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Introduction
Arash Rasooli
The Book of papers is presented by RCYP (REHVA Community of Young
Professionals). The RCYP aims to facilitate professional activities and knowledge
exchange between young professionals (below 35 years) in the fields of indoor
climate, HVAC, building physics, and building services. In the current book, the
papers written by the participants of the REHVA Student Competition and the ones
from the HVAC World Student Competition are presented. The winners of each
competition are also shown at the beginning. At the end of the book, the photos of
the events can be found.

REHVA Student Competition
Ever since 2005, REHVA has been organizing a yearly international competition to
award the best HVAC students in Europe. REHVA member associations nominate
one entry per country to the competition after having organized their national
level competitions. The submitted works are based on a Master or Bachelor work
and can cover any topic in the fields related to REHVA. The Student competitions
are organized during the REHVA Annual Meetings and the Students receive a trophy
with their names engraved in it, which is then handed over next year to the next
winner. The trophy has been traveling long in the past decade, carrying the names
of all the proud winners since 2005.

HVAC World Student Competition
In 2013, REHVA founded a World Student competition with several its international
partner associations. Ever since 2016, the HVAC World Student Competition has
been taking place between students nominated by REHVA (EU), ASHRAE (United
States), CAHVAC (China), FAIAR (South America), ISHRAE (India), SAREK (South
Korea) and SHASE (Japan). Each association may send one candidate from their
region or continent. REHVA’s candidate in the HVAC World Student Competition is
the winner from REHVA Student Competition. The other MoU partners organise the
HVAC World Student Competition according to the same rules around the world
with the participation of REHVA in the jury. The first competition was held in 2016
by REHVA in Denmark. REHVA co-finances the participation of the European
candidate in these global competitions.
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REHVA and HVAC World Student Competitions 2020
REHVA Student Competition 2020 was held online due to the COVID-19 pandemic
conditions, on the 11th of January 2021. Sixteen representatives from 14 different
countries took a part in the competition. The 1st place and the trophy were
awarded to Maaike Leichsenring, from Delft University of Technology, the
Netherlands, for her work on “Flow Visualization of Ammonia inside a Corrugated
Plate Heat Exchanger Condenser”. The second prize was awarded to David Stanek
from Czech Republic and the third prize was awarded to Asur Pablo Menéndez
Inchusta from Spain.
The Jury was composed by, Jorma Säteri, Murat Çakan, Francis Allard, Ivan
Chmúrny, Karel Kabele, Robert Gavriliuc and Ivo Martinac and chaired by Manuel
Gameiro da Silva.
The HVAC World Student Competition 2020 took place online on May 27th, 2021, in
collaboration with ISHRAE. The competition was held between the competitors
representing ASHRAE (United States), ISHRAE (India), CAHVAC (China), SAREK
(South Korea), and REHVA (Europe). The first prize was awarded to Maaike
Leichsenring (REHVA, the Netherlands, Europe) with her work on the topic “Flow
Visualization of Ammonia inside a Corrugated Plate Heat Exchanger Condenser”.
The next two prizes were awarded to Jianyun Wu (CACHVAC, China) and Yong Woo
Song (SAREK, South Korea), respectively.
The jury team members included, Jun Choi, Joe Firrantell, Narayanan Srikantan
Chandrasekar, and Angui Li and chaired by Manuel Gameiro da Silva.
The HVAC World Student Competition 2020 was the 2nd time that REHVA’s
representative won the 1st prize. REHVA’s first 1st prize in the HVAC World
Student Competition was won in 2016 by Arash Rasooli, also from the same faculty
and university, at CLIMA 2016, Aalborg, Denmark.
Both competitions are sponsored by Eurovent Certita Certification.

About RCYP (REHVA Community of Young Professionals)
The RCYP was founded in 2020 by REHVA and coordinated by Arash Rasooli, the
first winner of REHVA and HVAC World Student Competition (2016). REHVA seeks
the objective of advancing its programs and services for young engineers, helping
them build their professional foundations and career. REHVA organises courses for
students and young professionals and promotes their participation in the REHVA
network event by discounts. REHVA will support the joint activities defined
together with the RCYP members and offer advantages relying on the existing
REHVA knowledge sources and services, such as free or discounted access to REHVA
guidebooks, events and trainings, publication possibility in the REHVA Journal,
specific sessions at REHVA events for the community.
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The CLIMA World Congresses are inviting young researchers to submit abstracts. If
students team-up and purchase REHVA guidebooks they receive a discount. RCYP is
building an online community and information hub tailored to the interest of
community members.
For any inquiries, feel free to contact us at rcyp@rehva.eu.
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Results
HVAC World Student Competition 2020

REHVA Student Competition 2020
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1st Place
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Maaike
Leichsenring

The Netherlands

1st Place
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Student Competition
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Flow Visualization of Ammonia inside a
Corrugated Plate Heat Exchanger Condenser
Maaike Marie-Louise Leichsenring
compared to the other flow regimes. A flow pattern map
(FPM) helps distinguish the various regimes in a graphical
way. Reference [3] created an FPM for two-phase vertical
downward flow in plate heat exchangers including the fluid
property modifying group Λ [-], see (1), that enables the
inclusion of fluid properties into the FPM. The parameter
is defined as a function of the liquid properties relative to
those of water under the same conditions:

Abstract— As ammonia is environmentally benign, a growing
global interest takes place in the continuous use of ammonia
for commercial applications in heating, ventilation, airconditioning and refrigeration (HVAC &R) systems. Think
about heat pump systems, indirect space conditioning in
buildings and large air-conditioning plants at airports.
However, despite the fact that ammonia is amongst the oldest
of all the refrigerants, a scientific knowledge gap exists on
condensing ammonia which results in faulty heat exchanger
designs. This study shows the first flow visualization results
of vertical downward condensing ammonia in a corrugated
plate heat exchanger. A 25 mm thick corrugated transparent
polymer plate has been machined to enable flow visualization. The study distinguishes between partial film and
film flow and the influence of mass flux and vapor quality is
observed. The heat transfer coefficients of the varying flow
patterns are compared and show different characteristics.
The experimental operational conditions are compared to a
conventional flow pattern map of air/water two-phase flow in
plate heat exchangers and showed contradicting results.
Therefore, a separate flow pattern map for downward
condensing ammonia is proposed and should be relied on
when the flow pattern of downward condensing ammonia is
to be predicted. The results show that more visualization
studies are required to extend the applicability of the flow
pattern maps for different condensing fluids.
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−1 𝜌
Λ = 𝜇𝐿 𝜇𝑤
𝐿

−3/4 3/4
𝜎𝑤

(1)

,

where the fluid properties 𝜇, 𝜌 and 𝜎 represent the dynamic
viscosity, density and viscosity. The subscript 𝐿 represents
the liquid of the fluid and 𝑤 represents water at the same
operational conditions. The axes of the FPM make use of
dimensionless groups: the liquid Reynolds number 𝑅𝑒𝐿 [-]
and the two-phase Froude number 𝐹𝑟𝑇𝑃 [-]. The liquid
Reynolds number is defined by (2):
Re𝐿 = 𝐺(1 − 𝑥)𝑑ℎ 𝜇𝐿−1

(2)

Where 𝐺 [kgm-2s-1] is the total mass flux, 𝑥 [-] the vapor
quality and 𝑑ℎ [m] the hydraulic diameter. The two-phase
Froude number is defined by (3):

Index Terms— Flow patterns, plate heat exchangers, flow
visualization, condensing ammonia

I.

1/4

𝜌𝑤 𝜎𝐿

−0.5

Fr 𝑇𝑃 = 𝑥𝐺(𝑔𝑑ℎ 𝜌𝐺 (𝜌𝐿 − 𝜌𝐺 ))

(3)

Where 𝑔 [kgs-2] represents the gravitational constant. Flow
visualization of pure ammonia condensing flow inside a
corrugated vertical plate heat exchanger has not been
investigated previously. This study compares the results of
pure ammonia flow visualization in a vertical downward
PHE to the FPM constructed by [3]. Section II explains the
experimental setup and the performed research to enable
the construction of a durable transparent test plate. Section
III explains the test procedure and section IV discusses the
results of the visualization experiments.

INTRODUCTION

Plate heat exchangers (PHEs) have a wide range of
applications due to their superior performance in relation to
favourable heat transfer coefficients (HTCs), compactness,
design flexibility and thermal effectiveness [1]. However,
the two-phase behaviour inside the PHEs is not yet fully
understood, resulting in over or under- estimating by
several published heat transfer and pressure drop
correlations, which are limited by the range of conditions
they cover [2]. Reference [3] concludes that better
predictions of flow patterns in plate heat exchangers will
improve the calculation of heat transfer and pressure drop.
Flow patterns are determined visually by an experimental
setup where the flow is observed through a transparent
plate. Flow patterns are defined by the geometric
configurations of vapor and liquid and are classified into
four main flow patterns: bubbly, slug, churn and film flow.
The sequence of occurrence is based on the increase of the
vapor mass flux. References [4], [5] and [6] conclude that
the average vapor quality also plays a significant role, as it
is observed that a low vapor quality corresponds to bubbly
flow and a high vapor quality to film flow. It is expected
that the various flow patterns relate to different forms of
heat transfer. Reference [7] concludes that film flow shows
particularly favourable heat transfer enhancement as

II. EXPERIMENTAL SETUP
A. Experimental Apparatus and Procedure
In cooperation with the Delft University of Technology,
Bluerise B.V. constructed a small scale test plant to test the
performance of a cycle for Ocean Thermal Energy
Conversion (OTEC) purposes, which contains similar
components to that of a refrigeration cycle. The 100 W
OTEC-demo consists of an Organic Rankine cycle using
pure ammonia as the working fluid. Fig. 1 shows a
schematic representation of the experimental setup. Pure
ammonia is vaporized while flowing through the
evaporator due to the counter current hot water flow. The
separator splits the remaining liquid ammonia from the
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Figure 1: Experimental setup diagram of OTEC demo cycle

vapor and sends it to the recuperator, which acts as a
preheater for the ammonia that is to be heated. The pure
ammonia vapor flows through a turbine and is reunited
right before the test section. The two-phase working fluid
is condensed in the Gasketed Plate Heat Exchanger
(GPHE) by a cold-water stream from the cold-water tank.
A sub-cooler and buffer tank are placed to guarantee that
all vapor in the working fluid flow is fully condensed by
the time it reaches the process pump. The hot water tank is
heated by a heating coil and the cold-water tank is
connected to a refrigeration system.
B. Test section for Visualization
Figure. 2: Schematic representation of the heat transfer plate

The test section is a GPHE, containing a cold-water
channel and a working fluid channel. Table 1. gives the
detailed geometric parameters of the stainless-steel plate
used for heat transfer. Figure 2 shows its schematic
diagram. The PHE includes a 95 cm x 12.5 cm transparent
corrugated polymer plate that enables visualization of the
condensing ammonia on the working fluid side. This
visualization plate has the same geometric specifications
as the heat transfer plate except for the plate thickness,
which is 25 mm.

The plate is illuminated by a 500 cm LED strip including
300 LED’s that encircles the plate from its sides twice. A
3000 fps high speed camera is placed in front of the
visualization plate to capture the flow patterns under
varying operating conditions. Fig. 3 shows the transparent
polymer plate, the visualization section including pressure
plate and illumination and the placement of the camera.

Table 1. Geometric parameters of the heat transfer plates
Channel gap 𝑑𝑔

1.72 [mm]

Chevron angle 𝛽

63 [°]

Corrugation pitch 𝑝

7.5 [mm]

Corrugation
Wavelength 𝜆𝑤𝑎𝑣𝑒
Effective heat
transfer area 𝐴𝑒
Effective width heat
transfer 𝐿𝑤

6.67 [mm]
2

0.537 [m ]
0.095 [m]

Plate length
𝐿𝑣
Plate pitch
𝑝𝑐𝑝
Plate
thickness 𝑑𝑝
Plate width
𝐿ℎ
Port diameter
𝐷𝑝
Thermal conductivity 𝜅

0.668 [m]
2.3 [mm]
0.58 [m]
0.06 [m]
0.035 [m]
16.3
[Wm−1 K−1 ]

Figure 3: Left) Visualization section. Right) Visualization section and
position high speed camera.
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C. Material Selection of Visualization Plate
The challenge is finding a material that meets the
following criteria: Chemically compatible to ammonia,
transparency, high strength (able to withstand an
operational pressure up to 12 bar) and easy to machine into
the corrugation patterns. References [6] and [8] use glass
in front of a flat plate. However, machining a brittle
material such as glass into a corrugation pattern contains
large risks on mechanical performance due its brittle
structure [9]. The latter stresses the importance of finding
a polymer (as is used by [4], [10], [11] and [7]) that meets
the requirements. According to reference [12], Polystyrene
(PS) is a polymer that meets the optical, mechanical and
machinability criteria. Generally, it is stated that this
material is chemically compatible to ammonia [12] but it
is not mentioned for which experimental conditions this
applies such as phase, temperature, pressure and the
ammonia being a pure fluid or a diluted mixture.
Therefore, several samples are placed in a pressure vessel
filled with pure, liquid ammonia at a pressure of 8 bar
absolute and ambient temperature for four days. The
samples are machined into the desired corrugated pattern,
compressed onto each other by two stainless steel clamps.
Fig. 4 shows the clamped corrugated samples before and
after the test. The material shows a slight bend and tiny
damages on the locations of contact between the samples,
but it did not reduce the transparency significantly. A sheet
of PS has a maximum thickness of 4.75 mm, onto which
the corrugated pattern is machined by a CNC-machine.
The corrugated PS sheet is glued with a UV light curing
adhesive onto a Polymethylacrylate (PMMA) plate of 20
mm thickness to benefit from the superior mechanical
properties that PMMA has relative to PS.

enthalpy at the inlet of the after cooler, which is assumed
to be the same as the enthalpy at the outlet of the GPHE.
A second energy balance determines the enthalpy of the
ammonia at the inlet of the GPHE ℎ𝑖𝑛 [kgkJ-1] which is
determined by (6). ℎ𝐿,𝑠𝑎𝑡 [kgkJ-1] and ℎ𝑉,𝑠𝑎𝑡 [kgkJ-1]
represent the saturated liquid and vapour phase enthalpy of
the ammonia at the inlet conditions of the condenser.
(5)

𝑥̅ = 0.5(𝑥𝑖𝑛 + 𝑥𝑜𝑢𝑡 )
𝑥𝑖𝑛 = (ℎ𝑖𝑛 − ℎ𝐿,𝑠𝑎𝑡 )(ℎ𝑉,𝑠𝑎𝑡 − ℎ𝐿,𝑠𝑎𝑡 )

−1

(6)

Experiments are performed where the mass flux 𝐺𝑎 is kept
constant and the vapor quality 𝑥𝑖𝑛 is increased. Both the
influence of the mass flux and inlet quality on the flow
configurations are recorded for the top, middle and bottom
windows.
IV. EXPERIMENTAL RESULTS
For all recorded conditions, a framerate of 3000 fps with a
resolution of 1024 x 1024 pixels is used. The transparent
plate remained intact for 7 days, but on the 8th day of
performing experiments degradation in the material was
visible in the form of small cracks in the PS surface and
crystal shaped spots between the PS and PMMA layer that
grew in size over time. It is concluded that PS has a limited
durability when in contact with pure ammonia.
A. Flow Pattern and Flow Path
For all performed experiments, no bubbles, slugs or churns
were detected, and only film flow and partial film flow are
observed. The path of the flow remained similar under the
various circumstances. Fig. 5 shows the path of the flow
over the different windows. Due to the shapes of the
distribution zone at the inlet, the liquid flow is pushed to
the left which causes most of the liquid flow to disperse
over the left upper diagonal of the window. It is expected
that in that zone also vapor is present, but less than in the
lower diagonal. The area of the upper diagonal covered by
mainly a rough liquid film decreases for smaller mass
fluxes. This area is indicated by the zones that reflect light
in various directions.

Figure 4: Left) PS Samples before test. Right) PS Samples after test.

III.

TEST PROCEDURE

The ammonia mass flux 𝐺𝑎 [kgm-2s] is determined by (4).
The ammonia mass flow 𝑚̇𝑎 [kgs-1] is measured by flow
meter F1, see Fig. 1. The flow passage area 𝐴𝑓 [m2] is
calculated by multiplying the effective heat transfer width
𝐿𝑤 [m] with the channel gap 𝑑𝑔 [m].
𝐺𝑎 = 𝑚̇𝑎 𝐴𝑓−1

(4)

The single-phase condition at the outlet of the after cooler
is used to determine the enthalpy of the liquid ammonia.
The average vapor quality 𝑥̅ [-] inside the GPHE is
determined by (5), where 𝑥𝑖𝑛 [-] and 𝑥𝑜𝑢𝑡 [-] represent the
vapor qualities at the in- and outlet of the condenser. An
energy balance is used to determine the two-phase

Figure 5: G = 91 [kgm−2 s −1 ], 𝑥̅ = 0.27 [-]. Left) Top window. Middle)
Middle window. Right) Bottom window.
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Most of the vapor flows at the lower diagonal of the top
window, indicated by a still image. In the middle window
the corrugation direction switches and this sudden change
in flow direction causes the liquid to evenly distribute over
the corrugations in the lower part of the middle window.
Less vapor is detected. The bottom window is mostly
covered in a smooth liquid film.

Fig. 6 shows that for a constant vapor quality but
increasing mass flux the dry zone decreases. Fig. 6 a, b
indicate partial film flow by the occurrence of the dry zone.
Fig. 6 c shows that for an increased mass flux of 81 kgm2 -1
s , the dry zone disappears, i.e. indicating film flow. This
indicates that the mass flux 𝐺 has a strong influence on the
flow pattern transition from partial film flow to film flow.
A low mass flux shows smooth liquid film characteristics,
indicated in the upper left diagonal of Fig. 6 a by a clear
image. For increasing mass flux, the film transitions to
rough film characteristics, see Fig. 6 c, indicated by the
strong light reflectance of the left upper diagonal. Fig. 7
shows that for a constant mass flux and an increasing vapor
quality the area of the dry zone increases. This only occurs
for lower mass fluxes and within partial film flow only.

B. Influence of Mass flux and Vapor Quality on flow
configuration
A distinction can be made between film flow and partial
film flow. Film flow includes a liquid layer on both plates
while partial film flow leaves dry zones when the amount
of liquid film is limited and unable to cover the entire plate.
If partial film flow occurs in the GPHE and dry zones are
present on the transparent plate, an opaque surface will be
visible. The dry zones are indicated by a black
circumference, see Fig. 6 and 7. Only the top window is
represented in the figure since this window shows the
varying configurations most clearly.

C. Data reduction of experiments
The experimental results indicate that the occurrence of the
dry zone is the main visual phenomenon that distinguishes
partial film flow from film flow. Therefore, quantification
of the dry zone fraction 𝜖𝐴 [-] leads to a parameter which
can provide insight on its relation to mass flux, vapour
quality and heat transfer characteristics. The dry zone
fraction is defined by (7):
𝜖𝐴 = 𝐴𝑑𝑟𝑦 𝐴−1
𝑒 ,

a)

b)

where 𝐴𝑑𝑟𝑦 [m2] is the area of the dry zone on the plate
and 𝐴𝑒 [m2] the effective heat transfer area of the plate.
Image processing by Matlab is used to quantify the dry
zone fraction 𝜖𝐴 , by assuming that moving liquid is
represented by pixel values that change over time, whereas
the vapor is represented by pixel values that remained
constant over time. This is done for all performed
experiments. Fig. 8. presents the results of image
processing by Matlab of two experiments which
correspond to the observed results of Fig. 6a and Fig 7c.
Fig. 8a. shows a large dry zone in the bottom left diagonal
indicated by the light blue area on the plate, which is in
line with the visual observations. The dry zone indicated
in Fig. 8b shows similar results to Fig. 7 but a larger area
than the visual observations indicate. For all experiments,
the results of Matlab processing were in line with the
described physical phenomena in section B.

c)

Figure 6. 𝑥̅ = 0.31 [-]. a) G = 43 [𝑘𝑔𝑚−2 𝑠 −1 ] b) G = 64 [𝑘𝑔𝑚−2 𝑠 −1 ]
c). G = 81 [𝑘𝑔𝑚−2 𝑠 −1 ].

a)
a)

b)

(7)

c)

b)

Figure 8. Processed images by Matlab where blue pixels indicate a static
image and yellow /orange represents liquid movement.. a) G = 43
[kgm-2s-1], . x̅ = 0.31[-], b) G = 43 [kgm-2s-1], . x̅ = 0.62[-].

Figure 7. G = 43 [𝑘𝑔𝑚−2 𝑠 −1 ] . a) . 𝑥̅ = 0.22 [-]. b) . 𝑥̅ = 0.48 [-]
c) . 𝑥̅ = 0.62 [-]

4
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visualization experiments in this research, the map predicts
churn flow. The results of the flow visualization
experiments show film and partial film flow, which
indicates that this map is not yet applicable for ammonia
flow pattern prediction.
E. Proposed Flow Pattern Map
An FPM for the downward condensing ammonia in the
GPHE is constructed based on the parameters proposed by
[3]. Fig. 11 presents the proposed FPM for downward
condensing ammonia inside a GPHE with a corrugation
angle of 𝛽 = 60 °𝐶. This map can be used to predict the
occurring flow pattern of downward condensing ammonia
in a PHE operational conditions within the indicated limits.
The map includes the experimental conditions of the
visualization experiments and the dashed line describes the
transition from partial film flow to film flow. An indication
for rough film flow and smooth film flow is included that
describe the transition from a smooth liquid film to a rough
liquid film. The proposed transition line differs from the
transition line proposed by [3] as it is in opposite direction
and slightly curved. The deviation can be explained by the
fact that constructed transition lines proposed in the FPM
by [3] are based on observed flow patterns in previous
studies. The transition lines for the upper half of the FPM,
i.e. 𝐹𝑟𝑇𝑃 Λ−0.5 > 1.8, are based on few experiments. The
experimental conditions of the visualization experiments
are between 1.8 < 𝐹𝑟𝑇𝑃 Λ−0.5 < 5.0 and the results of this
visualization study can be used to improve the accuracy of
the FPM constructed by [3]. More visualization studies
with a wider range of experimental conditions on
condensing flow of pure ammonia in vertical PHEs are
required to accurately describe the flow pattern behaviour
of pure ammonia in this type of heat exchangers and to
extend the applicability of FPMs for different fluids.

Figure 9. HTCs of condensing ammonia, dry zone fraction and liquid
Reynolds number for various mass fluxes obtained from the
visualization experiments.

