request. This paper does not have the ambition of con-
stant flow strategy. However, a plain logic (e.g. an optimization algo-
rithm) can increase the pump consumption due to its lower impact on
the overall electricity cost. The scenarios of Sc4 and 5 were considered
for screening purposes. Both together with Sc3 can be considered as a
constant flow strategy, the decision parameter being the supply temper-
ature by the controller unit with feedback by the flow rate (lowering of
the supply temperature to reach a constant flow rate). Within a reason-
able limit, the flow rate can be maximised, as can be concluded from
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Fig. 18. Temperature alteration in the DH system for the indirect substation configuration considering various cases of operational control strategies at the substation
and DH level.

Figs. 11 and 13. On the contrary, as can be seen in Table 11 the higher
flow rate threshold requires of larger pipe diameters. The scenario of
Sc3r is a good example to illustrate the reasonable rates of flow to be
appointed.

If attention given to the return temperature degrees obtained
(Fig. 11), it can be seen that the scenario with an arbitrary weather-
compensation (Sc2) led to lower degrees of return temperature as sim-
ilarly same as what is achieved by the scenario ScΔT30. We have to
point out that our intention was not to achieve this result. Still it is our
concern to indicate that the warmer periods were found to end up dif-
ferently for both of these scenarios (not a big difference though). This
is highly possible in real-life conditions that a demand-responsive na-
ture in the controller units takes into account the behaviour of the net-
work, special attention shall be given to the low-demand conditions and
the daily variations that are not involved in the weather-compensation
curves nor in this load duration curve. Besides, supplying at a constant
degree scheme (Sc1) is apparently to be the best among all due to lowest
return temperature degree obtained via that. These all show the neces-
sity of a system-level optimization as unique to each district. The mea-
sure z-factor, as a means within this study to show the efficiency at a

partial perspective, can be interpreted for the Sc1. The lowest degree at
the return temperature does not necessarily mean to be the best despite
the main aim of this study on reaching lowest return temperature or
highest supply-return temperature difference. A high degree of the DH
supply temperature has a cost, which should be taken into account (as
can be seen via the z-factor measures obtained).

Interpreting the sensitivity analysis; the operational strategy Sc3
(with the novel control strategy) resulted to have an average (but com-
monly) of 12% less electricity loss as relative to the operational strategy
Sc2 at all sensitivity cases. Meanwhile, the scenario ScΔT30 (with the
philosophy of keeping a constant supply-return temperature difference
at a value of 30 °C during all heating periods) resulted to have a slightly
higher electricity loss at a ratio of 1.29% as relative to the operational
strategy Sc2, as average from all sensitivity cases.

From Fig. 16, one can understand the importance of flow rate con-
sidering its effect on the temperature drop, as indicated by Danfoss [48].
In line with that, one can conclude that keeping the flow at a reasonably
high rate can be advantageous to reach low-temperature drop through
the network.
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Fig. 19. Return temperature as obtained by the case studies based on direct
substation configuration.
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Fig. 20. Return temperature as obtained by the case studies based on indirect
substation configuration.

The focus given on temperature evaluation (Simulation 2), the fol-
lowing arguments shall be considered with the fact that at all cases the
heat demand is same. It can be observed, at first glance and as expected,
that the direct connection configurations are in favour of reaching lower
return temperature degrees generally when compared to indirect con-
figurations. This can be seen from Fig. 19 (as for direct connection) and
Fig. 20 (as for indirect connection) that at peak period, regardless of
the operational strategy in use, the final return temperature degrees are
obtained to be 50 °C and 60 °C, respectively.