Therefore, quantification of the dry zone fraction 𝜖𝐴 was
concluded to be successful. The HTCs of condensing
ammonia 𝛼𝑎 [Wm−2 K −1 ] were determined by (8):

𝑈 = 1/(

1

𝛼𝑎

+

1
𝛼𝑊

+

𝑑𝑝
𝜅

)

(8)

Where 𝑈 [Wm−2 K −1 ] is the overall heat transfer
coefficient determined by heat balance and 𝛼𝑊
[Wm−2 K −1 ] is the heat transfer coefficient of the cooling
water determined by previously obtained single phase heat
transfer correlations by [3]. Fig. 9 presents the HTCs of
condensing ammonia 𝛼𝑎 , the liquid Reynolds number 𝑅𝑒𝐿
and the dry zone fraction 𝜖𝐴 and trend line for various mass
fluxes. It can be observed that the HTCs for film flow show
more linear characteristics than partial film flow, and that
for increasing dry zone fraction the non-linear
characteristics for partial film flow increases. Partial film
flow shows favourable HTCs over film flow, and is
concluded to be the preferred flow pattern with respect to
heat transfer.
D. Comparison of Results to Flow Pattern Map by [3].
The operating conditions of the experiments are
represented in Fig. 10. Figure 10 shows an FPM generated
by [3] for plate heat exchangers that makes use of the
dimensionless quantities 𝑅𝑒𝐿 and 𝐹𝑟𝑇𝑃 which account for
gravity, viscous forces and inertia. This construction is
based on results from previous visualization experiments
for two-phase vertical downward flow of mainly air-water
mixtures in plate heat exchangers. The dimensionless fluid
property modifying parameter Λ is included on the Y-axis
to correct for fluid property deviations of other fluids. This
parameter is included to widen the applicability of the map
from air-water to multiple fluids, such as refrigerants. The
viscosity, surface tension and vapour-liquid density ratio
of ammonia locate its operating conditions at high values
of the y-axis. For the experimental conditions of the flow

Figure 10. Experimental operating conditions shown in simplified flow
pattern map of two-phase flow in PHEs by [3].
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HTCs over film flow and increases with the dry zone
fraction. The operating conditions during the performed
ammonia condensation experiments (liquid Reynolds
number and two-phase Froude number) have been
indicated in the FPM constructed by [3]. The results
indicate that the film flow and partial film flow transition
line needs to be moved to higher values of the 𝑅𝑒𝐿 than
indicated in the FPM which is mainly based on air-water
experiments. For this reason, an FPM is proposed for
condensing ammonia inside a corrugated GPHE
describing the transition from partial film flow to film
flow. The results of this study can be used to improve
performance calculations of condensing ammonia in plate
heat exchangers. More extensive visualization studies are
required to:
Extend the applicability of the FPM for
different condensing fluids inside GPHE’s
Improve two-phase correlations for ammonia
on a large scale and therefore optimize heat
exchanger designs used in HVAC &R systems.

Figure 11. The proposed flow pattern map as a function of 𝐹𝑟𝑇𝑃 , Λ and
𝑅𝑒𝐿 for condensing ammonia inside a corrugated GPHE describing the
transition from partial film flow to film flow.
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PS is compatible for flow visualization of ammonia for
seven days. For future visualization studies, it is advised to
test the chemical compatibility of Polypropylene (PP) as
PP is expected to have an improved chemical compatibility
to pure ammonia. During the flow visualization
experiments, the cold water flow varied significantly due
to limits of the OTEC setup which influenced the HTCs of
ammonia. Flow patterns are defined visually, therefore
flow pattern classification remains subjective to this day.
The approach of performing the experiments and the
experimental conditions influence the judgement of the
observer on how flow patterns are related to transition lines
in the FPM. The proposed FPM shows a curve based on
the experimental conditions. However, if another approach
was executed the experimental conditions might have
formed another structure on the FPM. This note should be
taken into account when forming FPMs or making
assumptions on the flow pattern behaviour based on FPMs
constructed from a limited amount of experiments.
VI.
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CONCLUSIONS

The flow morphology of pure ammonia in a vertical
downward GPHE has been captured. A corrugated
visualization plate is produced from transparent PS by a
CNC-machine and has proven to be chemically compatible
to pure ammonia for several days and mechanically
resistant to a condensation pressure up to 7 bar absolute.
For all conditions introduced, film flow and partial film
flow are observed. The flow patterns were most visible on
the top window, where most of the liquid phase covers the
left upper diagonal and most of the vapor the lower
diagonal of the window. An increased vapor quality
increases the area of the indicated dry-zone (partial film
flow) on the visualization plate. The mass flux determines
the transition from partial film flow to film flow.
Increasing the mass flux enhances the rough film flow,
creating more liquid entrainment in the lower diagonal
resulting in film flow. Partial film flow shows favourable
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Abstract—Due to excellent properties, polyimide (PI) films
are widely used in capacitive humidity sensors as the
humidity-sensitive medium. However, some key properties of
this film are uninvestigated and need further research,
especially those related to sensor characteristics. So, samples
of PI films were self-synthesized in a lab. In order to test their
effective diffusion coefficients using the self-build test system,
films were created from different chemical combinations
(PMDA-ODA, BPDA-ODA, BPDA-BAPP, PMDA-BAPP)
with four separate concentrations (23%, 20%, 17%, 15%).
They were tested in three disparate temperatures (20℃, 35℃
, 50℃), respectively. The effective diffusion coefficients of
water molecules in these four films were 6.11×10-13m2/s for
PMDA-ODA, 6.38×10-13m2/s for BPDA-ODA, 6.14×10-13m2/s
for BPDA-BAPP, and 5.86×10-13m2/s for PMDA-BAPP. The
effective diffusion coefficients of water molecules in these PI
films were 6.08×10-13m2/s, 5.86×10-13m2/s, 4.25×10-13m2/s and
3.76×10-13m2/s ordered by decreasing concentration of PI
film. When the environment temperature rises from 20℃ to
50℃, the effective diffusion coefficient rises from 6.38×1013m2/s to 1.67×10-12m2/s. The results should greatly enhance
the properties improvement of the capacitive humidity
sensor.

Figure 1. The flow chart of PI preparation
TABLE I.
THE EQUIPMENT AND THE MODEL AND PRECISION
Specification

BAPP

98%

PMDA

98%

ODA

98%

BPDA

97%

DMAC

Analytically pure

Manufacture
Shanghai Aladdin biochemical
technology co. LTD
Shanghai Aladdin biochemical
technology co. LTD
Shanghai Aladdin biochemical
technology co. LTD
Shanghai Aladdin biochemical
technology co. LTD
Shanghai zhongqin chemical
reagent co. LTD

Firstly, the binary anhydride and diamine with same
molar mass were put into DMAC. They were stirred and
heated to obtain PI acid. The acid with different
concentrations can be obtained by changing the mass of
binary anhydride and diamine. Then, PI acid was dropped
on the glass sheet gripped in the spin coater. By controlling
the quantity of PI acid and rotation speed of spin coater, the
thickness of PI films can be changed. Finally, put the glass
sheets into the electric furnace controlled and heated. After
the process of dehydration cyclization, the PMDA-ODA,
BPDA-ODA, BPDA-BAPP and PMDA-BAPP PI films
were created. They were in varying concentrations (23%,
20%, 17% and 15%).

Index Terms—Effective diffusion coefficient, humidifysensitive properties, polyimide Film.
Introduction

Capacitive humidity sensors are widely used in many
fields, whose characteristics are mainly dependent on the
sensing film[1-2]. Polyimide (PI) film is commonly used as
humidity sensitive material due to its stability and
absorbency properties[3]. The research for improving
humidity sensors has been ongoing and numerous, but most
of that research is focused on the sensor itself. Therefore,
there is a glaring vacancy of research on PI films, an
essential component of this system; especially properties of
the PI film related to sensing characteristics. This is a
barrier to improve sensors as a whole. This paper will fill
that research void.
II.

Reagent

III.

TEST FACILITY FOR EFFECTIVE DIFFUSION
COEFFICIENT
The test system is shown in Fig. 2. The main devices of
this test system are shown in Tab. Ⅱ. Before the test, plenty
of moist and dry air must be produced from generators and
stored in gasholders separately. The PI film was then hung
on the hook of the electronic scales in the test chamber in
order to test its original mass. Refer to Fig. 2, the valve 14
was opened to let the film absorb the moisture from the
moist air. When the mass of film reached stabilization, the
time of whole process and the film mass were recorded after
absorption. In addition, the chamber humidity was recorded
before and after the test. Then the chamber humidity
reduced by inletting the dry air. The process was repeated
three times to gain more data. Finally, the effective
diffusion coefficient of the water molecule in disparate
films can be calculated.

PREPARATION OF POLYIMIDE FILMS

In this paper, two kinds of binary anhydrides and
diamines were chosen to form four types of films. Fig. 1
shows the fabrication progress of PI films. The chemicals
used to prepare PI films are listed in Table Ⅰ.

This project is supported by the National Natural Science Foundation(Number 51466007)
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where l is the thickness of PI film, m. pvs is the partial
pressure of saturated steam in experimental temperature,
Pa.
Based on Equation (1) and (4), the following equation
can be deduced [6]:
𝐷 = (𝛿 ∙ 𝑃vs /𝜌) ∙ [1/(∂𝑤/ ∂𝜑)]

According to (5), it is obviously that the key to obtain
effective diffusion coefficient of water molecule is getting
effective permeability coefficient and moisture sorption
isotherm of water molecule.
The effective permeability of water molecules can be
tested according to Astm Standards[4], the calculations are
as follows:

Figure 2. The schematic diagram of test system on diffusion
coefficient
1-air pump; 2,3,7,10,14,15,20-valve; 4-humidity generator; 5-dryer; 6gasholder of moist gas; 8,11,21-pressure gage; 9-gasholder of low humidity
gas; 12,13,22-temperature and humidity sensor; 16-adsorption chamber; 17baffle; 18-PI film; 19-electronic scales; 23-computer

TABLE II.
THE EQUIPMENT AND THE MODEL AND PRECISION

𝛿 = 𝜉 · (1/2)

Name
Electronic scales
Oilless air compressor

Model
HZ-104/55S
SQ12

Precision
1/100000

Temperature and
humidity sensor

RS-WSN01-SMG-7

±2%RH(5%RH~95%RH,
25℃);±0.4℃(25℃)

Constant temperature
humidity chamber

HWHS-2250

±0.1%RH; ±0.1℃

IV.

ξ = 𝑔/∆pv = 𝑔/[𝑝vs · (𝑅𝐻1 − 𝑅𝐻2 )]

𝑔 = (∆𝑚/∆)/𝐴

Where g v is the mass flow rate of vapour, kg/s. δ is the
effective permeability, kg/(m·s·Pa). pv is the partial
pressure of vapour, Pa.
According to Fick’s first law, the one-dimension
instability mass flow rate of water molecules can be
expressed as follows when the temperature is constant.

𝛿 = ∆𝑚 ∙ 𝑙/[2𝐴 ∙ ∆𝑡 ∙ 𝑝vs ∙ (𝑅𝐻1 − 𝑅𝐻2 )]

Where ρ is the performance density of PI film, kg/m3. D
is the effective diffusion coefficient of water molecules,
m2/s. w is the moisture mass percentage, kg/kg. x is the
distance of water molecules diffusion on one direction, m.
Based on the isothermal adsorption, (2) can be described
as follows [5]:

𝑤 = (𝑚 − 𝑚0 )/𝑚0

(3)

𝑔v = −𝜌 ∙ 𝐷 ∙ (∂𝑤/ ∂𝜑) ∙ (∂𝜑/ ∂𝑥)

(

𝜑2 −𝜑1

𝑙

)

= −𝜌 ∙ 𝐷 ∙ (

∂𝑤
∂𝜑

)(

1
𝑝vs

(10)

where m is the mass of PI film in a certain environment
relative humidity, kg. m0 is the mass of dry PI film, kg.
The Peleg model can describe the expression of w and φ
with these parameters [9]:

Where 𝜑 is the environment relative humidity, %RH.
Both partial pressure of vapour in PI film and relative
humidity are linear distribution during steady state
diffusion, so 𝑔v can be expressed as follow [6]:
)∙

(9)

Firstly, the partial pressure of vapour and temperature in
the film are different from those in the environment. When
PI film is exposed in the environment for a certain time, the
partial pressure of vapour and temperature in the film
matches those in environment. At this time, the equilibrium
moisture content, w, is the ratio between water mass that
can be separated from the film and the mass of dry PI film.
The moisture sorption isotherm w(φ) is the curve that linked
by equilibrium moisture contents under different relative
humidity. According to the ISO 12570[7], the moisture
percentage can be obtained by the following equation:

(2)

𝑔v = −𝜌 ∙ 𝐷 ∙ (∂𝑤/ ∂𝑥)

(8)

where ∆m is the mass change, kg and ∆t is the time, s. A
is the area of PI film, m2.
According to (6), (7) and (8), the equation of effective
permeability coefficient of water molecules can be
obtained:

(1)

𝑔v = −𝛿 ∙ ∇𝑝v

∂𝜑
𝑙
𝑝v2 −𝑝v1

(7)

where ∆𝑝v is the vapor pressure difference, Pa 𝑅𝐻1 and
𝑅𝐻2 are the ambient relative humidity after and before the
moist gas is into the chamber, % g is the wet flow density,
which can be described as Equation (8):

A. The calculation equations of effective diffusion
coefficient
Equation (1) relates the mass flow rate and the partial
pressure gradient of vapour[4].

∂𝑤

(6)

where ξ is the water molecular permeability, it can be
described as (7):

TEST DATA AND THE PROCESSING

𝑔v = −𝜌 ∙ 𝐷 ∙ (

(5)

𝑤(𝜑) = k1 𝜑 n1 + k 2 𝜑 n2

)∙

(11)

where k1 , k 2 , n1, n2 are constants (n1<1 and n2>1). When
k1 is proximately to k2, and the relative humidity is low, the
first item is much bigger than the second one. While the
relative humidity is high, the situation is opposite. Because

(4)
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the relative humidity of tested environment is lower than
50%RH, the Equation (11) can be simplified as follow:
𝑤(φ) = k𝜑 𝑛1

Table Ⅳ shows that with the concentration decrement of
PI film, both the effective permeability coefficient and
diffusion coefficient decrease similarly. Therefore, the
higher the concentration, the better the humidity-sensitive
property of PI film is, also the better the property of
humidity sensor.

(12)

According to (5), (9) and (12), the effective diffusion
coefficient, D, can be described as (13):

D. The temperature influence on film humidity-

sensitive property

𝐷 = ∆𝑚 ∙ 𝑙/[2𝐴 ∙ ∆𝑡 ∙ (𝑅𝐻1 − 𝑅𝐻2 )] ∙ [1/(∂𝑤/ ∂𝜑)] (13)

The BPDA-ODA films with 0.025mm thickness and
20% concentration were tested in 20℃, 35℃ and 50℃.
The results are shown in Tab.Ⅴ.

As long as ∆𝑚, l, A, ∆𝑡, 𝑅𝐻1 , 𝑅𝐻2 and w(φ) are tested,
the effective diffusion coefficient can be obtained.
B. The chemical combinations influence on film
humidity-sensitive property
Four films were chosen to test in 20℃. They were shown
in Table 3. The areas of them were 0.01m2 and the
thicknesses were 0.025mm. In addition, the concentrations
were 20%. The results are listed in Tab. Ⅲ.

TABLE V.
THE TEMPERATURE EFFECTS ON THE COEFFICIENTS

TABLE III.
THE PERMEABILITY COEFFICIENTS AND EFFECTIVE DIFFUSION

w(φ)

D(m2/s)

Temperature

δ(kg/(m·s·Pa))

20℃

7.425×10-16

0.02073φ0.32248

6.38×10-13

35℃

4.749×10-16

0.01297φ0.43392

1.00×10-12

50℃

2.994×10-16

0.0046φ0.68938

1.67×10-12

COEFFICIENT OF FOUR FILMS

Type

δ(kg/(m·s·Pa))

w(φ)

D(m2/s)

PMDA-ODA

5.079×10-16

0.0312φ0.17898

6.11×10-13

BPDA-ODA

7.425×10-16

0.02073φ0.32248

6.38×10-13

BPDA-BAPP

4.686×10-16

0.06077φ0.1079

6.14×10-13

PMDA-BAPP

3.569×10-16

0.06997φ0.0863

5.86×10-13

According to Tab.Ⅴ, with the increase of temperature,
the effective permeability coefficient decreases rapidly，
since the partial pressure of saturated steam increases
dramatically when experimental temperature rises. While
effective diffusion coefficient augments contrarily. Clearly,
the temperature has an appreciable impact on humiditysensitive property of PI film. The higher the temperature,
the better the humidity-sensitive property of PI film is.
V.

According to Tab.Ⅲ, four PI films ordered by increasing
effective permeability coefficient are PMDA-BAPP,
BPDA-BAPP, PMDA-ODA, BPDA-ODA. However, the
effective diffusion coefficients of different PI films are
similar, and there’s no evident regularity. Therefore, the
chemical combinations have little influence on humiditysensitive property of PI film. Additionally, The BPDAODA PI film has the best humidity-sensitive property,
because both its effective permeability coefficient and
effective diffusion coefficient are highest among all the
films.

1) The tested effective diffusion coefficient of PI film is
valuable for researches on porous media. It also provides
experimental data for numerical simulations.
2) The self-built system and test method for humidity
property of PI film and porous film is practical.
3) The BPDA-ODA type of PI film with higher
concentration should be used as sensing film in humidity
sensors to improve its sensitivity.
4) The temperature has a significant impact on humiditysensitive property of PI film, it becomes better when
temperature increases.

C. The concentration influence on film humidity-

sensitive property

ACKNOWLEDGEMENT

The concentration influence on humidity-sensitive
property was discovered by testing PMDA-BAPP films
with varying concentrations. The films areas were 0.01m2,
and their thicknesses were all 0.0025mm. The test ran in 20
℃. And results are shown in Tab. Ⅳ.

This project is supported by the National Natural Science
Foundation(Number 51466007).
REFERENCES
[1]

TABLE IV.
THE CONCENTRATION EFFECTS ON THE COEFFICIENTS
[2]

Concentration
(%)

δ(kg/(m·s·Pa))

w(φ)

D(m2/s)

23%

4.391×10-16

0.05236φ0.11929

6.08×10-13

20%

3.569×10-16

0.06997φ0.0863

5.86×10-13

17%

2.314×10-16

0.12907φ0.06001

4.25×10-13

15%

1.924×10-16

0.05734φ0.10696

3.76×10-13

CONCLUSIONS

[3]

[4]

Chen Meijuan, 2015. A parallel plate capacitive humidity sensor
based on PI film and numerical study on its characteristics, Lanzhou
jiaotong University.
X. He, et al.,2017. Research on Dynamic Characteristics Model of
Parallel Plate Capacitive Humidity Sensor, Instrument Technique
and Sensor.2017(4):5-26.
W. Zhou, et al., 2017. Numerical study on response time of a
parallel plate capacitive polyimide humidity sensor based on
microhole upper electrode. Journal of Micro/Nanolithography,
MEMS, and MOEMS, 16(3):034502.
R. Concepts, 2014. E96-93 Standard test methods for water-vapor
transmission of materials. Annual Book of Astm Standards

3

18

HVAC WORLD STUDENTS COMPETITION 2020
[5]
[6]

F. Collet, et al., 2011. Water vapor properties of two hemp wools
manufactured with different treatments. Construction & Building
Materials 25(2): 1079-85.
Siyang Yi. 2016. Experimental measurement of the effective water
vapor diffusion coefficient of porous building materials by a
transient technique toward energy-efficient buildings, Zhejiang
University.

[7]
[8]

ISO, 2014. ISO 12570: Hygrothermal performance of building
materials and products Determination of moisture content by drying
at elevated temperature.
M. Peleg, 1993. Assessment of a Semi-empirical Four Parameter
General Fmodel for Sigmoid Moisture Sorptiom Isotherms. Journal
of Food Process Engineering 16(1): 21–37.

4

19

2nd Place
REHVA
Student Competition
David Stanek
Czech Republic

20

Reuse of waste heat from IT equipment
David Staněk
Abstract—There is a large potential in energy savings when it
comes to reusing waste heat from IT equipment. In the study,
a calculation on waste heat recovery from a virtual data
center has been evaluated on a specific residential building.
The data center has been designed based on knowledge
gained on personal in-situ data gathering as well as on
authors studying the given issue.
Index Terms—Data centers, heating and domestic hot water,
IT equipment, waste heat
Introduction

The worldwide electric energy consumption of data
centers (DC) has reached 205 TWh in the year 2018 [1].
For comparison, the total electricity consumption of
Portugal as of year 2018 was only 52 TWh, making the data
center electricity consumption four times higher [2].
Electronic chips transfer around 99 % of their electrical
power into heat. For a normal DC this means a specific heat
load of 1-3 kW/m2 [3]. DC operators are pursuing a higher
efficiency of their DCs because of increasing energy costs
as well as a green image. Modern DCs often use a system
of free cooling technology, adiabatic cooling and an
effective hardware and hardware regulation [4][5]. Even
though modern approaches are in use, there is great
potential in reusing waste heat from the IT systems, which
is not regularly harvested.

Figure 2: Power consumption of the analyzed typical server room [7]

I. DATA CENTERS AS A SOURCE OF HEAT
Two DCs in the Czech Republic have been analyzed to
gather information about their waste energy reuse. The first
was directly owned by a Czech technological company
with an installed IT power of 1 000 kW [6]. The second DC
rented rack space to end users often mid-sized companies
and cloud servers [7]. The installed IT power was 814 kW.
Both DCs were air cooled using a cold-hot aisle cooling
system. The later DC has granted valuable data, directly
from their BMS system. Free cooling technology has been
used up to an outside temperature of 14 °C. The analyzed
data consists of the whole DC and an exemplar server room
(SR).

Figure 3: Power consumption of the analyzed DC with reference to PUE
and outdoor air temperature [7]

A Finnish study by M. Wahlroos focused on using DC
waste heat for district heating comes forward with a similar
outcome of high stability of DC waste heat production [8].
B. Regulation of heat generated in DCs
A large issue associated with DCs as a source of heat is the
low possibility of regulating the heat generated. The DC is
essentially a commercial company and its products are a
number one priority for its operation. Based on
communication with managers of the visited DCs, there is
little to no potential in regulating the heat generated based
on the heat demand. This means, that the heat is generated
constantly at similar levels throughout the year.
Another research, led by C. Jiang, studied energy
consumption and efficiency of modern data centers [5]. An
important part of the study was focused on energy
proportionality and energy efficiency of studied servers.
Energy proportionality shows the effect of lowering
computing power of a computer chip on its electricity
consumption. Energy efficiency refers to ratio between the
server computing power and electrical power consumption.
The results were important for this case study as they
presented little effect of decreased computing power on the
specific electrical power consumption and thus the heat
generated in IT equipment.
Based on these data, the waste heat from DC is considered
constant, stable but hard to regulate based on heat demand.

A. Stability of heat generated in DCs
The analyzed data shows a high stability in IT power
consumption which directly converts to stable heat output.
The maximum divergence in the SR was 14 % (128 to 147
kW). The whole DC than recorded a divergence of 3 %
(368 to 378 kW). At the time of the visit the DC had a max
active IT power of 651 kW (total 814 kW).

Figure 1: Typical server room of analyzed DC [7]
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II. DATA CENTERS AND ENERGY
Modern technologies and energy-efficient approach help
in decreasing specific power consumption of DCs. PUE
values are used for a comparison of DC energy efficiency.
PUE stands for Power Usage Effectiveness and is
calculated as the total energy supplied to a DC divided by
electric energy consumed purely by IT equipment [9]. A
lower PUE value indicates a higher efficiency. Average up
to date DCs have a PUE of around 1.6, however modern,
high end DCs can go as low as 1.2 – 1.1 [10].
𝑃𝑈𝐸 =

𝐸𝐷𝐶
𝐸𝐼𝑇

Figure 4: Layout plan of the Main residential object

The chosen cooling technology of the DC was direct hot
water cooling.
A. Direct hot water cooling
Direct hot water cooling is a special technology used in
server cooling, where demineralized water is brought
directly to high heat producing hardware, such as CPUs,
GPUs, and RAMs. Heat is transferred via a conductive
aluminum plate. The advantage is a high efficiency of heat
transfer, where between 90-95 % heat is transferred and
taken away by water [13]. The other advantage is a high
cooling stability with a decreased risk of local heat islands
as well as a higher rack density of up to 100 kW/rack [11].
The main disadvantages are the requirement to use a
specialized hardware, a potential for water leakage and a
necessity to cool the remaining low power components by
air, which accounts to 10-20 % of heat produced in the
server. The temperature of the outgoing hot water may
reach 65 – 70 °C without any risk to the cooled hardware.
This enables almost all year free cooling in most European
regions.

(1)

𝐸𝐷𝐶 = 𝐷𝑎𝑡𝑎 𝑐𝑒𝑛𝑡𝑒𝑟 𝑡𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
𝐸𝐼𝑇 = 𝐼𝑇 𝑒𝑞𝑢𝑖𝑝𝑚𝑒𝑛𝑡 𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐𝑖𝑡𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
For the topic of waste heat recovery, a different approach
is preferred. The alternative method is the Energy Reuse
Factor (ERF) which is calculated as a ratio between the
reused energy of the DC and total energy supplied to the
DC [10]. Normal DC without waste heat reuse have an
ERF = 0. ERF of 1 means all energy consumed by the DC
is reused.
𝐸𝑅𝐹 =

𝐸𝑅𝐸𝑈𝑆𝐸
𝐸𝐷𝐶

(2)

𝐸𝐷𝐶 = 𝐷𝑎𝑡𝑎 𝑐𝑒𝑛𝑡𝑒𝑟 𝑡𝑜𝑡𝑎𝑙 𝑒𝑛𝑒𝑟𝑔𝑦 𝑐𝑜𝑛𝑠𝑢𝑚𝑝𝑡𝑖𝑜𝑛
𝐸𝑅𝐸𝑈𝑆𝐸 = 𝑅𝑒𝑢𝑠𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦 𝑜𝑓 𝑡ℎ𝑒 𝐷𝐶
The last metric used is the Energy Reuse Effectiveness
(ERE). The ERE value indicates how well the DC
maintains its energy flows and reuses energy.
𝐸𝑅𝐸 =

𝐸𝐷𝐶 − 𝐸𝑅𝐸𝑈𝑆𝐸
𝐸𝐼𝑇

B. Server cooling design
1) Server cooling
An exemplar server has been used to design its cooling
system as shown in Fig. 5. The temperature gradient has
been set to 45/65 °C, which allows for direct heating and
domestic hot water (DHW) preparation. Pipe width has
been calculated as 4 mm for optimal liquid velocity.
Characteristics of liquid flow for various server power
densities are shown in Tab.2. [14]

(3)

III. THEORETICAL CASE STUDY
A full-scale concept of waste heat recovery from a DC has
been prepared. The study evaluated a combination of DC
with a selected residential complex of apartment blocks
situated in Prague, Czech Republic. The complex
consisted of three apartment towers with several
commercial areas. This object will be later referred to as
Main residential object (MRO). The aim was to verify if a
DC can be effectively used as an alternative heat source.
Chosen architectural and energy information about the
MRO are presented in the table below.
Table 1: Information about Main residential object
Project name
Location
Year of construction
No. flats
No. residents
Winter outside extreme temp.
Winter outside average temp.
Heating degree days- average
Specific heat demand
Total heat loss
Heat demand for heating
Heat demand for domestic hot
water preparation

Park Hloubetin
Prague, Czech Republic
2016
117
334
-12 °C
4,3 °C
3 237 K.day
12 kWh.(m2.a)-1
167 kW
411 MWh.a-1

Figure 5: Typical server cooling system
Table 2: Server cooling parameters
Server
power
density
High
Medium
Low

382 MWh.a-1

Server
heat
cooled
by liquid
[W]
593
285

Liquid
mass
flow
[kg.h-1]

Liquid
velocity
[m.s-1]

Re
[-]

Type of
liquid
flow

25,4
12,2

0,55
0,27

3 824
1 911

Turbulent
Laminar

142,5

5,0

0,14

956

Laminar

2
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C. Rack cooling design
The rack case (RC) can mount 42 (in some cases more)
individual servers. RCs used in direct water cooling
technology are different to classical, air cooled models. An
exemplar RC has been modeled in the study for illustration
and cost estimation. A model is shown in Fig. 6. The
cooling circuit inside the RC is separated from the main
branch in the DC by an inbuilt heat exchanger. The
primary role of the heat exchanger is to separate pressure
levels on the two sides as well as improving control of each
individual RC cooling power. Each RC further contains an
expansion tank, safety valve and a circuit pump. The
cooling circuit of the RC is connected via a reverse return
system for simple regulation. The heat exchanger between
Rack cooling and DC cooling is 65/62 °C. [14]

2) IT chip temperature limit
With such high outgoing temperatures (65 °C) the danger
of hardware overheating risk had to be analyzed. The
highest allowed temperatures for CPU and GPU chips
range between 90-105 °C, depending on the manufacturer.
Based on [15] the maximal safe operational temperature of
CPUs, GPUs and RAMs is 78-85 °C.
The chip with highest risk of overheating is labeled CPU2
in Fig. 5. The temperature gradient on the chip is 57/65 °C.
The temperature difference between the cooling liquid and
the CPU has been calculated using the overall heat transfer
coefficient (4)(5). Heat transfer coefficient between
cooling water and the surface layer of the piping (6) has
been calculated using Nusselt number. Nusselt number has
been determined using Pohlhausens equation for laminar
and transitional forced flow over plates (7) [16]. A second
value defining Nusselt number was defined from scientific
literature for comparison (F. Incropera) [17]. The
maximum calculated temperatures on CPU2 do not exceed
80 °C for any CPU power density. The set temperature
gradient of 45/65 °C on the server is thus safe. A full list
of theoretical maximum temperatures based on CPU
power are in Tab.3.
∆𝑡 =
𝑢̅ =

ℎ𝑖 =

𝑄̇
𝑢̅ ∙ 𝑆
1

(4)
(51)

1
𝑙
+∑
ℎ𝑖
𝜆
𝑁𝑢 ∙ 𝜆𝑊
𝐿

(6)
3

𝑁𝑢 = 0,664 ∙ √𝑅𝑒 ∙ √𝑃𝑟

𝑅𝑒 =
𝑄̇
𝑢̅
𝑆
ℎ𝑖
𝑙
𝜆
𝜆𝑊
𝐿
𝑁𝑢
𝑃𝑟
𝑣
𝐷ℎ
𝜈

D. Data center cooling design
A DC consists of dozens of RCs. The main cooling branch
connects on the primary side to a heat exchanger,
separating demineralized water on the DC side, with
heating water on the boiler room side of the MRO. The
temperature gradient of this heat exchanger is designed at
62/60 °C. The secondary side of the DC cooling branch
connects to heat exchangers that are a part of each RC,
discussed above. Liquid flow into the RCs is controlled by
a set of motor controlled two-way valves. The DC´s
cooling circuits temperature gradient are set to 42/62 °C
and are designed via a reverse return system for simple
regulation. A schematic diagram is presented in Fig. 7.
A very important part of the DC´s cooling circuit are dry
chillers. These are in use when the object´s demand for
heat is lower than the heat supplied from the DC. The
cooling capacity of the dry chillers must higher than IT
heat capacity to ensure safe DC operation. Due to the high
temperatures in the cooling systems, free cooling may be
used throughout the year. [14]

𝑣 ∙ 𝐷ℎ
𝜈

(7)
(8)

= server heating power [𝑊]
= overall heat transfer coefficient [𝑊 ∙ 𝑚−2 ∙ 𝐾 −1 ]
= CPU chip area [𝑚2 ]
= heat transfer coefficient surface/liquid [𝑊 ∙ 𝑚−2 ∙ 𝐾 −1 ]
= piping wall thickness [𝑚2 ∙ 𝐾 ∙ 𝑊 −1 ]
= thermal conductivity [𝑊 ∙ 𝑚−1 𝐾 −1 ]
= thermal conductivity of water at 61 °C [𝑊 ∙ 𝑚−1 ∙ 𝐾 −1 ]
= characteristic dimension [𝑚]
= Nusselt number [−]
= Prandtl number of water at 61 °C [−]
= velocity of water flow [𝑚 ∙ 𝑠 −1 ]
= hydraulic diameter [𝑚]
= kinematic viscosity of water at 61 °C [𝑚2 ∙ 𝑠 −1 ]

Figure 6: Rack cooling design
1a
1b
1c
1d
1e
2
3a
3b
4
5
6
7

Table 3: Maximal CPU chip temperatures
CPU
power
density
High
[240 W]
Medium
[120 W]
Low
[60W]

Nusselt number
[-]
Calculated = 25,9
Literature = 8,2
Calculated = 18,3
Literature = 8,2
Calculated = 13,0
Literature = 8,2

Temperature
difference
[°C]
6,1
13,3
3,8
6,7
2,4
3,3

CPU chip
temperature
[°C]
71,1
78,3
68,8
71,7
67,4
68,3

Return Piping
Supply piping
Supply piping inside RC
Return piping inside RC
Server connection piping
Safety bypass
Heat exchanger
Thermal insulation
Server
Expansion vessel
Pump
Safety valve

Φ 20 mm
Φ 20 mm
Φ 18 mm
Φ 18 mm
Φ 4 mm
SWEP B15Tx57/2P
50 mm
See Fig. 5
2l
max 1080 l/h at 73 kPa
1″ x 1 1/2″

3
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Figure 7: Schematic diagram of DC connection with the Main
residential object´s heating system

E. Main residential object heatig and domestic hot water
preparation
The temperature of hot water received from the DC´s
cooling system is 60 °C. This temperature is optimal for
domestic hot water preparation as well as object heating.
The MRO includes several hot water tanks for energy
storage (5 880 l for DHW and 8 420 l for heating).
There is a backup gas boiler situated in the boiler room
with a heating power of 160 kW to cover the complete heat
loss of the building. [14]

Figure 8: Reuse of DC waste heat for var. 1

IV. COMPLEX DESIGN
The study´s main objective is to estimate the potential for
energy and emission savings by reusing waste heat from
DCs in an object with a different purpose. It is however
important to realize, that an introduction of a new
operation will increase the total energy consumed,
especially considering a highly energy challenging service
such as a DC. The waste heat from DCs is often not
effectively reused even in new, high standard DCs. The
method for calculation energy and emission savings is
based on the fact, that DCs are never constructed primary
as a heat source. Taking these facts into account, all energy
and emission savings have been calculated from the sum
of individual operations (residential and DC). A similar
approach has been adopted by the German supercomputer
Aquasar [18] or the decentralized system of Cloud and
Heat [19].
A software calculation tool has been created for an Indepth analysis of the presented intention of reusing DC
waste heat in a residential/administrative building. The
tool has been used for the MRO to design the size of the
DC and set the saving potentials. Several DC sizes have
been evaluated with three interesting outcomes selected for
presentation, shown in Tab. 4. And Figs. 8-10. [14]

Figure 9: Reuse of DC waste heat for var. 2

Figure 10: Reuse of DC waste heat for var. 3

The option, that has been evaluated as the most costefficient covers complete domestic hot water preparation
and heating down to 6 °C of outside temperature. The
reason was a combination of factors, most importantly
achieving a high waste heat reuse efficiency in a
combination with a decent DC size. The smaller DC
achieved higher ERF, but the small size would make it
harder in a competitive sense. The larger scale DC is
oversized.
The medium sized DC of 256 kW installed IT power was
used for further purposes and evaluations in this study.

Table 4: Energy parameters of simulated DC sizes
Var

Heat
demand
coverage

Installed
power of
IT
equipment
[kW]

Usable
power of
IT
equipment
[kW]

Only
96
44
DHW
DHW +
heating
2
256
117
down to
6 °C
DHW +
3
463
211
heating
* Including technical and administrative areas.
1

Expected
DC floor
size [m2]
*

ERF
[%]

60

76,0

165

52,5

280

32,6

V. OBJECTIVE EVALUATON
A. Environmental evaluation
The environmental criteria have been evaluated for the
combined consumption of MRO and DC.
4
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Figure 11: Chart of environmental evaluation

Figure 12: Chart of economical evaluation

In this case study, the total energy savings were calculated
to be 708 MWh/year, which accounts to 49,4 % of the total
energy consumption.
Weighted ecological saving have been calculated based on
the Czech method SBToolCZ [20]. According to this
method, the total effect on the environment was lowered
by 13,2 %. The method SBToolCZ is a Czech alternative
similar to the worldwide counterparts of LEED or
BREEAM.
Due to the possibility of an all year free cooling
incorporation, the expected PUE of the DC itself is <1.2.
A chart of environmental evaluation is present in Fig. 11
presenting several possible DC sizes and their
environmental impacts. The selected DC size and its effect
are shown in Tab. 5.

The total price of installed IT is roughly 2.6 million Euro
and the expected revenue of the DC around 2 million
Euro/year. From the perspective of a DC owner, the scale
of money saved is relatively small.
VI. CONCLUSION
Data centers have been evaluated as a stable, but hard to
regulate source of low potential heat. The optimal
technology for waste heat reuse from IT technology is
direct hot water cooling. The main advantage of this
technology is high temperature output of the cooling liquid
(≈ 65 °C), which may be used directly for heating and
domestic hot water preparation. Due to the fact, that heat
generated in the DC can hardly be regulated during the
year, a constant consumption of heat through the year is
preferred. An example may be a low-energy residential
building, where the heat demand for domestic hot water
preparation is significant.
Liquid cooling technology is not frequently used in today´s
DCs. The main reasons are a small product market,
increased entry costs and an often unfounded fear of a
possible accident. This is one of the largest issues to
overcome when striving for efficient waste heat reuse from
IT.
This offered solution is very efficient from an
environmental perspective. By combining the two separate
building operations, the total energy consumption is
decreased by 33 %. The weighted emissions were lowered
by 13 %, based on the Czech authorized LCA method
SBToolCZ.
Reusing waste heat from IT equipment is a nonviolent
method, that leads to decreasing energy demands of DCs,
which use around 2 % of the world´s electricity
consumption. The main barriers are liquid cooling
technology installation and a connection of two, till today,
separate operation branches. If the obstacles are overcome,
this method is operational and viable. This example of
integrated design is one of the options to achieve European
and worldwide environmental targets while achieving
economical revenue.

Table 5: Environmental evaluation

Energy consumption of the Main
residential object
Energy consumption of the Data center
Combined Energy consumption of
MRO and DC without waste heat reuse
Combined Energy consumption of
MRO and DC with waste hear reuse
Energy savings due to waste heat reuse
Percentage of energy saved
Weighted emission reduction
Energy Reuse Factor (ERF)

794 MWh
1 348 MWh
2 142 MWh
1 433 MWh
709 MWh
33,1 %
13,2 %
52,5 %

B. Economical evaluation
The first step in the economical evaluation was to calculate
the extra costs of installing water cooling technology in
contrast to the typical, air cooling technology in the DC.
Investments, such as special rack cases and servers
modified for direct water cooling, piping, dry chillers, heat
exchangers and a more complex regulation were included.
The final sum was set at 76 000 Euro.
The Main residential object can achieve around 50 000
Euro/year in savings (compared to district heating).
Furthermore, the DC can save around 17 200 Euro/year
thanks to water cooling technology. The savings on the DC
part are mainly on mechanical ventilators and chillers. The
total cash savings are calculated as 67 200 Euro/year.
The discounted payback period is only 1.3 years.
A chart of economical evaluation is present in Fig. 12
presenting several possible DC sizes and their economic
impacts.
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Abstract—This study confirmed the effect of NOx reduction
by applying the TiO2 photocatalyst, which has a pollutant
decomposition effect, to the ventilation duct system, one of
the HVAC systems, to reduce nitrogen oxides, one of the
representative pollutants. The actual duct system was
designed and manufactured, and it was confirmed by
comparing the reduction effect based on the lowest
concentration arrival time through the nitrogen oxide
concentration and UV-A irradiance changes with the ISO
22197-1:2007 experiment method. As a result, the use of a
duct system with a TiO2 photocatalyst showed a sharp
increase in the effect in high UV-A irradiance and low NOx
concentration, and it has been confirmed that a certain level
of effect can be obtained even if the irradiance is reduced
depending on the life of the UV-A lamp. In addition, it has
been shown that the reduction effect can be achieved at NOx
concentrations similar to the actual environment. Based on
this study, it is expected to be used as basic data for the
development of a TiO2 photocatalyst HVAC system that can
be applied to underground parking lots, apartment
ventilation units, and shopping centers, which are difficult to
apply UV light.

photochemical reactions with UV-A ultraviolet (350–380
nm) present in the atmosphere [6].

Index Terms—TiO2 photocatalyst, Particulate matter
precursor, Duct system, UV-A irradiance, NOx
concentration.

where ℎ𝑣 is the energy of the UV radiation, 𝑆𝑖𝑡𝑒 ∗∗ is the surface of
TiO2, and · 𝑂𝐻 is the hydroxyl radical.

Activation

Hole
trapping
Electron
trapping
Hydroxyl
Attack

𝑇𝑖𝑂2 + ℎ𝑣 → ℎ+ + 𝑒 − ,

(1)

𝐻2 𝑂(𝑔) + 𝑆𝑖𝑡𝑒 ∗∗ → 𝐻2 𝑂𝑎𝑑𝑠 ,

(2)

𝑂2 (𝑔) + 𝑆𝑖𝑡𝑒 ∗∗ → 𝑂2𝑎𝑑𝑠 ,

(3)

𝑁𝑂(𝑔) + 𝑆𝑖𝑡𝑒 ∗∗ → 𝑁𝑂𝑎𝑑𝑠 ,

(4)

𝑁𝑂2 + 𝑆𝑖𝑡𝑒 ∗∗ → 𝑁𝑂2𝑎𝑑𝑠 ,

(5)

𝐻2 𝑂 + ℎ+ → · 𝑂𝐻 + 𝐻 + ,

(6)

𝑂2 (𝑔) + 𝑒 − → 𝑂2− ,

(7)

𝑁𝑂𝑎𝑑𝑠 + 2 · 𝑂𝐻 → 𝑁𝑂2𝑎𝑑𝑠 +
𝐻2 𝑂 𝑁𝑂2𝑎𝑑𝑠 +· 𝑂𝐻 → 𝐻𝑁𝑂3 ,

(8)

Currently, the utilization of TiO2 photocatalysts is
expanding through application to concrete [7-8] and stone
[9-10], and although the effect has been confirmed through
standard experiments [11-12], it is difficult to apply it to
spaces that are difficult to utilize indoor and ultraviolet rays
(indoor, parking lots, underground shopping malls, etc.)
due to limitations that maximize the effect when
responding to ultraviolet rays.
Therefore, this study applied ultraviolet lamps and TiO2
photocatalyst inside ventilation ducts that can be used in
apartment buildings, parking lots, underground shopping
malls, and sales facilities, which are difficult to use indoor
and ultraviolet. The flow chart of this study is shown in
Figure 1.

Introduction

Despite the government's efforts, the concentration of
particulate matter in Korea exceeds the WHO level, which
is 1.5 to 2 times higher than that of OECD's major cities [1].
Particulate matter components include NOx, SOx, carbon
and minerals [2], of which nitrogen and sulfur oxides
account for about 60%. In particular, nitrogen oxides
accounted for 42.3% [3-4] in Korea.
These nitrogen oxides can be called particulate matter
precursor, a representative pollutant, and the reduction of
the precursor, which is a basic material among the measures
to reduce the concentration of particulate matter, is
expected to reduce the production of particulate matter,
which is a representative pollutant.
There are various ways to reduce nitrogen oxides and
sulfur oxides, which are representative precursors of
particulate matter, but among them is the TiO2
photocatalyst, a method that has been actively studied
recently. TiO2 photocatalysts cause ultraviolet and
photochemical reactions to produce a radical hydroxide
with strong oxidation, and the radical hydroxide is believed
to be able to inhibit the production of particulate matter by
breaking down nitrogen oxides and sulfur oxides[5].
TiO2 photocatalyst, such as Equation (1)-(8), has the
properties of decomposing pollutants by forming strong
oxidation forces ·OH and O2-radical on the surface through

Figure 1. Flow chart of study
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1m/s. The picture of the duct system used in this experiment
is shown in Figure 2.

Methodology

This study actually manufactured and designed duct
system so that they can be combined with TiO2
photocatalyst coatings and UV lamps, and the experiment
was conducted on nitrogen oxides, which are typical
pollutants. In the case of measurement equipment used in
the experiment, it is shown in Table 1.
TABLE I.
TEST MEASUREMENT EQUIPMENTS
Name

Serinus 40

Measurement

NO, NO2, NOx

Range

0 ~ 20 ppm

Precision

0.4 ppb or 0.5 %

Sample Flow Rate

0.3 Slpm

Name

DLC-0.5K 220/240
0.5 KVA

Capacity

Duct system (UV OFF)

(500 VA)

Input / Output

220 V / 5-240 V

(electric) Current

2A

Duct system(UV ON)

Figure 2. TiO2 Photocatalyst Applied Duct System

In order to reduce the pressure difference between inside
and outside the duct and the error that can occur during the
test, it was conducted three times for each condition, and
the flow rate of the injected NO gas and the measured NO
gas remained constant. The flow rate and experimental
system of each section are shown in Figure 3.