The degree of the DH supply temperature is of great importance for
proper operation at the system components. As can be seen in these fig-
ures, a fixed temperature strategy throughout the heating season pro-
vides the lowest possible return temperature at all periods. The obvious
example can be directed to the case of direct substation with no substa-
tion controller at a DH system with fixed supply temperature (Direct |
Sub:NC | DH:FT) or the case InDirect | Sub:ΔT | DH:FT. In case that the
substation is equipped with a weather-compensation based controller,
having a fixed DH supply temperature still shows superiority. This can
be directed to the correct operation by the substation controller via hav-
ing enough potential by the DH supply temperature at all periods. The
case of InDirect | Sub:ΔT | DH:WC (2.5) is an example to the incapabil-
ity/fewness of the DH supply temperature so the substation controller
cannot provide the required supply temperature (at the heat exchanger
secondary side / (in other words) the outlet to the indoor heating cir-
cuit) well enough (Please check the last periods of this case, as shown
in Fig. 20). Choosing an upper slope in the heating curve [i.e. 3.5 as

with the case InDirect | Sub:ΔT | DH:WC (3.5)] is obviously the so-
lution. However, lacking feedback in the weather-compensation based
controller units makes it difficult to understand which curve and/or
slope best fit/s the DH network in focus. This is in line with the im-
portance rewarded to the correct commissioning of the DH systems by
[3]. It should be noted that worser deficient conditions with lower heat-
ing curve slopes could be possible (i.e. making choose of 2.25 in this
case). It was our concern to appoint the best minimum possible slope
as to the case requirements, as illustrated here that when the slope 2.5
was not enough, an upper slope (i.e. 3.5) was appointed while formu-
lating the case considerations in this current study. One can expect the
same deficient conditions for cases with weather compensation based
controllers appointed both at the DH level and at the substation level.
For example, a set level on the DH supply temperature from the heat
source, as wrongly commissioned, can be insufficient for the substation
heat exchanger to generate the set degree for the secondary outlet tem-
perature supplied to the indoor heating circuit.

As recommended by the results, this novel control strategy suggests
the usage of the supplied medium at the indoor heating circuit directly.
So no alteration of the inlet temperature (to the heating circuit) or equip-
ment of heat exchanger, as in indirect substation configurations, is in
favour for the lowest return temperature. If there is a need for low sup-
ply temperature, this needs to be executed in the heat source, not at the
end-user site. By use of the novel control strategy, one can formulate
an operation to reach lowest possible return temperature while keeping
the supply temperature reasonably low, as unique to any DH system in
focus.

5. Conclusion

This paper presents a novel DH operational control strategy to main-
tain low return temperature degrees from the end-user indoor heating
circuits. Accordingly, the DH level control unit was maintained with a
demand-responsive nature, resetting the DH supply temperature as to
the end-user responses (in detail, via the changes at the supply-return
temperature differences from their heating circuits). Besides, the new
DH controller was maintained with the ambition to keep the DH supply
temperature as low as possible at most. In order to maintain that, the
performance of the end-user units was evaluated for both direct and in-
direct substation configurations. The proposed DH control strategy was
obtained to be applicable to both of these substation configurations. For
the indirect substation configuration, the substation controller unit by
Gustafsson et al. [7] was considered for the favour of low return tem-
perature degrees. However, one shall conclude that the direct substa-
tion configuration is beneficial to reach lower return temperature de-
grees when compared to indirect substation configuration. This shall be
considered with the fact that the inlet temperature to the end-user sub-
station should not be altered (i.e. via mixing) but directly to be used
at its available high degree (as available from the DH network) so a
better performance to be achieved for the sake of lowering the return
temperature degree.

It should be noted that maintaining a fixed degree of the DH sup-
ply temperature whole year around leads to lowest return temperature
degrees at the very most but in a costly way when the electricity con-
sumption (considering the loss at the electricity production when heat
generation at the cogeneration system) considered. Besides, the weather
compensation curve can result in similar temperature degrees as to the
novel control strategy, as can be interpreted from the first simulation re-
sults. However, measures obtained on the electricity loss for both cases
show that the novel control costs less electricity loss at the cogeneration
system. These both clarify the fact that correct commissioning and/or
optimization of the operation as to the district is mandatory, or the adap-
tive scheme can be maintained by use of the new demand-responsive
control strategy. Besides, one can note that there can be circumstances
that the weather-compensation curve appointed cannot be enough to
maintain end-user comfort.
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Some shortcomings to be mentioned: It should be noted that this
study is specific to the site selected; especially the z-factor in use, mean-
ing that another heat source having another performance nature will
most possibly lead to another optimal result. Another shortcoming can
be directed to the use of simultaneity factor since the formulation de-
rived for the peak condition is used also in the partial load conditions.
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