The experiment was conducted in three main categories,
and the conditions of the experiment conducted in this
study are as shown in Table 2.
TABLE II.
TIO2 PHOTOCATALYST APPLIED DUCT SYSTEM TEST CONDITIONS
UV-A irradiance change condition
NOx
Concentration
UV-A
irradiance
Change rate
UV-A
irradiance
NOx
Concentration
Change rate

1.00 ppm
7.5W/m2

10.0W/m2

12.5W/m2

25%
Basic
25% up
down
NOx concentration change condition

15.0W/m2
50% up
Figure 3. Experimental diagram and applied flow rate

10.0 W/m2
0.25 ppm

0.50 ppm

0.75 ppm

1.00 ppm

75%
down

50%
down

25%
down

Basic

Data presentation and Discussion

UV-A irradiance change test result
To verify the NOx reduction performance of ventilation
duct
systems with TiO2 photocatalytic coating agents, the
First, we confirmed the possibility of reduction by setting
UV-A irradiance applied together in the duct system was
the NOx concentration (1.00 ppm) presented in ISO 22197changed to confirm the effect change with the lowest
1:2007[13] and the UV-A irradiance (10 W/m2).
concentration reaching time. For UV-A irradiance, 25%
Second, the photochemical reaction of TiO2
photocatalyst is determined by applying 25% reduction, 25% reduction and 50% increase in irradiance were applied
considering the degradation of UV-A lamps, and the results
and 50% increase change (7.5, 12.5, 15.0 W/m2) of UV-A
are shown in Figure 4, Table 3.
irradiance using slidax as an international standard
experimental condition.
TABLE III.
Third, the trend of the reaction was confirmed by
EXPERIMENTAL RESULTS OF CONTAMINANT (NOX) REDUCTION BY UVA IRRADIANCE CHANGES
applying the NOx concentration of nitrogen oxides applied
to the experiment by 25%, 50%, and 75% (0.75, 0.50, 0.25
15.0
12.5
10.0
7.50
UV-A irradiance
ppm) compared to the international standard experimental
W/m2
W/m2
W/m2
W/m2
condition of 1.00 ppm.
NOx reduction time
25 min
72 min
101 min
113 min
The duct system applied to the experiment was
manufactured using stainless pipes to prevent chemical
reactions, and the wind speed inside the duct was applied at
2
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Figure 4. Result of UV-A irradiance Contaminant (NOx) Reduction Time Change

As a result of confirming the minimum concentration
arrival time of NOx due to the decrease in UV-A irradiance,
it was confirmed that the reduction time was drastically
reduced due to the increase in UV-A irradiance. In addition,
even if the UV-A irradiance is reduced by 25%, the
reduction time is delayed by about 10 minutes, indicating
that the NOx reduction of the TiO2 photocatalyst can be
expected over a certain UV-A irradiance.

Experiments show that the reduction time increases
rapidly with experimental NOx concentrations. In
particular, from the 0.75 ppm condition, which was reduced
by 25%, it was found that the time was reduced by more
than 50% compared to the standard experimental condition.
Based on this, the concentration of the actual
environment is expected to reduce the time of reduction
further compared to the experimental results.

NOx Concentration change test result
Previously, the NOx reduction performance was
confirmed by changing UV-A irradiance, and the
effectiveness of TiO2 photocatalytic duct systems at NOx
concentrations similar to the actual environment was also
determined.
For NOx concentrations, 1.00 ppm, an international
standard experimental condition, is difficult to realize
under real conditions, confirming the reduction time due to
reduction compared to standard conditions. The results are
shown in Figure 5, Table 4.

Discussion
In order to reduce particulate matter, a representative
pollutant, TiO2 photocatalyst, one of the methods for
reducing nitrogen oxides, a particulate matter precursor,
was applied to duct equipment. As a result, UV-A
irradiance increases, and the lower the concentration, the
more the effect of reduction increases.
In particular, in the case of UV-A irradiance, the effect
is expected to increase rapidly if the concentration is more
than 15W/m2, and if the concentration is less than 0.75ppm,
so it is judged that the effect can be expected at the
concentration of real condition.

Figure 5. Result of time change of pollutant (NOx) reduction due to NOx concentration change
TABLE IV.
EXPERIMENTAL RESULTS OF REDUCING POLLUTANTS (NOX) DUE TO
CHANGES IN NOX CONCENTRATION
NOx concentration

0.25
ppm

0.50
ppm

0.75
ppm

1.00
ppm

NOx reduction time

17 min

20 min

32 min

89 min

Conclusion

This study confirms the effect of the TiO2 photocatalyst,
which has the effect of reducing particulate matter
precursor, a representative pollutant, according to various
conditions when applied to the HVAC system, and the
contents of the study can be summarized as follows.
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First, Korea's particulate matter concentration has the
worst environment among OECD countries, and nitrogen
oxides account for the largest proportion of fine dust.
Among the various methods that can reduce this, TiO2
photocatalyst is expected to be applied to HVAC systems
even in spaces where ultraviolet light is difficult to apply.
Second, the duct device was designed and manufactured
to combine the TiO2 photocatalyst and the HVAC system,
and the reduction effect due to UV-A irradiance and NOx
concentration change was confirmed by comparing the
lowest concentration arrival time. In all conditions, the ISO
22197-1: 2007 standard was applied as a standard
experiment, and the effects of each condition were
confirmed.
Third, UV-A irradiance change experiments confirmed
that a 50% increase in UV-A irradiance reduces the time by
78% compared to standard conditions, allowing the lowest
concentration to be reached in approximately 25 minutes.
Furthermore, experiments with the NOx concentration
change confirm that applying a 75% reduction in NOx
concentration reduces the minimum concentration reach
time by about 81%, which can reach the lowest
concentration in about 17 minutes.
Fourth, based on the experiment, if the photocatalyst
reaction section is applied to the heat exchanger and the
duct of a large space in apartments, it will be able to reduce
nitrogen oxides and reduce the generation of fine dust at the
same time. In addition, the inflow of UV rays such as
underground parking lots, shopping centers, and
underground shopping malls is difficult, and if it is installed
in a place where indoor air congestion can occur, it will be
effective in improving air quality.

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]
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Experimental characterization of a
transcritical CO2 vapor compression system with
thermoelectric subcooling
A. P. Menéndez (Atecyr).
P. Aranguren, D. Sánchez
Due to the restrictive environmental regulations in the use of
refrigerants, CO2 is being used as working fluid as it has an
ultra-low global warming potential. However, high working
ambient temperatures provoke transcritical operating
conditions, which drastically reduce the efficiency of these
systems. Different designs have been made to improve the
working conditions, for large capacity plants, some
mechanisms as ejectors, parallel compression or mechanical
subcooling are used. However, these solutions would be too
expensive for a small system. In order to solve this problem,
a thermoelectric subcooler was installed at the exit of the gascooler of a vapor compression system with the purpose of
increasing the efficiency of the system in transcritical
operation. The objective of this project is to study the
behavior of the machine when different parameters such as
the discharge pressure, the voltage supply to the
thermoelectric subcooler or the ambient temperature are
modified. Moreover, this study will obtain the optimal
working point of the machine.

𝒏

Number of working years of the installation

𝒎

Refrigerant charge (kg)

𝜶𝒓𝒆

Coefficient of fluid recuperation when renewing the charge
(from 0 to 1)

𝑬𝒂𝒏

Annual power consumption of the system (kWh)

𝜷

Indirect emission factor (kg CO2/kWh)

𝑸̇𝑪𝑺

Heat flux on the cold side of the module (W)

𝑸̇𝑯𝑺

Heat flux on the hot side of the module (W)

𝑵

Number of thermocouples in a thermoelectric module

𝜶

Seebeck coefficient (V/K)

𝑻𝑪

𝑻𝑬𝑴

𝑻𝑯
𝒓
𝒌

𝑻𝑬𝑴

Voltage applied to the modules (V)

During the last decades, the use of these fluids has been regulated
due to the harmful effect they were causing to the environment.
with regulations extracted from the Montreal and Kyoto’s
protocols, among others, among which F-gas stands out [1],
figures were created that quantified the effect of these fluids on
the environment. The first was the ODP (Ozone Depletion
Potential), which quantifies the power of destruction of the ozone
layer of the refrigerants, and a maximum ODP of 0 was
established taking as a reference the refrigerant R-11 whose ODP
is 1 [2]. Moving on to the most important built figures, the
GWP100 (Global Warming Potential) should be mentioned first.
This quantifies the global warming potential, in 100 years, of
these compounds when released into the atmosphere. After the Fgas regulation a maximum value of GWP100 of 150 was imposed,
taking as reference the CO2 (R-744) whose GWP100 is 1. In Table
1, several of the most common refrigerants are shown with their
corresponding ODP and GWP100 [3]. Therefore, most
commercial refrigerants used to date are prohibited. However, as
can be easily deduced, refrigerants do not only pollute when
released into the atmosphere. Therefore, the TEWI parameter
(Total Equivalent Warming Impact) was created, a figure that
brings together all the processes in which these fluids are
involved and pose a risk to the environment. This figure takes
TABLE I.

ENVIRONMENTAL IMPACT COEFFICIENTS OF
SOME COMMOND REFRIGERANTS

Refrigerant

Formula

ODP

GWP100

R-11

CCl3F

1

4660

R-32

CH2F2

0

677

R-134a

CH2FCF3

0

1300

R-152a

CH3FCF2

0

138

R-290

C3H8

0

3

0

3943

0

1924

44% VHF2CF3

Electric current (A)

𝑰

𝑽

Throughout the history of refrigeration, a multitude of working
fluids have been used. The reason behind so much change has
been either the development of more efficient fluids or the
discovery of characteristics that are harmful to people or the
environment. It is the latter reason that has led to one of the
greatest revolutions in the world of refrigerants.

Nomenclature
Annual refrigeration leakages (kg)

Electrical power supplied to the modules (W)

1. Introduction

Key words—CO2, Subcooling, Thermoelectric Peltier Cooler,
Vapor Compression Refrigeration, Transcritical

𝑳

𝑾̇𝒆𝒍𝒆𝒄𝒕𝒓𝒊𝒄

R-404A

4% CH2FCF3
55% CH3CF3

Temperature of the cold surface of the module (K)
R-410A

Temperature of the hot surface of the module (K)
Resistivity (Ohm)
Conductivity (W/K)

50% CH2F2
50% CHF2CF3

R-600a

C4H10

0

3

R-1234yf

CF3CF=CH2

0

1

R-744

CO2

0

1

1
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into account both direct pollution, produced by coolant leaks, and
indirect pollution, produced by the renewal of the fluid used and
the electrical energy consumed during its life. Equation (1) show
the expression for determining the TEWI.

thermoelectricity and its applications. From this fruitful
collaboration emerged the main objective of this End of Degree
Project: The experimental characterization of a cooling system,
working with transcritical CO2 and with thermoelectric
subcooling. For this purpose, the cooling system was previously
built and tested without thermoelectric subcooling using these
values to validate the computational model that contemplates the
cooling cycle with thermoelectric subcooling. Thanks to the
validated model, the feasibility of technological hybridization is
studied, leading to the incorporation of the thermoelectric subcooler in the CO2 installation to obtain the improvements in
experimental COPs.

𝑻𝑬𝑾𝑰 = (𝑮𝑾𝑷𝟏𝟎𝟎 ∙ 𝑳 ∙ 𝒏) + (𝑮𝑾𝑷𝟏𝟎𝟎 ∙ 𝒎 ∙ (𝟏 − 𝜶))
+ (𝒏 ∙ 𝑬𝒂𝒏 ∙ 𝜷) (𝟏)

Considering all these aspects described, research in the field of
refrigeration is focusing on finding a fluid that can combine good
working properties and optimal GWP and TEWI. One of these
refrigerants, which had already been used in the first cooling
systems, is CO2 (R-744), as it has really attractive properties for
a refrigerant and an exceptionally low global warming potential.
The research done by Kim MH, Pettersen J, Bullard CW et al.
[4], presents a broad study of CO2 as a refrigerant among other
aspects. Some of the most important information that must be
subtracted is the low critical point of the carbon dioxide. When
being subjected to high working temperatures, the fluid reaches
critical conditions. That is, when working at some point in the
system above the critical point, which is from 31.98 °C and 73.77
bar, the properties of the fluid undergo drastic changes which
eventually cause the efficiency of the system to be greatly
reduced. Conditions that can be easily found in the south of
Europe.

This study tries to demonstrate the viability of the use of CO2 in
adverse environmental conditions, which can be easily found in
Spain, thanks to the TESC (Thermoelectric Subcooling)
configuration. This combination results in a very novel system
that has hardly been studied experimentally and that could lead
to a new generation of medium and low power cooling systems.

2. Computational study of the combination of vapor
compression and thermoelectric subcooling for
transcritical CO2
2.1. Experimental study of the initial configuration

As for the refrigeration system is concerned, the study begun by
considering the simple cycle, which is composed by 2 heat
exchangers: the evaporator (extracts heat from the cold reservoir)
and the condenser (transfers heat to the hot reservoir), a
volumetric valve and a compressor. With this simple
configuration the efficiency obtainable is limited. Therefore,
various configurations and technologies have been developed to
increase the COP (Coefficient of Performance), which is a figure
that compares the cooling capacity obtained against the work
introduced. Among these, the intermediate heat exchanger (IHX)
[5], the Flash Gas Bypass [6], the ejector [7], the mechanical
subcooling [8] or the thermoelectric subcooling should be
highlighted. All these try to increase the enthalpy jump produced
in the evaporator, which is directly related to the amount of heat
absorbed in the place to be cooled. These configurations are
indisputable. However, all except the last one mentioned, are
excessively expensive for medium and low capacity equipment,
as well as complicated operation and maintenance.

As previously mentioned, the first step after the construction of
the initial installation was to test it under different working
conditions. The following ambient conditions were set for testing
the installation: evaporation temperature of -10°C, useful
superheat of 1.5-2°C, outside temperature of 30°C and relative
humidity of 55-60%, class IV climatic conditions.

COP

To obtain the different working points, the discharge pressure
was varied by changing the refrigerant charge. The results
obtained for the constructed installation can be seen in Figure 1.

Thermoelectric cooling is present in many everyday appliances
such as small refrigerators or wine cellars, but thermoelectric
sub-cooling applied to refrigeration cycles with vapor
compression must be studied in depth because theoretical studies
confirm that it is a viable solution that could become a revolution
in the medium and low capacity refrigeration sector [9].
Furthermore, it is worth adding the low production, operation and
maintenance costs required by thermoelectricity, as well as its
high reliability, robustness, and ease of use.

0,94
0,92
0,90
0,88
0,86
0,84
0,82
80,00

85,00

90,00

95,00

100,00

Q0 (W)

Pdis (bar)

Therefore, the hybridization of the refrigeration technology with
steam compression and thermoelectricity, especially in
installations with CO2, would produce important improvements
in the global operation of the installation and therefore be
presented as a very novel solution with great possibilities of
implementation in small and medium size equipment.

155,00
150,00
145,00
140,00
135,00
130,00
125,00
80,00

85,00

90,00

95,00

100,00

Pdis (bar)

This project was born from the collaboration between two
research groups, the GIT research group of the Universitat Jaume
I (UJI), which contributed with its wide knowledge in the field of
refrigeration (particularly with the use of CO2 as a working fluid);
and the ITF group of the Universidad Pública de Navarra
(UPNA), which has a great background in the branch of

Figure 1. COP and cooling capacity obtained for
different discharge pressures with the initial installation.
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As can be seen, the trend in the results is clear, as the discharge
pressure increased, so did the enthalpy jump, so both the cooling
capacity and the COP increased. However, when certain
discharge pressure values were reached, the extra work required
by the compressor and its consequent drop in efficiency due to
the actual operating point, caused both factors under study to
worsen.

In order to fully model the TEMs performance, several
temperature dependent figures such as the Seebeck coefficient or
the thermal resistances of the dissipation system, should be
studied. For the first case, several studies were carried out with
the subcooling system and the data was treated and
approximated, to simplify the model. Then, for the thermal
resistances of the dissipation system, in a previous investigation
made by P. Aranguren et al. [10], the researchers studied the
benefits of combining heat pipes with TEMs to dissipate heat.
Representative values of this study were selected.

2.2. Computational model and validation
To validate the results obtained experimentally, a computer
model was developed using the program MATLAB. The main
objective of this step was to create a tool that could predict the
behavior of the installation when working conditions vary. The
model included all the characteristics of the installation,
compressor, test conditions, as well as the functions required to
calculate the thermodynamic processes that occur in it. In this
way, a sweep of the discharge pressures obtains the different
working points to be validated.

The TESC system was proposed, heat would be extracted from
the refrigeration system with the help of heat pipes ending in
TEMs. So, gathering all the thermoelectric effects and applying
them to the case of study, the following equations that model the
performance of the TESC were obtained. Equations (2) and (3)
represent the heat transfer occurring on the cold and hot side,
respectively, of the modules; (4) is the general expression of a
thermal machine and (5) models the current consumption.

As shown in Figure 2, the model is capable of predicting the
operation of the refrigeration system, especially in the area of
increasing COP and optimum operation. However, on the right
side of the graph, it can be seen that the slope of the experimental
values is steeper than the model. This may be due to several
uncertainties that were neglected. The conclusion to extract from
this study is that the model was able to predict the performance
of the system when working with lower discharge pressures,
which are the ones obtained at the optimum working points. As
the pressure increases, the properties of the fluid get worsened
producing a decrease in the global efficiency.

𝟏
𝑸̇𝑪𝑺 = 𝟐𝑵 (𝜶𝑰𝑻𝑪 𝑻𝑬𝑴 − 𝑰𝟐 𝒓 − 𝒌(𝑻𝑯 𝑻𝑬𝑴 − 𝑻𝑪 𝑻𝑬𝑴 ))

(2)

𝟏
𝑸̇𝑯𝑺 = 𝟐𝑵 (𝜶𝑰𝑻𝑯 𝑻𝑬𝑴 + 𝑰𝟐 𝒓 − 𝒌(𝑻𝑯 𝑻𝑬𝑴 − 𝑻𝑪 𝑻𝑬𝑴 ))

(3)

𝑸̇𝑯𝑺 = 𝑸̇𝑪𝑺 + 𝑾̇𝒆𝒍𝒆𝒄𝒕𝒓𝒊𝒄

(4)

𝟐

𝟐

𝑰=

𝑽−𝟐𝑵𝜶(𝑻𝑯 𝑻𝑬𝑴 −𝑻𝑪 𝑻𝑬𝑴 )
𝟐𝑵𝒓

(5)

Being a TESC system, the TEMs are located at the exit of the
condenser/gas-cooler, to obtain the subcooling of the refrigerant.
With the purpose of knowing the global operation of the hybrid
system, different parameters of the system were modified, such
as the voltage of the thermoelectric modules or the discharge
pressure, as shown in Figure 3 in which four thermoelectric
modules have been simulated.

2.3. Computational model with TESC
Once it was demonstrated that the computational model of
refrigeration worked correctly, a thermoelectric cooling submodel was included, which the ITF group of the Public
University of Navarra treasures after many years of research.
This model includes all the thermoelectric processes (Seebeck,
Joule, Peltier, and Thomson effects) and has been validated
previously. The sub-model designed will be based on the
thermoelectric module DT12-8L from Marlow industries.

The most important conclusion to be drawn from these results is
the promising potential that thermoelectric subcooling appears to
have. The inclusion of thermoelectric cooling in the cycle has
meant a theoretical increase of 21.06% in the COP.

The main effect of the thermoelectric subcooling and the TEMs
(Thermoelectric Modules), is the Peltier effect. Due to this, a
module would extract heat from one of its surfaces and dissipate
this heat on the other surface, plus the electric consumption.

Figure 2. Comparation of the variation of the COP
with the discharge pressure between experimental (dots)
and computational tests (continuous line).
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Figure 3. Computational results of the values of COP
variation with the discharge pressure for several
voltages applied to the TESC.

load was tested 5 times, finding the desired stationary state of the
installation with voltages of 0, 1, 2, 3 and 4 V.

3. Experimental study of the COP increase of a vapor
compression system with trans-critical CO2 thanks to
thermoelectric subcooling

The results obtained were very promising, as shown in Figure 5.
This figure represents the effect of including the thermoelectric
subcooling on the cooling capacity and the COP, as a function of
the voltage applied to the Peltier modules.

Q0 (W)

Considering the promising results obtained, the thermoelectric
subcooling module, Figure 4 left, was built to be placed in the
experimental facility. This device consisted of 4 thermoelectric
modules model DT12-8L, which would be placed between the
CO2 flow and the environment. In order to optimize the system,
a channel exchanger was placed in the cold side of the modules,
while a heat pipe was placed in the hot side. It should be noted
that this is a unique installation since it has been developed in its
entirety to demonstrate the viability of thermoelectricity as a
technology to be implemented in the sector of refrigeration by
vapor compression.
After the new configuration of the installation was set, it was
expected that the cycle would change from the initial one. In
order to evaluate this change, the tests carried out on the initial
installation were replicated, modifying the voltage at each of the
discharge pressures with which the thermoelectric modules were
fed, since it was observed, thanks to the computer model, that this
parameter is vital for optimizing the operation of the system.

185
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The main goal of the experimentation was to check the changes
that the new configuration produced in the results obtained. So,
the same procedure and same initial conditions, as in the initial
procedure, explained in section 2.1, were followed. In order to
have an overall understanding of the installation performance,
four different loads of carbon dioxide were analyzed. The main
difference in the procedure between the initial configuration and
the one with the TESC system was, that it was needed to find not
only the optimum working point for each CO2 charge, but also to
find the optimum voltage applied to the modules. Hence, each

COP

Voltage (V)
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Figure 5. Variation of the cooling capacity and the
COP with the voltage applied to the TEMs.

Figure 4. TESC system (left) and final installation
(right)
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Figure 6. Variation of the COP with the discharge
pressure of the tests with the initial installation and the
tests using the TESC configuration.

installation would be obtained. Moreover, the thermoelectric
subcooling system has demonstrated to be a really good
alternative to the common subcooling configurations, in low to
medium capacity refrigeration systems. Opening a field of study
that has not been broadly investigated, which could end up
having great industrial repercussion.

It is easy to see the great impact that the addition of
thermoelectric modules has on the system. An increase of 24% in
the cooling power is observed when the modules are fed at 4 V
while the increase in COP achieved experimentally amounts to
10.5%, a more than considerable value when considering the
hybridization of vapor compression cycles with thermoelectric
technology.
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To these promising results should be added the fact of the
optimum pressure reduction, a fact to be considered, since it leads
to the installation working in more favorable conditions, as
shown in Figure 6. This figure shows the optimum POPs for each
discharge pressure for the case of the initial cooling installation
and the case that includes thermoelectric subcooling.

4. Conclusions
Nowadays society is facing one of its greatest challenges, global
warming. In particular, the historically highly changing
refrigeration sector is facing the challenge of complying with
extremely strict regulations while meeting the demands of users.
So far, there are two lines of research, the development of new
refrigerants that comply with regulations; and the improvement
in current technologies to be able to use disused refrigerants. This
is where the project started, as it tried to make it possible to use a
refrigerant with a small polluting power in any location or area.
This project focused on combining thermoelectric refrigeration
with vapor compression technology with a CO2 cycle. It is a
project that has deepened in an area that until now was almost
unexplored. Previously, computer models had been made with
this configuration. However, it is extremely difficult to find
prototypes that combine both technologies. For this reason, the
results obtained are very novel and shed light on a future for the
technology that was uncertain, since with this prototype both the
cooling power and the efficiency of the system have been
significantly increased, among other factors.
Ultimately, with this project a wall has been broken. It has been
proven that the use of CO2 in a refrigeration system with harsh
conditions, may be feasible when improving the installation, as
this was a prototype made in a laboratory. By the selection of the
optimum components for this type of installation and the
industrialization of the building process, a more efficient
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Abstract - Previous field studies in thermal comfort were
aimed at understanding the relationship between indoor
environmental conditions and occupants thermal comfort
sensation. In many experiments, the physiological
parameters were used to predict thermal comfort. This
study however focuses on predicting the occupant’s indoor
thermal comfort using non-intrusive physiological
measurement. The relationship between thermal images of
occupants, skin temperatures and their thermal comfort
together with the practical applicability of this method for
predicting thermal comfort was investigated. Experimental
studies were conducted in an environmental chamber as
well as field studies for validation of the comfort study
results from a large open plan mixed mode ventilated office
during July 2019. Thermal sensations of the participants
were compiled using questionnaires, together with
measured physical and physiological factors. Thermal
images of the face were captured during the experiments.
Based on the experimental data, a model for predicting an
individual thermal comfort using thermal imaging and skin
temperature was developed. The proposed evaluation
method based on thermal imaging and Fanger’s PMV scale
provides a non-intrusive and simple method to evaluate an
individual’s indoor thermal comfort.

settings fall in the comfortable temperature range of 23 –
26 oC recommended by ASHRAE [5]. Moreover, 22% of
thermostats temperature settings were lower than 16 oC.
Room occupants don’t desire to have these extremely
high or low temperature. All they want is to quickly cool
down or heat up the room. After returning to work they
tend to forget to change the temperature setting back to
the comfortable range until the environment gets over
cooled or overheated which reduces their productivity.
This results in more energy demand for heating and
cooling and an uncomfortable thermal environment. This
inappropriate indoor thermal comfort leads to higher
possibility of personal errors, lower productivity and
higher energy consumption in the buildings [6].
Therefore, indoor thermal comfort should be maintained
properly and automated in buildings.
II. LITERATURE REVIEW
People spend most of their time indoors therefore the
indoor thermal environment should be comfortable
enough to make the occupants feel comfortable so that it
will increase their health and productivity [7]. Thermal
comfort express the satisfaction of the thermal
environment in the mind of people [5]. Thermal comfort
assessment not only improves the wellbeing of the
occupants but also helps to increase the energy efficient
performance of the systems in building. Thermal comfort
can be assessed by many models which were developed
by researchers but the first steady state model was
developed by Fanger and he used the thermal sensation
scale of +3(hot) to -3(cold) [8] which is still the standard
comfort tool for thermal comfort assessment. This was
followed by the development of the adaptive model since
occupants tend to adapt to their thermal environment by
making certain changes [9]. Various physiological and
physical aspects were used by the researchers to access
the thermal perception of occupants in indoor. One of the
physical aspect which has been used [10] [11] is the skin
which is then related to the thermal sensation of
occupants and their physical responses in the thermal
comfort study. Previous studies looked at the occupant’s
comfort level for thermally conditioned buildings using
the Fanger’s model. Skin is one of the sensory organs
adopted by many researchers in the process of
determining thermal comfort of the occupants since it has
a physiological interface with the thermal environment.

Index terms- Thermal comfort, Indoor Environmental
Quality, Thermal imaging, Occupant comfort.
Introduction

Nowadays Infrared imaging technology is used in
many mobile devices. In the field of medicine,
thermography is used for breast screening to detect cancer
at its earlier stage [1]. During pandemic in 2003,
government and airport personnel used thermography to
detect suspected flu cases [2]. Technological innovation
is increasing and the whole world is moving towards
technology. Recently, research has been conducted in
vehicles to regulate the cabin temperature using
thermography to predict the driver’s thermal comfort and
automate cabin environment settings [3]. Building energy
management systems (BEMS) have been used to
maintain the indoor thermal comfort in buildings through
which the set point temperature can be specified and
maintained through the thermostat. The thermostat
temperature settings in an office building with 240 rooms
has been investigated in Beijing during a summer week
from August 16th to 23rd 2012 [4]. The statistics show that
in summer only 50% of the thermostat temperature
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When the physiological regulations are minimized then
thermal comfort occurs [5] [12]. The human body’s core
temperature is maintained within a small range between
36oC and 38oC and the two most important sensors
controlling the body temperature are located in the skin
and hypothalamus [13]. The skin has thermoreceptors in
the body [14] and the thermoreception process allows
humans to regulate behavioural and autonomic
thermoregulatory responses [15]. Detecting these human
physiological responses provides a way for researchers to
understand human thermal comfort levels under different
conditions and this idea was implemented by measuring
the human bio signal variations such as skin temperature,
heart rate and respiration rate [16]. Liu [17] observed the
time gradient of the skin temperature that can predict the
thermal sensation in cold environments and its correlation
with the heat loss from the skin. The mean skin
temperature has been used to evaluate the personal
thermal sensations in various studies [18] [19] [20]. A
new model was developed by Weiwei [10] in order to
evaluate the individual thermal comfort using the mean
skin temperature. The study had 22 subjects whose local
skin temperatures were recorded at the air temperature of
21oC, 24oC, 26oC and 29oC. The results below show the
mean skin temperature obtained by the study and their
thermal comfort based on the experimental data obtained.
Cool discomfort, if Tsk < 32.6 oC; Comfort, if 32.6 oC ≤
Tsk ≤ 33.7 oC and Warm discomfort, if Tsk > 33.7 oC
Korukcu [3] found that the forehead skin has an almost
uniform distribution of temperature and it is usually
exposed to the environment. The hand has more
thermoreceptors than other parts of the body therefore
previous researches used the hands skin temperature to
evaluate human thermal sensation. Ruth [21] suggests
that measurement must be made on the human body
surface which are homogeneous with respect to
temperature and reflect reasonable changes in true mean
skin temperature. The mostly exposed part of the human
body is the facial skin because hands can be covered in
clothes or under the table in offices, but a face will be
exposed to the thermal environment all the time. Facial
temperature is of great interest for the evaluation of the
cerebral thermoregulation and it is the index of the
autonomous nervous system activity [22]. The thermal
analysis by thermography stands as an interest because
any body, at certain temperature, emits energy in the form
of infrared radiation. In all living organisms,
thermography manifestation of the blood irrigation can be
controlled by the activity of the sympathetic nervous
system [23]. A study was conducted in FIAT Albea 2005
car parked outside in which they measured the ordinary
transient temperature difference between drivers’ cabin
and the drivers face and they used thermal camera to
capture thermography to predict thermal comfort in
vehicles [24]. A gap remains with the integration of novel
approach with thermal imaging technology to calculate
the skin temperature and mapping the thermal comfort of
the occupants. These images and heuristic algorithms can
be linked with BEMS to automatically adjust the

environmental condition to improve human thermal
comfort and energy in buildings.
In order to overcome the research gaps, which showed
that it is critical to explore non-intrusive methods and
complicated analysis of thermal images to predict thermal
sensation of people, this study investigates the practical
method of analysing infrared thermal images and using
mean skin temperature of the human face to map the
range of skin temperature for each of 7 scales of Fanger’s
PMV.
III. METHODOLOGY
A. Experimental setup
The experimental survey took place in two places
one in the controlled environmental chamber. The second
survey took place in a real scenario in an open plan
building which is a mixed mode ventilated. The
experiment was carried out during the period from 01 st
July to 19th July, which was a typical summertime in the
UK. All the experiments were conducted during the
afternoon from 13:00 to 16:30. The experiments were
conducted inside an environmental chamber which had
the capacity to create an indoor environment condition of
50oC to -10oC. The length and breadth of the chamber is
4 m. The room had normal office lighting and the
temperatures were pre-set for each timing in the computer
program. The participants were instructed to sit in a
normal office chair just opposite to the air conditioning
vents with equal spacing between them (Fig. 1). Air
temperature and relative humidity of the ambient indoor
environment were monitored and recorded for every
minute interval by Testo 925 thermo sensor which was
placed near the participants at a height of 1.1m near their
face. The thermal camera was FLIR T640bx camera. The
camera has a high quality 30,200-pixel (640 x 480) image
quality. It has an accuracy of + / - 2oC [25]. The camera
has features that can blend together a thermal image with
a normal image or alternatively superimpose IR over a
digital image inside a fully adjustable window [25]. The
technical specification of the FLIR T640bx is given in
Table. 1. In order to validate the accuracy of the thermal
camera i-buttons were used on two participants.

Figure 1. Experimental chamber
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B. Experiment protocol

IV. RESULT ANALYSIS
The thermal images were analysed using MATLAB.
A program code for extracting the mean skin temperature
from the thermal image was created. When the code runs
a graphic user interface (GUI) appears in which the
thermal image can be uploaded, and the mean skin
temperature of the face can be extracted. During the
period the Fanger’s PMV and the mean skin temperature
of the face were calculated. When the temperature was
increased from cold to hot the occupant’s neutral
sensation was recorded at 20 oC and during the transient
temperature change from hot to cold the occupant’s
neutral sensation was recorded at 26 oC. The clothing
insultation level inside the chamber was in a range of 0.4
to 0.9 clo. The participants could change their clothing
levels if they wanted. Fig.2 shows the clothing insulation
levels of the participants.

Each participant participated only once during
the field studies. In total the 20 participants comprised of
11 females and 9 males whose images and questionnaires
were collected. They were all students and were not
taking any medication. The age range of the participants
was 20 to 30 years old with an average age of 24. The
subjects were divided into groups of 3 people each day
with different combination of transient temperatures. The
chamber’s relative humidity was in the range of 40 –
60%. The subjects stayed in a buffer room for 10 minutes
to get adapted to the indoor temperature and feel
comfortable before entering the chamber.
They were asked to sit in the chamber and the temperature
was set in the range of (14-32)o C and their thermal
comfort was recorded every 15 minutes through the
questionnaire and their thermal image was taken every 5
minutes through the FLIR camera. Then the temperature
was increased by 3oC and maintained for 15 minutes and
the thermal comfort sensation and the thermal image was
recorded for every 5 minutes.

The mean facial skin temperature for the participants in
the experimental chamber during the transient
temperature rise from cold to hot was analysed and is
shown in Fig. 3. It can be noted during the cold sensation
the skin temperature is less and it increases with the rise

Features

Clothing Insulation (Clo)

TABLE I.
THERMAL CAMERA SPECIFICATION (Source: Tester, 2019)
Description

Thermal sensitivity

<0.0350C at 300C

Zoom

8X continuous

Temperature range

-400C to 6500C

Image resolution

640 x 480 pixels

Spectral range

7.5 to 14µm

Image modes

Thermal/Visual/Fusion/P-i-P

Measurement modes

10 spot meters, 5 box areas, isotherm,

1
0,8

0,6
0,4
0,2
0
1 2 3 4 5 6 7 8 9 1011 12131415 1617181920
Participants
Figure 2. Clothing insulation of participants

Delta-T, auto hot/cold

in temperature. The temperatures ranges are shown in
Table 2. The accuracy is the percentage of votes for the
thermal sensation for the corresponding mean skin
temperature Likewise, the skin temperature for the
transient temperature decreasing from hot to cold was
also similar and is shown in Fig. 4. From the Table 3 it
can be noted that the PMV scale Hot is not reached. This
may be due to the prevailing summer condition that
would have affected the PMV from reaching the hot
thermal sensation for the participants.

For the first three days the subjects were introduced into
the environment where the temperature changes from
cold to hot after that for the next three days the
temperature was changed from hot to cold. During the
experimental period the occupants could change their
clothes. This is because to monitor the skin temperature
irrespective of the clothing however the clo values were
observed and were used to calculate the PMV.
The research building chosen for validating the chamber
values in real scenario is located at Loughborough
University. This is a deep open plan office and survey was
carried out between 12th - 15th July between 13:45 to
14:45 p.m. The occupants recorded their thermal
sensation every 15 minutes, and their thermal image was
captured using the FLIR 640bx. The occupants were from
a range of different nationalities and culture. A total of 24
occupants took part in the survey (9 females and 15
males). Since it was summertime the ventilation systems
were working, and the heating system was off. In order to
measure the indoor environmental conditions such as the
air temperature, humidity and CO2 levels, the HOBO MX
was used, and the mean radiant temperature was
measured using a global thermometer.

The relation between mean facial skin temperature range
and PMV as calculated in the environmental chamber was
validated in the open plan building. The facial skin
temperature range for a PMV scale of neutral was within
the range of 33.9 oC to 35.1 oC and the graph (Fig. 5)
shows that 91.15% of the occupants whose PMV was
neutral was within the above range. This shows that the
range which was calculated from the environmental
chamber was applicable to the occupants in the office
space (real scenario) irrespective of the clothing
insulation. Fig. 6 shows the thermal images for cold
sensation, neutral and hot sensation. The difference in the
colour map of the image can be easily identified as shown
in Fig. 6.
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TABLE II.
THERMAL SENSATION AND MEAN SKIN TEMPERATURE
(COLD TO HOT)
Thermal
sensation
(PMV)

Mean
Skin
Temperature
range (oC)

Accuracy

Cold

< 32.5

99.1 %

Cool

≥ 32.5 - < 33.2

92.11 %

Slightly cool

≥ 33.2 - < 33.9

95.35 %

Neutral

≥ 33.9 - < 35.1

98.55 %

Slightly warm

≥ 35.1 - < 35.8

97.96 %

Warm

≥ 35.8 - ≤ 36.1

98.55 %

Hot

>36.1

99.15 %

Figure 3. Mean skin temperature and thermal sensation (Cold to hot)
TABLE III.
THERMAL SENSATION AND MEAN SKIN TEMPERATURE (HOT
TO COLD)
Thermal
sensation
(PMV)

Mean
Skin
Temperature
range (oC)

Accuracy

Cold

< 32.5

98.5 %

Cool

≥ 32.5 - < 33.2

78 %

Slightly cool

≥ 33.2 - < 33.9

91.9 %

Neutral

≥ 33.9 - < 35.1

89.37 %

Slightly warm

≥ 35.1 - < 35.8

89.67 %

Warm

≥ 35.8 - ≤ 36.1

80 %

Figure 4. Mean skin temperature and thermal sensation (Hot to Cold)
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Figure 6. Thermal image and their thermal sensation
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Participants
Figure 5. Mean skin temperature of participants in Research hub
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V. Discussion

rate of 1.2 met which should have increased the body
temperature.

An experimental and field study was carried out in
order to use thermal imaging technology to develop a
non-intrusive method of predicting thermal comfort. The
experiment results from the environmental chamber
shows that the mean facial skin temperature represents
the thermal sensation of the occupants according to the
change in their thermal environment. Due to the increase
in temperature of the surroundings the skin temperature
increases and the decrease in temperature decreases the
skin temperature. Since occupants get adapted to their
local air temperature after certain time the extreme
thermal sensation such as hot and cold were only
recorded a very few times during the experiment. The
participants were seated exactly 1 m apart and this may
have created a local discomfort for the participant seated
in the middle because the participant seated in the middle
during the experiments felt slightly warm than the other
2 participants on the either side. Moreover, for a small
change in room temperature there was a significant
change in the skin temperature. The skin temperature
from facial regions reacted in different magnitudes which
is due to the different thickness of the subcutaneous fat
layer, the amount of skin blood flow and the density of
blood vessels [26]. The accuracy as stated in previous
section shows that there is a small percentage of skin
temperatures which are outside the range. This is due to
the adaptivity by the body because some people have
body types which tend to heat up or cool down quickly
than others. The hot sensation was not noted during the
transient temperature change from hot to cold. This may
be due to the outdoor temperature during the days of
experiments because it was summer season and the heat
burden from the outside temperature could have
accumulated and this affected the skin temperature during
the initial time of the experiment. This effect causes
sweating, and this affects the skin temperature and the
thermology of the face. The thermal sensation changing
from slightly warm to warm and slightly cool to cool was
quick and this reflected the sensitivity of the skin and the
mean skin temperature for this is in a very little range.
The range for mean skin temperatures were chosen
because all the nationalities participated in the
experimental chamber test and the field survey were
mostly within these ranges. A previous study [27] shows
similar evaluation model of thermal comfort with
maximum thermal comfort associated with mean skin
temperature was around 33.5 oC at rest and another study
[10] for sedentary subjects showed that at a mean skin
temperature of 33.3 oC the occupants felt comfortable and
at 31 oC they felt uncomfortably cold. The study by
Olesen and Fanger [28] and Sakoi [29] also showed that
the occupant at rest had a mean skin temperature of 33.5
o
C. All the values recorded during the above experiments
for occupants at rest and sedentary were of 33.5 oC and
33.3 oC respectively during which the metabolic rate was
1.0 met. This study shows that the occupants were found
to be comfortable from 33.9 oC and this 0.4 oC variation
from previous experiments may be due to the metabolic

The aim was mainly to predict the skin temperature for
each value of Fanger’s PMV scale. The PMV gives the
calculated value based on the clothing insulation, indoor
temperature, relative humidity and metabolic rate.
Generally, PMV is used as an indicator for the thermal
comfort survey in the field. The actual mean vote and the
PMV had small differences. In some instances where the
PMV predicted that the occupant thermal sensation as
slightly cool, the actual thermal sensation of the occupant
was cool. Some votes by the occupants were in
accordance with the PMV. This may be due to the
different cultural backgrounds and the occupants may
have local draught from the windows during the field
study. Previous study [30] states that people tend to
choose warm for slightly warm and cool for slightly cool
sensation because of their skin sensitivity and they feel
that the slight change in the thermal environment as a
huge change. Therefore, in this study the skin temperature
was mapped to the calculated PMV of the occupants to
get clear and global uniformity in the value. The clothing
level in the experimental chamber was not controlled and
people could change their clothing according to their
thermal sensation. The average clothing level during the
experiment was 0.69 clo and the clothing level during the
field survey was 0.5 clo. As per ASHRAE [5] and CIBSE
[31] standards the normal clothing level in summer is 0.5
clo and in winter condition is 0.9 clo. The participants
were having a clothing level of 0.9 clo during the cold
condition and reduced their clothing level to 0.5 clo and
lower during hot condition. The participants were seated
in a normal chair therefore an insulation value of 0.1 clo
was added. Even though the clothing insulation levels
changed it didn’t create any significant change to the
range of mean skin temperature predicted for the Fanger’s
PMV scale. This leads to the assumption that the mean
facial skin temperature remains the same unaffected by
the clothing levels. This helps during the non-intrusive
thermal comfort survey because the occupant doesn’t
have to be disturbed in order to note their clothing level.
VI. CONCLUSION
An exact model to predict thermal comfort using
thermal imaging technology has not been developed yet.
This study presented a practical approach for real time
thermal comfort interpretation using infrared
thermography. The main contribution of this study is that
a simplified code in MATLAB is developed and it can be
used to analyse the thermal images to find the facial mean
skin temperature and their thermal sensation in relation to
PMV. This helps to collect data, analyse facial skin
temperature non intrusively and automatically obtain the
thermal
sensation.
This
framework
includes
interdisciplinary techniques like thermography, computer
analysis and heuristic algorithm. The results obtained
from the study shows that the facial skin temperature
helps in the prediction of thermal comfort of occupants in
real time. This involves minimum interruption of the
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[18] Z. Wang, Y. He, J. Hou, and L. Jiang, “Human skin temperature
and thermal responses in asymmetrical cold radiation
environments,” Build. Environ., vol. 67, pp. 217–223, 2013, doi:
10.1016/j.buildenv.2013.05.020.
[19] W. Liu, Z. Lian, Q. Deng, and Y. Liu, “Evaluation of calculation
methods of mean skin temperature for use in thermal comfort
study,” Build. Environ., vol. 46, no. 2, pp. 478–488, 2011, doi:
10.1016/j.buildenv.2010.08.011.
[20] J. Xiong, X. Zhou, Z. Lian, J. You, and Y. Lin, “Thermal
perception and skin temperature in different transient thermal
environments in summer,” Energy Build., vol. 128, pp. 155–163,
2016, doi: 10.1016/j.enbuild.2016.06.085.
[21] R. Nielsen and B. Nielsen, “Measurement of mean skin
temperature of clothed persons in cool environments,” Eur. J.
Appl. Physiol. Occup. Physiol., vol. 53, no. 3, pp. 231–236, 1984,
doi: 10.1007/BF00776595.
[22] S. Sunderman and I. Osorio, “Mesial Temporal Lobe Seizures
may Activate Thermoregulatory Mechanism in Humans: an
Infrared Study of Facial Temperature,” Epilepsy Behav., pp. 399–
406, 2003.
[23] T. Söderström; A. Stefanovska; M. Veber and H. Svensson,
“Involvement of Sympathetic Nerve Activity in Skin Blood Flow
Oscillation in humans,” Am. J. Physiol. Hear. Circ. Physiol., vol.
284, pp. 1638–1646, 2003.
[24] M. Ö. Korukçu and M. Kilic, “The usage of IR thermography for
the temperature measurements inside an automobile cabin,” Int.
Commun. Heat Mass Transf., vol. 36, no. 8, pp. 872–877, Oct.
2009, doi: 10.1016/j.icheatmasstransfer.2009.04.010.
[25] Tester, “FLIR T640bx Professional Building Thermal Camera,”
www.tester.co.uk, 2019. .
[26] P. M. Prendergast, Anatomy of the Face and Neck, Cosmetic S.
Berlin, Heidelberg: Springer, 2013.
[27] A. P. Gagge, J. A. J. Stolwijk, and J. D. Hardy, “Comfort and
thermal sensations and associated physiological response at
various ambient temperatures,” Environ. Res, vol. 1, pp. 1–20,
1967.
[28] B. W. Olesen and P. O. Fanger, “The skin temperature distribution
for resting man in comfort,” Archit. Sci. Physology, vol. 27, pp.
A385–A393, 1973.
[29] T. Sakoi, K. Tsuzuki, S. Kato, R. Ooka, D. Song, and S. Zhu,
“Thermal comfort, skin temperature distribution, and sensible heat
loss distribution in the sitting posture in various asymmetric
radiant fields,” Build. Environ., vol. 42, pp. 3984–3999, 2007.
[30] R. Yao, B. Li, and J. Liu, “A theoretical adaptive model of thermal
comfort - Adaptive Predicted Mean Vote (aPMV),” Build.
Environ., vol. 44, no. 10, pp. 2089–2096, 2009.
[31] Guide A CIBSE, Environmental design. 2006.

occupants in a building. The thermal comfort prediction
of occupants helps to give a comfortable indoor
environment and a simultaneous reduction in energy due
to the change in temperature supplied by the HVAC
system. This study also confirms that the skin
temperature reacts immediately even to a small change in
the room air temperature which is useful to predict the
thermal comfort sensation easily. Finally, the facial skin
temperature is higher when the surrounding air
temperature is hot and lower when the air temperature is
cold. Therefore, the thermal comfort preference of the
occupants can be predicted with a 94% accuracy for
neutral or comfort sensation, 92.5% for cold sensation
and 90% for hot sensation using the proposed
methodology.
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assigned bounds of a passive design strategy that a
building is proposed to implement to keep indoors
comfortable. The first comfort zone was made by
ASHRAE [3] on a conventional psychrometric chart. It
requires comfort boundaries depending on indoor
temperature and humidity ratio, for sitting people, inside
which the automatic system must uphold the indoor
comfort. A few researchers, Olgyay [4], Givoni [5], and
Szokolay [6], were the major exponents of the concept of
bioclimatic design in Architecture. To make the use of a
bioclimatic chart one should study the adaptive nature of
the locality first and append some changes to the
bioclimatic chart.

Abstract— Present research work contributes to proposing a
sun-shading polygon for three different air velocity ranges (00.5 m/s, 0.5-1 m/s, 1-1.5 m/s) through the simulation of
reference building for the Indian composite climate. Effects
of Window-to-Wall Ratio (WWR), type of shading device,
glass type, and projection factor are studied of which WWR
and type of shading device have the most impacts on reducing
the solar gain inside the zone. Additionally, a tool is developed
to analyze the passive design strategies that have been studied
for the Indian composite climate by Indian researchers based
on the local climatic condition and thermal adaption of
Indian-specific occupants. The tool takes an EnergyPlus
Weather (EPW) file as an input and shows the different
curves and plots of weather data. It also plots psychrometric
graphs for bioclimatic, ASHRAE 55 (2017) standard, and
user-defined thermal comfort to check the comfort hours that
passive techniques can achieve for the location. The tool is
further extended to design evaporative cooling systems that
will assist in the decision-making on evaporative cooling
strategies to be used for user-defined operational schedules
and evaluate possible comfort hours based on building
dimensions and heat load input data.

B. Sun shading devices as a passive design strategy in
naturally ventilated buildings:
The sun shading strategy works to reduce the solar heat
gain inside the living area from the windows. Overhangs
and fins are the two basic shading devices that are common
in India. Cheng [7] in his study for Taiwan provided a
methodical procedure to establish a summarized
correlation for evaluating shading performance based on
projection factor (PF) of shading device, the ratio of the
width of the window to height, and azimuth angle. Kirimtat
[8] and Kirankumar [9] studied the effect of the shading
device material and glass material respectively. Evola [10]
found that the implementation of external roller blinds
increases the energy savings to 47.7%. Whereas, in the
case of the south-facing glazed façade the energy savings
sum up to 60.6%. Ghosh [11] revealed through a
simulation study that with an increase in WWR the heating
and lighting energy decreases.

Index Terms – Building Bioclimatic Chart, Graphical user
interface, Passive design techniques, Sun shading polygon

I.
INTRODUCTION
Demand for space cooling in buildings is expected to
explode and upset the energy budget of India. The total
installed capacity of air conditioners in India is already
about 80 million tonnes, which will increase to about 250
million tonnes by 2030 [1]. A study projects that within the
next decade, India’s cooling energy demand will grow 2.2
to 3 times over the current level, under moderate-growth or
potential high-growth scenarios respectively [2]. Using
passive and low energy design techniques can be effective
to replace/reduce the cooling energy required by
refrigerants-based vapor compression refrigeration systems
in the composite climate zone of India, a region that covers
more than 30% of the total geographic area of the country.
In this study, common passive design strategies namely,
high thermal mass, evaporative cooling, natural ventilation,
forced ventilation, and sun shading are focused.

C. Evaporative cooling as a passive design strategy in
Indian composite climate:
Various researchers have been working to evaluate the
applicability of evaporative cooling in the composite
climate in India. Tewari [12] conducted field measurement
and survey, and proposed comfort zones for Evaporative
Cooling for three airspeed range (0m/s-0.5 m/s, 0.5m/s1m/s, 1m/s-1.5m/s) for composite climate of India.
Bhamare [13] proposed an analysis tool for the evaluation
of the cooling potential of passive strategies for India. The
study was carried out in 18 cities of different zones and
found an evaporative cooling potential of nearly 13% in
the composite climate of India.

A. Building Bioclimatic Chart (BBCC):
The Building Bio-climatic Design Charts (BBCC)
specifies whether ambient conditions descent in the
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II. RESEARCH OBJECTIVE
Based on the literature review, the use of the sun
shading passive strategy on BBCC for the Indian
composite climate is still not present. Further many tools
internationally are developed to study the use of passive
design strategies for comfortable indoors. Till now no such
tool is present for Indian climatic conditions for comfort
analysis and evaporative cooling system designing. To
bridge this research gap, the following objectives are
identified:
To evaluate the climatic applicability of sun shading
based on local construction practices of building
façade/windows in composite climate through
simulation.
Development of a bioclimatic analysis tool considering
a region-specific thermal adaptation of people living in
the composite climate of India.
Deduce recommendations for best passive and low
energy strategies in buildings using the graphical
interface of the proposed bioclimatic analysis tool on
Python.
To integrate evaporative cooling system design and
comfort analysis module in the tool.

D. Defining sun shading boundary on BBCC:
One of the objectives of the present work is to develop
the climatic boundary for the outdoor conditions for which
sun shading can produce comfort indoors on the
psychrometric chart based on the adaptive comfort
approach considering climate-specific adaptations, airspeed variation, and the occupant’s thermal preferences in
naturally ventilated buildings.
a) Development of building model:
Low rise building (three floors above ground level) is
selected for the simulation study from the reference
building model for Indian [17] composite climate. A
detailed description of the building including building
envelope, construction dimensions, and operational data
such as occupancy, ventilation, infiltration, and plug load
can be referred from the literature [17]. The building is
naturally ventilated with no active heating/cooling devices
present and provides adaptive controls such as the use of
windows and doors, and operation and speed regulation of
fans.
b) Design of experiment:
A total of sixteen building models were developed using
the Taguchi method as described in Table 1. Parameters
that were taken into account are, window to wall ratio;
shading type – Without shading (WS), Overhang (OH),
Fins (F), Overhang + fins (OF); projection factor (PF); and
window glass type – Clear glass (A), ECBC compatible
(B), ECBC non-compatible (C), superior to ECBC (D).
Simulation and thermal analysis were performed with
‘Design builder’ software (Version 6.1.4.006).
c) Data analysis:
Data generated from the simulation runs is exported to
excel for data segregation. Data points to be considered as
comfort points shall confirm a minimum of 100 Lux to a
maximum of 2000 Lux of daylight level for the sunshine
hours [18] and a minimum allowable visual light
transmission (VLT) of 0.27 with a projection factor of
more than 0.4 are considered. Vertical fenestration
assembly shall comply with the maximum solar heat gain
coefficient (SHGC) of 0.27 and U-factor of 3.0 W/m2k.

III. RESEARCH METHODOLOGY
This section discusses the minute details of the defining
thermal comfort zone, passive design boundaries on
BBCC, design of experiment and dataset, and
development of bioclimatic analysis tool.
A. Defining thermal comfort zone on BBCC:
A thermal comfort field study was conducted by Kumar
[14] in 32 naturally ventilated buildings in Indian
composite climate, collecting a total of 2610 samples
spread over a total period of four years, covering all
seasons, wide age groups, clothing types, and building
types. New extended boundaries different from those
suggested by ASHRAE 55 (2017) [20] and ISO-7730
standards of comfort zones are proposed considering
various adaptations specific to climate, including the role
of thermal preferences and airspeed to offset the
temperature for velocity ranges 0-0.5, 0.5-1, and 1-1.5 in
m/s. The defined adaptive comfort zones are validated
using extended thermal comfort data.

E. Development of bioclimatic analysis tool:
For the development of a bioclimatic analysis tool,
Climate Consultant [19], Mahoney [21] tables, and an
Excel tool proposed by N. K. Khambadkone [22] to assess
the comfort potential and climate severity were studied.
These tools produce weather data graphs and bioclimatic
charts.
PyCharm platform with Python language coding is
opted to develop the tool. PyQt5 based QtDesigner is used
to design a graphical user interface. Weather data graphs
are plotted using the ‘Matplotlib’ library of python using
weather data.
Evaporative cooling system design module requires
additional building data such as building dimensions, heat
load, type and saturation efficiency of selected system, and
desired indoor air condition. Basic heat load and saturation
efficiency equations are used for calculating the
evaporative cooling system design parameters such as
required airflow rate (1), Room supply air condition (2),
air changes (4), and water requirements (5) for evaporative
cooling system design module as described below Table 1.

B. Defining thermal mass polygons boundaries on BBCC:
Kumar [15] developed mathematical correlations for
predicting indoor air temperatures in the monitored high
thermal mass buildings for the summer and winter seasons
separately. From the results, he suggested bioclimatic
boundary of ambient conditions for the use of thermal
mass in naturally ventilated buildings for air velocity
ranges 0-0.5, 0.5-1, and 1-1.5 m/s. It is demonstrated that
a reasonably good agreement (R2>0.90) existed between
the measured data and the one predicted from correlations
during its validation. Further statistical analysis using “F–
statistic” and “t–statistic” established the robustness of
developed correlations. Correlations are further fieldvalidated to other buildings of similar construction types.
C. evaporative cooling polygons boundaries on BBCC:
Polygon boundaries for direct evaporative cooling are
defined by the highest and lowest constant wet bulb
temperature lines from the comfort zone [12] [16].
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WWR (%)
10
10
10
10
20
20
20
20
30
30
30
30
40
40
40
40

Direction
N
E
W
S
N
E
W
S
N
E
W
S
N
E
W
S

Required airflow rate (m3/s) =

Table 1. Design of experiment
Glass Type
Shading device
A
WS
B
OH
C
F
D
O/F
B
F
A
O/F
D
WS
C
OH
C
O/F
D
F
A
OH
B
WS
D
OH
C
WS
B
O/F
A
F

319.64 × Sensible heat load (W)
(IDB −LDB)(K) × Density ratio

PF
0.2
0.4
0.6
0.8
0.8
0.6
0.4
0.2
0.4
0.2
0.8
0.6
0.6
0.8
0.2
0.4

…. (1)

Where,
LDB = Outdoor DBT – {Saturation efficiency × (Outdoor DBT – Outdoor WBT)}
− 0.0342 × Altitude (m)
Density Ratio = exp (
) …. (3)

…. (2)

LDB (K)

DBT = Dry Bulb Temperature
WBT = Wet Bulb Temperature
IDB = Desired Indoor Dry Bulb Temperature
LDB = Leaving Dry Bulb Temperature and the word ‘leaving’ indicates cooled air leaving from the evaporative
cooler that will be supplied into the rooms or in other words LDB is dry bulb temperature of room supply
air
Air change per hour (ACPH) =

Required airflow rate (m3 /s) × 60
Volume of cooling space (m3 )

For water requirements, Evaporation rate (m3/s) =

…. (4)

Mass flow rate of air (kg/s) × H
Density of water (kg/m3 )

…. (5)

Where,
H = Change in humidity ratio (kg of water vapor/kg of dry air) for direct evaporative cooling systems, and
Ratio of enthalpy (J/kg) change to the latent heat of vaporization (J/kg) for water in the case of indirect
evaporative cooling systems.
In the case of indirect evaporative cooling, the following assumptions are made,
1. Mass flow rate of primary and secondary air are equal and
2. Heat transfer between secondary and primary air in the heat exchanger is balanced.
IV.

RESULTS

define the sun shading polygon with the comfort zone for
naturally ventilated buildings proposed by Kumar [14].
ASHRAE 55 [16] mentions 80% acceptability for the
thermal environment and lower than 20% of people
dissatisfied (PPD). Here proposed sun shading polygons
are defined with 80% acceptability with clothing up to 1.2
clo and metabolic level of 1 met - 1.2 met. Simulation
results show that the difference between outdoor dry bulb
temperature (blue points) and corresponding indoor
operative temperature (red points) is due to the use of
shading devices as shown in Fig. 1.
For air velocity up to 0.5 m/s, 0.5-1 m/s, and 1-1.5 m/s,
the sun shading polygon extends to 39.58 oC, 39.9 oC, and

A. Simulation analysis results:
The simulation for the whole year shows that shading
devices reduce indoor temperature to comfortable
conditions for some parts of the year. It was observed that
a greater number of hours are comfortable when the
orientation of the window is in the East direction and when
WWR is 40%.
B. Sun shading polygon on BBCC:
The comfort points from the simulation results after
segregation are plotted on the psychrometric chart to
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40.2 oC respectively, with constant humidity ratio lines.
Fig. 2, 3 and 4 shows sun shading polygon (yellow
boundary) for air velocity up to 0.5m/s, 0.5-1 m/s and 11.5 m/s respectively. Proposed polygon limits relative
humidity up to 80%, contrary to 95% suggested by
ASHRAE [20] for air velocity greater than 1.2 m/s as very
rare polls were found comfortable at RH higher than 80%.

addition to this value, it represents the frequency of
occurrence of values using the curve shape around the
vertical line. An hourly heat-map of dry bulb temperature
in 2D and 3D form is also included as can be seen in Fig.
6. The tool recommends percentage hours of selected
operational time that can be made comfortable with
individual strategy as well as the combined approach
through the bioclimatic chart as shown in Fig. 7.
The “EvapCal” module of the tool gives results of
evaporative cooling system design parameters based on
building heat load and dimensions data. Users can also
generate heat maps for ambient and room supply air. The
psychrometric chart (Fig. 8) shows the number of comfort
hours for direct, indirect, and two-stage systems of defined
efficiency with energy-saving analysis based on power
rating input of the evaporative and alternate active cooling
system. The module facilitates users to generate a design
report in PDF format for further design assistance.
Psychrometric chart for both passive design techniques
and evaporative system design shows results for different
comfort zone types namely ASHRAE 55 (2017) standard
[20], Bioclimatic comfort zone, and user-defined comfort
zone.

C. Graphical User Interface for the tool:
The tool “Passive Design Consultant” only requires an
EnergyPlus Weather (EPW) file of any city as input by the
user. The tool consists of different tabs namely, Weather
file summary, Temperature Range, Radiation Range,
Illuminance Ranges, Ground Temperature, Wind velocity
Range,
Bioclimatic
Design
Chart,
Design
Recommendation, and EvapCal. Menubar of the tool
assists users in providing instructions about how to use the
tool, terms and conditions, and important definitions of the
terms used.
Weather data analysis includes a monthly summary for
mean values of weather data and violin plots of different
temperatures (refer Fig. 5), radiation, illumination, and
wind velocity that show monthly data with maximum
value, minimum value, and mean value for the month. In

Figure 1. Representation of simulation results on Psychrometric chart

Figure 2. Proposed sun shading polygon for air velocity up to 0.5 m/s

Figure 3. Proposed sun shading polygon for air velocity 0.5-1 m/s

Figure 4. Proposed sun shading polygon for air velocity 1-1.5 m/s
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Figure 5. Temperature plot and design conditions

Figure 6. Temperature plot in the color map

Figure 7. Bioclimatic Design Chart tab: It shows the BBCC for the selected location and provides corresponding comfort values

Figure 8. Evaporative Cooler Design Chart tab: It shows the psychrometric chart for the design process and comfort hours for direct, indirect, and
two-stage evaporative cooling system
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V.

[6]

CONCLUSION

The research work focuses on the usage of some passive
design strategies for the composite climate of India with
the help of a psychrometric chart. Findings of the work are
listed here:
The sun shading design polygon is proposed through
simulation results of the reference building provided
for the composite climate of India on the design-builder
software. Considering a percentage of discomfort
hours of 20% as per the ASHRAE 55 (2017) standard
[20], only 80% of simulation results are taken for
proposing sun shading polygons for air velocities up to
0.5, 0.5-1, and 1-1.5 m/s.
The results of the simulations for sun shading show a
decrease in indoor temperature by about 3 oC to 5 oC
approximately with on average 15% to 18% of daytime
hours shifted to comfort conditions for an entire year.
Graphical user interface tool assists in selecting the
best passive technique from all and sizing evaporative
cooling system with comfort analysis.
The tool also facilitates comparative thermal comfort
analysis for the bioclimatic zone, ASHRAE 55 (2017)
standard [20], and user-defined comfort zone.
Similar work on the bioclimatic chart for defining
thermal comfort zone and passive design polygons can be
extended to other climatic zones of India in the future.
Also, passive strategy designing modules for thermal
mass, sun shading devices, and other techniques can be
integrated as done for evaporative cooling in the present
work.

[7]

[8]

[9]

[10]

[11]
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Energy Potential in Using a Bypass to the
AHU’s Heat Recovery System
Paulo Fernandes
The impact of a mechanical bypass to a heat recovery unit
in an Air Handling Unit (AHU) raises doubts as to whether
it is energetically and economically viable. This analysis was
applied to several AHUs with different energy classes (B, A
and A+) and three different scenarios were defined: first, an
AHU without a heat recovery system (HRS); second, an
AHU with a HRS and thermal bypass; and finally, an AHU
with an HRS and mechanical bypass. To analyse and
compare the energy consumption of each scenario, an Excel
calculation tool was developed, which allows annual
simulations of the energy consumption of the AHUs
according to its location, its operating hours and its
characteristics (pressure drop. load, HRS’ thermal
efficiency, volume flow and the system’s ventilation
efficiency). It is concluded that the introduction of a bypass
to the AHU's HRS is a viable option, mainly in cities in the
north of Portugal and with mild climates in the summer.
Also, the use of an HRS during the summer months
increases the energy consumption of the AHU. The
introduction of the bypass enables the use of the HRS during
this period, reducing the energy consumption of the AHU
when compared to one without a HRS. In any case, the
bypass proved to be a solution that allows the reduction of
the energy consumption of the AHU, regardless of its
operation hours and the climate profile in which it is
located. The reduction in energy consumption is enough to
amortize, in a few years (maximum 5), the cost of
manufacturing and assembling the mechanical bypass
system in an AHU.

Symbols
𝐹 - conversion factor of useful
energy to primary energy
[kWhEP/kWh]

∆𝑇
- minimum temperature
differential for recovery

𝜂 - thermal efficiency [-]

∆𝑝 - pressure differential, Pa

𝜂
- ventilation group
performance [-]

𝜖 - efficiency [-]

Given that Portugal's climate is not very severe during
the year, unlike other European countries, such as Germany
or the Scandinavia region, the impact on the AHU’s energy
consumption was investigated when introducing a bypass
to the heat recovery unit. This work intends to study this
impact according to the climate of Portugal, with the
objective of evaluating the cost/benefit of the introduction
of the mechanical bypass in the AHU.
Methods

A. Characterisation of the AHUs
AHUs were idealized and designed for analysis and
their constructive solutions were defined. Square section
modules were chosen, for greater ease of construction and
lower cost of the bypass insertion. The type of HRS used
for the study was the rotary wheel, due to being the most
used in the industry. The thermal production equipments
that supply the heating and cooling batteries was a boiler
and a chiller, respectively. Three scenarios were defined,
each with a different constructive solution: scenario 0 - an
AHU without a HRS (Fig. 1a); scenario 1 - an AHU with
a HRS and thermal bypass (Fig. 1b); and finally, scenario
2 - an AHU with a HRS and a mechanical bypass (Fig. 1c).
For each constructive solution, studies were carried out
for AHUs with different energy classes. These energy
classes are defined in accordance with the Eurovent
certification program and AHUs with energy classes A+
(most efficient class), A and B (least efficient class) were
used, resulting in a grand total of 9 AHU’s analysis. The

AHU, consumption, heat recuperator.
Introduction

According to data from Eurostat [1], in 1996, in the
European Union (EU), the Residential and Services sectors
had a major impact on primary energy consumption,
accounting for 38.9% of that year's energy consumption.
In an effort to reduce this consumption, the EU has
developed a set of initiatives aimed at reducing energy
consumption, namely the Directive 2002/91/EC, which
obliges Member States to place minimum energy
efficiency requirements and to develop and implement a
Certificate of Energy Efficiency [2]. Taking into account
that the HVAC system (Heating, Ventilation and Air
Conditioning) of buildings represents about half of the
energy consumed by them [3], it is important that it has a
good energy performance, aiming to achieve the lowest
possible consumption. Thus, there is an obligation to place
a heat recovery system (HRS) in the Air Handling Units
(AHU), in order to reduce the energy consumed in
ventilation. Despite the clear impact on the reduction of
energy consumed in air treatment, it is necessary to assess
the energy balance in the AHU, as the presence of the HRS
increases the pressure drop inside the AHU, leading to an
increase in ventilation energy consumption.

Figure 1. Constructive solution of the AHUs studied.

52

REHVA STUDENTS COMPETITION 2020
TABLE I.
VALUES OF THE CHARACTERISTICS OF THE AHU USED FOR THIS STUDY
∆𝑝 (Pa)
Energy Class

Air Duct
Return
Insufflation
Return
Insufflation
Return
Insufflation

A+
A
B

Scenario 0

Scenario 1

457
635
471
672
472
681

714
874
712
882
686
856

Scenario 2
Bypass ON
Bypass OFF
714
484
874
644
712
502
882
672
686
496
856
666

paradox of using an HRS is evident in observing the
requirements of these classes. For a more efficient energy
class, a higher thermal efficiency of the HRS is required,
in order to reduce the energy consumption in the air
treatment. However, in order to achieve higher
efficiencies, the HRS imposes a greater pressure drop in
the air flow, increasing the energy consumed in the
ventilation system. The AHUs were designed using
proprietary software from the company EVAC1, in order
to obtain the main characteristics of the AHUs studied.
This software also made it possible to obtain the pressure
drop value imposed by the mechanical bypass, assuming a
value of 20 Pa. This value is taken as constant for all
scenarios, given that the variation in the simulated pressure
drop was minimal (±2 Pa), in all analysed scenarios. Table
1 summarizes the characteristics obtained for each AHU.

∆T

∙ϵ
∙

F
F

𝑉̇ (m3/h)

(%)

83

64

3650

78

62

4150

73

60

4700

(1)

,
,

Thus, it is possible to know when the HRS is active,
depending on the outside temperature and to plot, in a
psychrometric diagram, the recovery zones for the heating
and cooling stations – Fig. 2. However, if this temperature
1

𝜂

is very low, condensation may occur. This phenomenon is
difficult to quantify, due to divergent conclusions in the
studies carried out and because there is not much literature
that studies the phenomenon. A method was then
developed, which among others, was thought to be the
most correct. The thermodynamic evolution of air, inside
the HRS, during this phenomenon can be consulted
graphically in the psychrometric diagram of Fig. 3. This
method starts by assuming a sensitive evolution of both air
flows inside the thermal wheel. At the extraction rate,
while the air temperature decreases, the air reaches the
saturation point, when water droplets begin to form in the
wheel matrix (evolution 11 to 12’). Since not all the air is
in contact with the wheel matrix, some of the air remains
at the inlet temperature. At the exit of the recuperator, the
air that carried out the heat exchange mixes with the
unchanged air, reaching the outlet conditions (mixture of
12' with 11). Thus, the concept of bypass factor was
introduced, where a value of 5% was assumed due to the
reduced diameter of the wheel tubes. Since the wheel turns
on itself, the outside air heats with the heat stored in the
wheel matrix (evolution 21 to 22’) and the water formed
during the passage through the extraction area comes into
contact with the air. The droplets, with the effect of air and
the heat present in the wheel matrix, evaporate, causing an
evaporative cooling at a constant wet bulb temperature
(evolution 22' to 22). For the purposes of this study, and
from the company's experience, it was considered that all
condensed water evaporates into the outside air. Thus, with
this method, it is possible to determine the fresh air outlet
conditions and quantify the energy recovered.

B. Mathematical Model
In order to analyse the energy consumption in the
treatment and ventilation of the air, it is necessary to
correctly predict the power and energy consumed by the
thermal production equipments and by the ventilation
group. For this, it is necessary to define the operation of
the AHU, that is, when the HRS is in operation, as it will
be in the hours when the HRS is inactive that the
mechanical bypass will be operating. The operation of the
HRS will essentially depend on three parameters: the
outside air temperature (T ), the interior design
temperature (T ) and the characteristics of the AHU
(pressure drop from the HRS, ∆p ; thermal efficiency of
the HRS, η ; and ventilation system performance, η ).
The determination of the HRS operation then depends on
an energy balance between the power recovered by the
HRS and the ventilation power consumed, Q̇
>P .
Since these are different energy vectors, this balance was
measured in terms of primary energy, resulting in equation
1, which calculates the minimum temperature difference,
∆T , between the outdoor and indoor air, so that
recovery is feasible.
V̇ ∆p
+P
η
=
ṁ c , η

𝜂 (%)

Figure 2. Recovery zones according to ∆T

.

EVAC is an AHU design and production company.
2
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was possible to reduce the AHU’s consumption compared
to the previous scenario, for both cities. The use of
mechanical bypass is therefore particularly advantageous in
cities where the potential for recovery is weak. On another
positive point, it also allows to reduce energy consumption
even in more severe climates.

Figure 3. Thermodynamic evolution of air, inside the HRS, during the
condensation phenomenon.

Analysis and Discussion of Results

To obtain the energy consumption data of the AHUs, a
tool was developed in Microsoft Excel, which allows to
define the location where the AHU will operate, its
operating hours and characteristics, and the interior
conditions. The tool was used to simulate the energy
consumption for the 9 AHUs and for 20 different
Portuguese cities: the 18 district capitals and the capitals of
the Autonomous Regions.
Within the scope of this work, and in order to facilitate
the presentation of the results, only the results obtained for
the cities of Beja and Porto, which are two cities with a
different climate profile, for an AHU with energy class A+,
operating 24h /day. Both cities have a good recovery
potential for the heating season, with a high frequency of
hours below 20°C. However, the climate distinction
between these cities is most evident in the cooling season.
While Beja has a large number of hours above 25°C, which
results in a good recovery potential, the city of Porto has a
much lower number, resulting in a weak recovery potential.
The climatic profile of each city can be seen in Figs. 4 and
5.
Due to the great recovery potential that both cities
present during the heating season, the use of the bypass is
not advantageous, as the energy recovered by HRS is much
higher than the increase in energy needed to ventilate the
air that the HRS implies, as is shown in Table 2.

Figure 4. Climate profile of Beja.
Data source: CLIMAS-SCE [4].

Figure 5. Climate profile of Porto.
Data source: CLIMAS-SCE [4].

TABLE II.
ENERGY CONSUMED (MWHEP)
City
Beja
Porto

Scenario 0
Heat
Cool
66,35
25,22
75,01
25,22

Scenario 1
Heat
Cool
27,41
36,68
28,98
36,68

It is, therefore, in the cooling station, in cities with a
profile similar to Porto, that the use of a bypass to the HRS
can be advantageous. Figure 6 shows the energy
consumption, during the cooling season, for the cities of
Beja and Porto.
By analysing Fig. 6, it is possible to notice that, during
the cooling season, in Porto, the total energy consumed
increases with the introduction of the recuperator, unlike
the city of Beja, where the energy decreases due to a
sufficient number of hours of recovery that ends up
compensating for the increase in ventilation energy. With
the introduction of the bypass to the HRS in the AHU, it

Figure 6. Energy consumed during the cooling season.

3
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Conclusions

better analysis should be made, together with the available
budget.

This work allows us to affirm that during the cooling
season, the presence of the recuperator is disadvantageous
for the energy consumption of the AHU in locations with
a mild climate during the summer, nullifying the purpose
of the component. The use of the mechanical bypass in
these places allows to reduce energy consumption to levels
below those recorded in the case of an AHU without a
recuperator, enabling the use of the recuperator during the
cooling season. In addition, the constructive solution with
the mechanical bypass proves to be the best, both in terms
of energy consumption and in terms of energy cost. The
estimated savings in energy cost between the recuperator
solutions with and without the mechanical bypass allows
for a quick amortization of the additional investment cost
in the manufacture of the AHU.
Finally, the introduction of the bypass in the
autonomous regions and in the northern coastal locations
must be imperative, and in other locations of Portugal, a
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investigation of a hybrid PV/T solar panel
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system generates electricity and hot water from a
combined system that maximizes the energy and/or
economic performance of the system [3] [4]. The PV
modules can absorb thermal energy and then transported
using a copper heat exchanger to a fluid. As a result, the
PV module temperature decreases, and its efficiency
improves providing more electricity. The application of
such hybrid panels can be extended also for other type of
buildings. Thin-layer solar drying experiments were
conducted in Matsuyama, Japan [1]. Chow TT. [2]
proposed a dynamic PV/T collector model for singleplate water heating. A hybrid PV/T solar system was
described by Vorobiev et al. [5]. The system consisted of
a radiation concentrator, a PV cell and a thermoelectric
generator. According to their calculations, the overall
efficiency of the hybrid system could be achieved by
about 30%. Zhu et al. [6] also proposed the achievement
of the hybrid PV / TE system with a high efficiency of
about 23% in the outdoor test, which is 25% higher than
the PV (photovoltaic) cells. Fine et al. [7] developed a
method for predicting hybrid solar panel performances in
different operating modes and have experimentally
validated it. Similar approach using simulations and
experimental measurements was used by Yang et al. [8]
and improvement of energy efficiency was realized using
functionally graded material (FGM) for better heat
transfer to the fluid. Experimental measurements were
realized by Zakharchenko et al. [9] for 3 types of PV/T
panels (SI, α-Si and CuInSe2) proving the advantages of
using these kinds of systems.

Abstract— This paper presents a study on hybrid PV/T
solar panels performance, using both experimental and
simulation methods. The experimental part is intended to
measure and compare PV/T and PV electrical and thermal
outputs, under measured solar irradiance and ambient
temperature, and to asses the potential for further research
involving adding phase-change materials inside of the PV/T
panel. The simulation part of the study is intended to asses
the technical viability of integrating the studied type of
PV/T panel into a highly efficient solar house prototype, by
comparing a reference system with separate PV and solar
thermal collectors with one that uses PV/T panels.
The experimental study concluded the following: the PV
was hotter than the PV/T by an average of 5oC on the back
of the collector and by an average 16.5oC on the front face.
The PV/T panel electrical power yield was greater by 5.2%
than the PV and produced 2.1 kWh of thermal energy used
for water heating. Also, irregularities in surface
temperature and output curve aspect concluded that there
is opportunity in studying the integration of phase-change
materials in the collector, in future research.
The simulation study showed that the system with
integrated PV/T panels results in a solar fraction to the
system of 12.2% compared to 8.4% for the separate PV and
solar thermal. It produced 5.2% more electrical energy,
while the total consumption of the system (fuel and
electricity) dropped by a significant 11.1%. Also, the global
efficiency of the system increased by an average 10%.
Index terms – hybrid solar panel, photovoltaic, PV/T,
simulation, thermography

I.

II.

INTRODUCTION

EXPERIMENTAL STUDY

A. Objectives of the Experimental Campaign
The scope of the experimental study is to assess the
main performance parameters of a hybrid PV/T under
typical operative conditions and compare it with a
standard PV panel. However, the final objective is to
investigate the possibility to further increase the
performance of PV/T collectors by integrating phasechanging materials, so the experimental campaign
presented in this paper is only a milestone and will
provide reference values for the future investigation of
PV/T panels with PCM integration.

Solar energy is the richest source of renewable
energy, it is abundant and inexhaustible. Building using
the standard nZEB (nearly zero energy buildings) is now
more stringent. To reach such level of energy efficiency
the use of renewable sources is therefore a must.
Residential buildings energy consumption is mainly
related to heating, cooling, domestic hot water (DHW)
and electricity. While photovoltaics panels are now more
and more popular due to their lower price there is still a
need to produce thermal energy for heating/DHW
purposes. The use of hybrid solar panels that can produce
both electric and thermal energy is a very appealing
solution especially when the building roof space is
limited. A photovoltaic/thermal (PV/T) hybrid system is
an integration of the system composed of photovoltaic
cells and solar thermal heat exchanger. The hybrid

B. Experimental Stand
The PV/T and PV panels were fixed due south with a
45o tilt angle. Water was circulated through the PV/T
with a three-stage circulator pump and the water loop
also contains an uninsulated water buffer which would
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simulate both heat storage and DHW consumption during
the day. Before the experiment, a water flow of 1.5 L/min
– the rated flow of the PV/T panel - was set with the use
of a regulation valve. Temperatures were measured and
logged from key points of the system using
thermocouples fed into an ALMEMO data logger. A
pyranometer also transferred the measurements into the
data logger in order to measure global horizontal solar
irradiance. The electrical output parameters of the two
collectors were measured with the use of an I-V curve
tracer PV analyzer (Fig.1).

Pyranometer
Fig. 2. Collectors temperature over time.

Water
discharge
boiler

Pump
box

The electrical power output of the PV/T collector was
significantly and consistently higher than that of the PV
collector during the day. The overall electricity
production of the PV/T is 10.1% higher (827 Wh
compared to 751 Wh). The largest difference in power
output is midday (12:45), when the PV/T outputs 13.75%
more power (Fig.3.)

ALMEMO
data logger

PV
panel

PV/T
panel

The thermal energy output of the PV/T was calculated
using inlet and outlet water temperature and mass flow,
which was constant during the experiment.

I-V curve
tracer system

Fig. 1. Experimental stand and measurement systems.

C. Experimental Campaign Methodology
Data acquired with 1 minute sampling time, with the
data-logger: ambient temperature, PV/T water inlet
temperature, PV/T outlet temperature, PV/T temperature
on the back of the cell, PV temperature on the back of the
cell, horizontal solar irradiance. Together with the water
flow which was constant during the experiment, the water
inlet and outlet temperatures of the PV/T water circuit
were used to calculate the thermal output of the PV/T
collector.
Fig. 3. Electrical power output of the collectors.

Data acquired once every 30 minutes, with the PV
analyzer: I-V and P-V characteristics of the PV/T and PV
collectors. After data processing, electrical power outputs
are of both collectors are calculated with the above
characteristics, together with the solar cells’ temperatures
and the perpendicular irradiance, also measured by the
PV analyzer with an external probe.

The total thermal energy output during the day was 2.1
kWh. The mean temperature difference between the
water inlet and outlet was 3.6oC.
E. Thermographic Imaging Study
A thermal imaging camera was used to measure
radiant temperature of the surfaces of the panels,
simultaneously with the performance parameters
measurements. As with the temperatures on the back of
the panels, there is a consistent difference in temperature
between the two panels’ front surfaces. While the mean
temperature difference during the day on the back on the
panel is 5oC, on the front surface, the mean difference is
16.5oC, the hybrid panel being significantly cooler
(Fig.5).

D. Results and Discussion
The temperature sensors on the back of the solar cells
show a relatively constant temperature difference
between the PV/T and the PV, the hybrid collector being
an average of 5oC colder (Fig.2), due to the cold water
flow which absorbs heat from the solar cells, cooling
them.
Fig.(2) and fig.(3) show data from 10th of October, a
day with outdoor temperatures and solar irradiance
representative of the yearly averages.

While the temperature distribution on the PV panel is
even, on the hybrid PV/T panel we can observe 3 zones
that are inconsistent with the rest of the panel (Fig.4).
Zone 1 is adjacent to the water inlet, where the water has
the lowest temperature and thus the greatest potential to
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absorb heat from the panel. Respectively, zone 2 is
adjacent to the water outlet, where there is the hottest
water with the least heat absorption potential. Zone 3 is
an area where the copper coil on the back of the panel
bypasses the electrical connections, thus that area is not
directly irrigated with water and gets hotter. Average
temperatures were calculated for these areas, using the
infrared images processing software.

The assumptions to examine in such a study are
whether a more uniform distribution of temperature leads
to higher electrical output and whether more time-stable
temperature of the PV/T collector would lead to better
heat transfer to the receiving media, such as the buffer
tank. It is also relevant to study the impact of the PCMintegrated PV/T panel dynamically via simulation,
integrated in a heating/DHW productions system, similar
to the study presented in the simulation study of the
present research, as to be compared to a PV/T panel
without phase changing materials integrated.

The irregularities in surface temperature distribution
as well as the fluctuations in surface temperature, in close
accordance to solar irradiance levels show the
opportunity to further study methods to reduce these
irregularities in order to further improve the efficiency of
the PV/T panel. One method to consider for a subsequent
phase of this study is to integrate phase-changing
materials inside of the PV/T case, in close contact with
the photoelectric cells and the water coil.
The phase-changing materials are to be chosen so that
the phase change temperature threshold is in accordance
with the median collector temperature, as investigated in
the present research. According to the temperature
readings, both on the back of the collector measured with
the temperature but also on the front of the panel
measured with the IR camera, the optimal phase change
threshold is 55oC, as this is the peak median temperature
of the collector.

Fig. 4. PV/T panel temperature distribution.

Fig. 5. Thermographic study.
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III.

SIMULATION STUDY

A. Objectives of the Simulation Study
The scope of the simulation study is to assess whether
the implementation of hybrid PV/T panels is viable from a
technical standpoint, considering electrical energy
production, total electricity and gas consumption and global
efficiency, on a highly efficient solar house prototype.
B. Reference building
House EFdeN Signature is the solar house prototype
which represented Romania in the Solar Decathlon Middle
East competition in 2018, the first to be taking place in an
extreme hot and humid climate, Dubai. The main
architectural and passive energy efficiency features are two
raised volumes above the bedroom and kitchen, inspired by
traditional Middle Eastern wind towers and an exterior
facade, the “shell”, also inspired by the Middle Eastern
“mashrabiya” (Fig.6). With a median U-value of 0.13
W/m2K, walls are structured as follows: aluminum
composite facade (4 mm), ventilated air (10 cm), rockwool
insulation (20 cm), wooden structural panel (11.5 cm), cork
tiles (3 mm). Based on timber frame construction system,
the roof and floor slabs have a U-value of 0.19 W/m2K.

Fig. 7. House EFdeN Signature model in DesignBuilder

The simulation study consists of two parts – house
thermal loads calculation in DesignBuilder software and
system comparison in Polysun software.
Case scenario 1 (reference system) is comprised of
Glazed flat plate solar thermal collector and photovoltaic
panels, polycrystalline. The PV’s have 250W maximum
power output, there are 32 modules (8 kW installed power),
placed horizontally. The solar thermal panel has a 2.33 m2
absorber area, placed horizontally (Fig.8).

Fig. 6. Reference building – Real phot of the House EFdeN Signature

C. Simulation Methodology
For the purpose of the simulation purpose, two technical
solutions are compared: one with separate flat plate solar
thermal collectors and PV’s, the other with hybrid PV/T
panels. The rest of the system is the same for the two
situations –tank in tank boiler for combined heating and
domestic hot water production, powered by solar thermal
source, a gas boiler and an electric coil. All the other
simulation assumptions are the same in the two situations.

Fig. 8. Polysun model – case scenario 1

Case scenario 2 (studied system) is identical to case
scenario 1, except for the solar collectors which are replaced
with hybrid PV/T panels. The PV/T collectors are also
polycrystalline, but with 240W maximum power output.
Because of the space provided by removing solar thermal
collectors, in case scenario 2 there are 36 PV/T modules,
placed horizontally (Fig.9).
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Fig. 9. Polysun model – situation 2

Fig. 11. Total energy (electricity and gas) consumed by the system

The rest of the system is identical in the two systems and
are comprised of the following components. The combined
heating and DHW production boiler have a total capacity of
800L and is powered by a lower solar coil, by the gas boiler
and by an electric coil. The gas boiler has a heating capacity
of 20 kW, in both the situations. The building component is
defined by a 7.8 kWh total heating energy demand,
excluding DHW preparation loads. The heating element is
underfloor heating, with inlet temperature of 40oC. The
DHW is to be fed to the consumers at 55oC. The electrical
system is equipped with a 13.8 kWh battery bank. The
electrical consumers have an annual consumption of 6000
kWh (cooling, appliances, electric vehicle).

For the PV, the maximum efficiency is 12.5%, while for
the PVT it is 22% (Fig.12). The simulation day for the
global efficiency calculation is 15th of July. We can
conclude that PVT are less efficient relative to aperture area
compared with solar thermal panels but produce more
energy if all PV’s are replaced with PVT’s.
𝐸𝐹𝐹

/

(1)

EFFPV/T – global efficiency of PV/T panel (%)
PE – Electrical power output (W)
PT – Thermal power output (W)
IRRarray – Total solar irradiance incident on the
array (W)

D. Results and Discussion
The system in configuration 1, with separate PV’s and
solar thermal panels, 9152 kWh of electricity are produced,
while the PV/T configuration outputs 9652 kWh, a 5.2%
increase in electrical PV yield. The solar fraction is the ratio
of energy from solar source (both electrical and thermal)
over the total energy consumed by the system. The total
solar fraction is 8.4% for situation 1 and 12.2% for situation
2 which means a 3.8% increase. The solar fractions for
DHW preparation are 17.9% and 37.6% respectively, while
the solar fractions for heating are 1.3% and 9.1%
respectively. In the first situation, the system total energy
consumption (gas and electricity) is 11168 kWh/year, while
for the second situation with the PV/T it is 9926 kWh/year,
a significand drops of 11.1%.

Fig. 12. Global efficiency of the PV/T system.

IV.
CONCLUSIONS
From both the experimental and the simulation
investigation, the benefits of the hybrid PV/T collector are
obvious when compared to standard PV’s or systems with
separate production of electricity and heat from solar source.
The experimental study concluded the following: the PV
was hotter than the PV/T by an average of 5oC on the back
of the collector and by an average 16.5oC on the front face.
The PV/T panel electrical power yield was greater by 5.2%
than the PV and produced 2.1 kWh of thermal energy used
for water heating. The simulation study concluded that the
system with integrated PV/T panels results in a solar
fraction to the system of 12.2% compared to 8.4% for the
separate PV and solar thermal. It produced 5.2% more

Fig. 10. Electrical energy production
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electrical energy, while the total consumption of the system
(fuel and electricity) dropped by a significant 11.1%. Also,
the global efficiency of the system increased by an average
10%.
The experimental results of the present study also outline
the opportunity of further research of this subject by
integrating phase-changing materials in the PV/T panel, as
suggested by the temperature irregularities on the collector
surface. The present study concludes that further research
should study the integration of PCM’s with 55oC
temperature threshold, investigating the change in
temperature distribution uniformity effects on electrical
output and heat transfer global dynamical effectiveness.
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take care not to damage beer production process. Following
chapter is giving quick overview of beer production process
and its cooling requirements.

Abstract — Cooling plants are huge consumers of electrical
energy and their optimization is critical in terms of energy
usage. This paper is focused on one approach for cooling
plant optimization. Based on calculated cooling requirements
and actual energy consumption for one calendar year,
optimization of cooling plant is researched and compared,
using wet bulb temperature as set point for head pressure.
Calculation showed possibility for achieving electricity
consumption reduction around 7%, by applying this method.

II. BREWING PROCESS
Brewing is process which is done in batches and it is
possible to do six to eight batches during one production
day (24 hours). Malt is main ingredient for beer production
and it is being made in malting plants outside breweries. As
a raw material it is transported to brewery where it is being
conditioned, grounded in mills and depending on the recipe
some adjuncts like barley, maze or wheat are added. During
mashing of above mentioned ingredients by controlling the
temperature and length of mashing itself long sugar chains
are being broken into smaller more simple ones which are
needed for good fermentation. Next step in brewing process
is mash filtering and as a result of this process clear wort
ready for boiling is being made. During boiling hops are
added which have influence on future beer bitterness. After
boiling wort is at temperature of 100°C and it needs to be
cooled to the temperature of +20°C in very short period of
time to prevent any microbiological contamination. Whole
process is done in the brew house area.
After being cooled yeast is added into wort and it is
transported within pipes to the fermentation area where
fermenting process starts. During fermentation yeast is
using sugar to create alcohol and as a byproduct CO2 gas
and heat are being generated. Generated heat increases
fermentation temperature and pressure inside fermenter
which as a result speeds up fermentation process. Due to
that fact fermentation needs to be kept within certain limits
in terms of temperature and pressures, for lager beer
temperature needs to be below +16°C during fermentation.
Excessive CO2 is being released through pressure relief
valves and it is recuperated, liquefied and kept at -23°C on
pressure of 17-20 bar. When needed it is evaporated and
sent to consumers.
During main fermentation inactive yeast cells start to
settle on the bottom of fermenter and after 4 to 8 days when
main fermentation process is done young beer is being
cooled to temperature between -1.5°C and 0°C in order to
speed up yeast settlement. That phase is called beer
maturation. When maturation phase is done beer is sent to
filtration unit and before entering filler it is being
pasteurized at +74°C and cooled again to prepare it for
filling.

Index Terms— Brewery, Cooling Plant, Head Pressure
Control, Energy Reduction.

I. INTRODUCTION
Breweries could be considered as one type of chemical
industry because during beer production many chemical
reactions are occurring and as a result beer is produced
together with few byproducts such as CO2. Beside constant
raw material import, energy constantly needs to be
transformed in order to have stable beer production.
Cooling plants as main consumers of electrical energy
within one brewery are very interesting topic. Optimization
of those plants in terms of peak consumption shaving or
changing the way cooling plants work (like changing
evaporation temperature and head pressure) can have
mayor influence on total brewery electricity consumption.
Air compressors
9%

Non production
areas
15%

WWTP
10%

Brewing
12%

WTP
2%
Boiler room
3%

Packaging
17%
Cooling plant
25%

CO2 plant
7%

Figure 1. Brewery energy consumption deployment

In recent years in many breweries have done
improvements in terms of head pressure control, frequency
driven compressor installation or rising evaporation
temperatures in order to increase suction pressure. All these
improvements are resulting in lower electricity
consumption but for this type of optimization teams of
technologist and engineers need to collaborate in order to
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TABLE I.
DAILY CONSUMPTIONS DEPENDING OF NUMBER OF BATCHES

From above mentioned it is clear that cooling is one of
main factors for stable beer quality parameters. In
electricity consumption cooling is taking share of 20-25%
of total brewery consumption and for that reason it is
important to work on its efficiency increase in order to
lower production costs and reduce brewery CO2 footprint.
III. HEAD PRESSURE CONTROL
Head pressure control is very interesting option in terms
of compressor optimization. Idea is based on lowering
electricity consumption of cooling compressor and
balancing with increased condenser electricity
consumption. Because of different nominal powers of
compressors and condensers it is possible to achieve better
results in terms of lower electricity consumption. By
observing Figure 2 it is possible to compare two ammonia
cooling cycles with same suction pressure (Te=Te’=-5°C,
p=3.5 bar) and different condensation pressures (Tc=22°C,
Tc’=35°C, p=13.52 bar). These two condensing pressures
are taken as best and worst case for one cooling
compressors. In case of lower condensing pressure heat
transfer in evaporator equals Qe=1,152.7 kJ/kg while in
other case heat transfer equals Qe’=1,090.3 kJ/kg.

Batches per day

#

Batch volume

hl

7

Volume of brewed
beer

hl

3500

Ice water heat
exchanger

kWh

6

5

4

3000

2500

2000

4171

3575

2979

2383

Fermentation and
maturation

kWh 14589

12505

10421

8337

CO2 recuperation
plant

kWh

5760

4937

4114

3291

Yeast storage plant

kWh

3600

3086

2572

2058

Building air
conditioning

kWh 10800

10800

10800

10800

Consumption in
summer mode

kWh 38920

34903

30886

26869

Consumption in
winter mode

kWh 28120

24103

20086

16069

500

Cooling
demmand
consum. [kWh]

Number of working days and number of batches is based
on historical data and it was used to determine daily and
monthly cooling energy requirements. Figure 4 displays
monthly calculated cooling demand consumption in one
production year.
900000
600000
300000
0

Figure 4. Monthly cooling demand level
Figure 2.

Pressure-enthalpy diagram

From figure above it is evident that this brewery cooling
energy demand is affected by production level and season
(winter/summer) which is dictating work of air
conditioning unit.
Average cooling demand is calculated as relationship
between monthly cooling demand and total number of
compressor working hours for that month Average cooling
demand and working hours of compressor are presented on
figure 5.

420
400
380
360
340
320

1500

Average cooling
capacity [kW]

Absorbed power
on shaft [kW]

Also when compressor works on higher pressures it
absorbs more energy on the shaft. From supplier’s data
sheet absorbed power in case of lower condensing pressure
equals 340 kW while in case of 13.52 bar absorbed power
equals 412.5 kW. Another parameter which is not
negligible is volumetric flow decrease through cooling
compressor in case of pressure increase. For compared
pressure flow decrease is 1.4%. On Figure 3 values for
absorbed power is graphically presented.
395
376

412.5

358
340
322
8

9

10

11

12

13

14

Condensing pressure [bar]

Average working
time [h/day]

1000
500
0

24
20
16

Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec

Capacity

758 1033 714 1039 1039 1388 1079 1198 765 641 964 794

Work hour

14

14

16

18

22

22

22

22

18

14

14

12

18

Figure 5. Average cooling demand and working hours of compressor

Figure 3. Change of absorbed power on shaft

Compressor and working regimes selection are done
based on the cooling demand, suction and discharge
pressure. Suction pressure is calculated from equation for
heat transfer. Since heat transfer coefficient and area of heat
exchanger are known it is possible to calculate mean
logarithmic temperature by dividing cooling demand with
heat transfer coefficient and area of heat exchanger.

IV. BREWERY COOLING CAPACITY REQUIREMENTS
In order to calculate monthly cooling energy
requirements daily consumptions depending on number of
batches have been established. Table 1 gives an overview
of daily cooling energy requirements.
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Q = k ∙ A ∙ Δtlog

being calculated by using software. Set point for ideal
condensation temperature is 8°C above measured wet bulb
temperature. For this type of compressor set up there is
requirement for minimum head pressure in order to have
good separation of oil in oil separator. For MYCOM
compressors VLD250-N and VLD200-N minimal allowed
head pressure is 8.1 bar[g] which in temperature terms
equals 22°C.
Main principal is to lower compressor electricity
consumption on the cost of condensers electricity
consumption increase. As a result trade of is positive and
COP of engine room is increasing.
Figure 7 represents difference between previously set
condensation parameters and calculated condensation
parameters based on mean dew point temperature values.
Values below 22°C have limits in order to protect
equipment from potential damage.

(1)

Since ammonia temperature through heat exchanger it is
calculated by using equation for mean logarithmic
temperature.

Δtlog =

(ti (NH3) - tiz (PG) ) - (ti (NH3) + tul (PG) )
ln

(ti (NH3) - tiz (PG) )

(2)

(ti (NH3) - tul (PG) )

Values for suction pressure occurring in this system are
presented in the table 2.

Δtlog

tout (NH3)

tin (PG)

tout (PG)

- 3.41
- 2.79
- 2.09
- 1.53
- 1.41
- 1.27
- 1.08

- 5.50
- 5.00
- 4.50
- 4.20
- 4.15
- 4.10
- 4.05

1
1
1
1
1
1
1

-4
-4
-4
-4
-4
-4
-4

Condensation
temperature [°C]

TABLE II.
AMMONIA EVAPORATION TEMPERATURE

A. Fixed head pressure calculation
In case that head pressure set points are manual setting is
done by the operator and it is predetermined for certain
month. Overview of parameters is given in table 3 bellow.

Head pressure
bar[g] 9
9
9 10
set point
Condensing
°C 25 25 25 28.1
temperature
Mean log.
- -1.43 -1.95 -1.35 -1.96
temperature
Evaporation
°C -4.2 -4.5 -4.2 -4.5
temperature

12

12

12

11

33.7 33.7 33.7 33.7 31

11

10

9

31 28.1 25

-1.96 -2.62 -2.04 -2.26 -1.45 -1.21 -1.82 -1.50

-4.5 -5 -4.5 -5 -4.2 -4.1 -4.5 -4.2

By using software delivered from MYCOM values for
absorbed power and cooling capacity for each compressor
are calculated. Main working compressor is chosen in order
to have maximum efficiency depending on cooling
demand. Figure 6 represents consumption distribution
between compressor and condenser and COP per month for
cooling plant respectively.
Electrical energy
consumption [kWh]
250,000

Compressor
limit
Ideal
temperature

Figure 7 represents difference between previously set
condensation parameters and calculated condensation
parameters based on mean dew point temperature values.
Values below 22°C have limits in order to protect
equipment from potential damage.
Leading compressor is selected with same criteria as in
case with fixed head pressure, difference in absorbed power
is result of less work due to lower head pressures.
Evaporative condensers capacity is chosen to be doubled
comparing to compressor cooling capacity in winter
season, while in summer season capacity is tripled in order
to keep condensation parameters within measured limits.
Regulation of condensers start up is in cascade order, first
all compressors start one by one with low fan speed in
combination with water pump then high speed fans start in
case of need.
On figure 8 it is clear that electricity consumption has
risen on condensers while consumption of compressors has
lowered comparing to figure 6. Also, it can be noted that
COP of engine room has risen on monthly and yearly level.

Jul Aug Sep Oct Nov Dec

12

Predefined
temperature

Figure 7. Manual set points vs calculated set points

TABLE III.
MANUAL SET HEAD PRESSURE PARAMETERS
Jan Feb Mar Apr May Jun

32
28
24
20
16
12
8
4

Condenser
Compressor
COP

200,000
150,000
100,000
50,000
0

COP
7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

Electrical energy
consumption [kWh]
250,000

Condenser
Compressor
COP

New COP

200,000
150,000
100,000
50,000

Figure 6. Consumption with fixed head pressure

0

B. Floating head pressure calculation
Head pressure regulation is done in accordance with
atmospheric condition. Ideal condensation temperature is

7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

Figure 8. Consumption with floating head pressure
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Figure 9 displays improvement of engine room COP during
one year depending on which type of parameters are
applied.

V. CONCLUSION
Subject of this paper was cooling plant within brewery
where calculation for potential optimization savings is
done. Point of calculation was comparison between fixed
head pressure and floating head pressure set point based on
wet bulb temperature.
Calculation of required cooling capacities is done based
on historical data of beer production for 2018, also for
calculation purposes data regarding compressors and
condensers were used. Based on that data COP of engine
room is calculated for fixed head pressure mode.
For same conditions model was created where head
pressure set point was changing in time based on wet bulb
measurements. For purpose of calculation mean values of
atmospheric conditions per month were taken. Based on
variation during day it is possible to have even greater
savings of electricity.
Calculation displays that it is possible to achieve
electricity consumption reduction by applying this method
and that are around 7% which for brewery this size equals
to 100,000 kWh on yearly level. For this type of regulation
some investments are needed in order to improve cooling
capacity of condensers to achieve required pressure set
points. In case of this brewery capacity already exists.
In comparison to current fixed head pressure best
savings are in spring and autumn where there are biggest
deviations between conditions during the day and night.

COP 6.0
5.5
5.0
4.5
4.0
3.5
3.0

1 2 3 4 5 6 7 8 9 10 11 12
Fixed P 5.05 5.60 4.90 5.06 4.48 4.01 3.82 3.34 3.99 4.15 5.06 4.90
Floating P 5.07 5.57 4.98 5.43 5.43 4.35 4.04 3.70 4.60 4.58 5.43 5.23

Figure 9. COP of engine room
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Impact of flue gas recirculation on the
efficiency of hot-water boilers
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Abstract—The topicality of the work is related to the fact that
the combustion processes of various fuels, such as heat
production, produce emissions that are harmful to the
environment. The combustion of fossil fuels produces
nitrogen oxides, which are about 10 times more dangerous
than carbon monoxides. There are different methods to
reduce nitrogen oxides emissions and one of effective methods
is flue gas recirculation. Despite efficiency, flue gas
recirculation has an impact on the efficiency of the boiler.
The efficiency coefficient for the hot-water boiler was
calculated with and without flue gas recirculation. The
calculation with flue gas recirculation leads to a slight
reduction in the efficiency factor, herewith flue gas
recirculation reduced emissions of nitrogen oxides by 44,5%.

convert to NO trough different reaction routes. In fuel-rich
conditions NO will react with NH3 and HCN forming N 2.
Formation of fuel NOx depends mostly on chemically
bound fuel nitrogen content in the fuel. Thus, fuel NO x is
produced at low temperature [3].
The reactions of thermal formation of nitric oxide are
characterized by a high activation energy; therefore,
nitrogen oxides are formed at high temperatures above
1800°K. The reactions can be expressed by extended
Zeldovich mechanism[1]:
𝑂 + 𝑁2 → 𝑁𝑂 + 𝑁,
𝑁 + 𝑂2 → 𝑁𝑂 + 𝑂,
𝑁 + 𝑂𝐻 → 𝑁𝑂 + 𝐻

Index Terms—flue-gas recirculation, boiler, nitric oxide.

(1)
(2)
(3)

The concentration of thermal nitrogen oxides rapidly
increases in the combustion zone, and its maximum values
are in the zone of the maximum combustion temperature.
However, Fenimore's studies on the combustion of
hydrocarbon fuels showed that, in a very short period of
time, nitrogen oxides are formed in front of the flame by a
mechanism different from Zeldovich mechanism. The
detected nitric oxide is called prompt [1]. Formation of
NOx by prompt NOx mechanism takes place in reactions
of atmospheric nitrogen with hydrocarbon radicals in fuelrich regions by reactions [3]:

Introduction

The point of the workis to study the impact of flue gas
recirculation on the efficiency of a hot water boiler to
reduce nitrogen oxide emissions.
The combustion processes of various fuels, such as
heat production, produce emissions which are harmful to
the environment. The main harmful elements of flue gases
are nitrogen oxides (NOx), carbon dioxide (CO2), carbon
monoxide (CO), sulfur dioxide (SO2), particulate matter
and others.

𝐶𝐻 + 𝑁2 → 𝐻𝐶𝑁 + 𝑁,
𝐻𝐶𝑁 + 𝑂2 → 𝑁𝑂 + ⋯.

A. Nitrogen oxides (NOx)
Nitrogen oxides (NOx) are the main toxic components
of natural gas and fuel oil combustion [1][2].Nitrogen
oxides are considered to be major pollutants for the reason
that in addition to environmental problems, they cause
health-threatening problems such as photochemical smog,
acid rainsand ozone layer depletion. Nitrogen oxides have
a negative effect on human health, mainly on the
respiratory system [3].
The abbreviation NOx stands for nitrogen monoxide
(NO) and nitrogen dioxide (NO2), which are produced in
flue gas as the result of reactions of nitrogen and oxygen.
Nitric oxide is a colourless poisonous gas and nitrogen
dioxide is a very poisonous gas with a brownish tinge.
NOx, emitted during combustion, consists of 95% NO and
5% NO2[4].

(4)
(5)

The formation of prompt nitric oxide occurs at
temperatures of 1200−1600°K, when the thermal
formation of nitrogen oxide does not occur [1].
The correlation between combustion temperature and
NOx formation is shown in Figure 1.

B. NOx formation mechanisms
Currently, three mechanisms of nitrogen oxide
formation are known: fuel NOx mechanism, thermal NOx
mechanism and prompt NOx mechanism.
Fuel NOx is formed on reactions after the release of fuel
bound nitrogen when fuel is heated during devolatilization.
Importantprimary nitrogen-containing components are
ammonia (NH3) and hydrogen cyanide (HCN). If
sufficient O2 is available, these components will mainly

Figure 1. The correlation between combustion temperature and NOx
formation mechanisms [5].

Although the positive correlation between fuel, prompt
NOx and temperature are approximately linear, the amount
of thermal NOx increases disproportionately with
increasing combustion temperature.

66

REHVA STUDENTS COMPETITION 2020
C. NOx reduction methods
In recent years, environmental protection requirements
have become more stringent, that is why the fight against
toxic emissions into the atmosphere has become especially
important.
Currently, a large number of methods for reducing the
concentration of nitrogen oxides in flue gases are known,
and they can be divided into two large groups: cleaning
flue gases by chemical or physicochemical methods, as
well as technological methods.
The chemical or physicochemical method is based on
the reducing of nitrogen oxide amount in the flue
gasesformed during combustion, while the technological
method is based on preventing the formation of nitrogen
oxide during combustion [4][6][7]. New methods of
reducing oxides are also emerging. Anoverall picture of
reducing nitrogen oxidesmethods is shown in Figure 2.

Practically, the flue gas recirculation ducting (shown in
Figure 3) connects between a special port on the burner air
intake and a branch in the flue close to the boiler outlet –
and, potentially, a fan – with the flow of flue gas being
modulated by a damper. The duct is insulated to reduce
condensate formation, and includes condensate drainage
points in the duct adjacent to the burner inlet.
The effectiveness of the flue gas recirculation method
depends on way the flue gases are supplied to the boiler
(Figure 4).

NOx reducing
methods
Technological
methods
Combustion
temperature
reduction

Change of
excess air

Boiler output
reduction

Two-step
burning

Moisture injection
in the combustion
zone
Flue gas
recirculation

Tree-step
burning

Physicochemical
methods

New methods

Selective catalytic
reduction

Atmospheric
fluidized bed

Selective noncatalytic reduction

Circulating
fluidized bed

Figure 4. Reduction of NOx formation depending on therecirculation
gasesinput method[12].

It is important how flue gases are suppled, because with
the recirculation of 1% of flue gases, the boiler efficiency
decreases by 0.03−0.06% [11].The most efficient way,
how to supply flue gas to the boiler is with fuel [17].

Optinox system

Non-stoichiometric
burning
Special burners

Main data of the analyzing object

Figure 2. Nitrogen oxides reducing methods.

As the object of research is hot-water boiler “BOSCH
UT – M 64”. The boiler is installed in one of the heating
plants in Riga (Figure 5).

Flue gas recirculation (FGR) belongs to technological
method, as a way to reduce combustion temperature. The
flue gas recirculation method became widespread in the
late 1970s and since has been widely used in boiler
technology. This method involves taking part of the flue
gas from the fluepipe andpump itinto the active
combustion zone (furnace).
A standard forced draft burner has an excess of oxygen
to ensure complete combustion. The recirculation of flue
gases, in turn, reduces the excess oxygen and partially
replaced by inert flue gases, which mix and absorb some
of the flame energy, thereby reducing the temperature.
NOx production increases exponentially with increasing
temperature, so a maximum combustion temperature
reduction can easily reduce NOx emissions up to 7−80%.
The flue gas temperature is usually around
250−350℃[8][9][10].

Figure 5. Hot-water boiler “BOSCH UT M-64”.

Boiler’s output is 18 MW, fuel – natural gas, reserve
fuel – diesel. The boiler is equipped with a flue gas
recirculation to reduce the nitrogen oxide content to
50 mg/Nm3 (permissible value). The recirculated flue gas
is supplied together with the secondary air directly to the
burner.
Boiler design is three-pass single-flame tube/smoke
tube technology. The inserted flame tube ends in an inner,
fully wetback smoke gas reversing chamber, which leads
into the first smoke tube pass. The first smoke tube pass
and second smoke tube pass are free of flow components.
The functional round design ensures optimal pressure
resistance [16].

Figure 3. A boiler with flue gas recirculation [16].
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Also, hot-water boiler is equipped with LOWNOx
burner − ELCO RPD 70. Burner is shown in Figure 6.
11.

12.
13.

Heat loses
due to
chemical
underburning
Heat loses
from external
cooling
Recirculation
coefficient

𝑞3

%

0

𝑞5

%

0,09

1,48

r

%

0,126

0,403

Another data
14.
15.
Figure 6. Burner ELCO RPD 70.
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Boiler efficiency, %

𝜂=
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93.7

93.6
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49.9

46.2

40

93.0
92.5

32.7

92.0

92.9

30

25.3

91.5

92.1

20

91.0

10

4.5

9

13.5

Boiler output, MW
Efficiency

NOx emissions

Figure 7.Dependence of the boiler efficiency and NOx emissions on the
output.

𝑞2 =

All the data necessary for calculations are collected
in Table 1. For calculations were taken two boiler
operating regimes (o.r.)− at maximum output and at
reduced output.

𝑞2𝑟 =

TABLE I
DATA FOR CALCULATIONS
Nr.

Parameter
name

1.

Low heat value

Symbol

Measurement

3.

Specific heat
capacity
Temperature

4.

Enthalpy

5.

Сombustion
energy

2.

6.
7.
8.
9.
10.

Boiler output
Air
temperature
Excess air
coefficient
Flue gas
temperature
RGR fan
frequency

kJ
nm3 , g
kJ
𝐶𝑔
nm3 , g ∙ ℃
𝑡𝑎
℃
kJ
ℎ𝑔 = 𝐶𝑔 ∙ 𝑡𝑎
nm3 , g
kJ
𝑄𝑐
= 𝑄𝑖𝑑 + ℎ𝑔
nm3 , g
Hot-water boiler parameters
𝑄1
MW

Values
1.o.r.
2.o.r.
36485

(𝐻𝑓𝑔 −𝛼∙𝐻𝑎0 )∙(100−𝑞4 )

(𝐻𝑓𝑔 ∙(1+𝑟)−𝛼∙𝐻𝑎0 )∙(100−𝑞4 )

5,58

25,1

14

𝛼𝑏𝑜𝑢𝑡

-

1,11

1,15

𝑜𝑢𝑡
𝜗𝑓𝑔

℃

174,72

98,5

-

Hz

(9)

𝑟
𝑉𝑓𝑔
𝑜𝑢𝑡
𝑉𝑓𝑔

,

(10)

Recirculation coefficient r is equal to the ratio of the
flow rate of recirculating gases to flue gas massflow rate.
Calculating the enthalpy of flue gases, their
temperature must be taken into accounts, aswell as the
composition of natural gas.H0a[kJ/m3]is air enthalpy.
Fuel – consumption rate is calculated using the
equation (11) and flue gas mass flow – equation (12):

5,59
1,557 ∙ 5,59 =
8,7
36485 + 8,7 =
36494
18,11

.

𝑄𝑐

1,557

℃

(8)

,

𝑄с

𝑟=

𝑡𝑎.

(7)

Equation (8) is for heat loses without FGR and
enthalpy is taken simply for flue gasesHfg[kJ/m3], but in
equation (9) for calculations with FGR there is also
recirculation coefficient r.

Gas parameters
𝑄𝑖𝑑

(6)

∙ 100,

In equation (6) Q[kJ/kg]is the amount of useful heat
used and Qc [kJ/kg]is available heat.
In equation (7) boiler efficiency directly depends on
heat losesqx: q2−with flue gas, q3 −due to chemical
underburning,q4 − with mechanical underburning, q5−from
external cooling, q6− with the physical heat of the ash.
The main difference in efficiency calculation is the
calculation of losses with flue gases with (8) and without
(9) FGR. More precisely, in calculating the enthalpy of
flue gases [14] [15]:

0

18

𝑄
𝑄𝑐

𝜂 = 100 − (𝑞2 + 𝑞3 + 𝑞4 + 𝑞5 + 𝑞6 ).

90.5
90.0

€/m3

The coefficient of efficiency of a hot-water boiler is the
ratio of the useful heat (consumed to generate steamhot
water) to the available heat of the heating boiler.
The boiler efficiency η [%] can be calculated using the
forward balance (6) or reverse balance (7) equation[13]:

NOx emissions, mg/m3

95.0

93.5

0,18
0,21

€/kWh

Methods

Dependence of the boiler“BOSCH UT M-64”
efficiency and NOx emissions on the boiler outputis shown
in Figure 7. Boiler efficiency slightly decreases with
increasing boiler output, however, nitrogen oxide
emissions increase.

94.0

Electricity costs
Natural gas costs

𝐵𝑝 =

𝑄1 ∙103
𝑄𝑐 ∙𝜂

∙ (100 − 𝑞4 ),

(11)

273+𝜗𝑓𝑔

(12)

𝑜𝑢𝑡
𝑉𝑓𝑔
= 𝑉𝑓𝑔 ∙ 𝐵𝑝 ∙

50,81

273

.
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Data Presentation and Discussion

Using the inverse balance equation (7), the boiler
efficiency was calculated for two operating regimes. All
data is shown in Table 2.

•

TABLE II
RESULTS
Nr.

Parameter
name

Symbol

Measurement

Values
1.o.r.
2.o.r.

Without FGR
1.
2.
3.
4.
5.
6.
7.

Heat loses
with flue gas
Efficiency
Fuel –
consumption
rate
Flue gas mass
flow
Heat loses
with flue gas
Efficiency
Fuel –
consumption
rate

•

%

6,96

4,09

𝜂

%

92,95

94,43

𝐵𝑝

nm3 , g
h

1922

583

37793

9814

•
•

𝑞2

m3 , dg
h
With FRG

𝑜𝑢𝑡
𝑉𝑓𝑔

𝑞2𝑟

%

7,96

5,94

𝜂𝑟

%

91,95

92,58

𝐵𝑝𝑟

nm3 , g
h

1944

594

•

The results show that when flue gas recirculation is taken
into account, the boiler efficiency decreases. If the boiler is
operating at maximum output, decrease is 1%, but if output
is reduced, then decrease is 1,85%.
Although, at boiler maximum output, if recirculation
coefficient is 13%, nitric oxides emissions decreases by
44,5%. It happens because of LOWNOx burner, which
reduces NOx emissions to 90 mg/m3. There are no data
about NOx emissions, when boiler is operating without flue
gas recirculation.

gases, such as nitrogen oxides, carbon dioxide and
monoxides, sulfur dioxide, particulate matter etc. The
most harmful of these is nitric oxide.
There are several methods for reducing nitrogen oxides
in flue gases, which can be divided into three groups:
physicochemical methods, technological methods and
new methods. To maximize the reduction, combine
physicochemical and technological methods.
One of the technological methods is flue gas
recirculation, which is one of the most effective
methods. Despite the efficiency of the method,
theoretically, the recirculation of 1% of flue gases, can
decrease the boiler efficiency by 0.03 − 0.06%.
Boiler efficiency directly depends on heat losses. The
important value for the heat loss calculationwith flue
gases is enthalpy.
The boiler “BOSCH UT M− 64” efficiency at
maximum outputwith the FGR is less than 1% than in
the case when flue gas recirculation was not taken into
account.
Flue gas recirculation reduces NOx emissions by 44.5%
attheboiler “BOSCH UT M−64” maximum output. The
recirculation ratio in this case should be
13%.Consequently, NOx emissions will be lower at
lower outputs.
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range of suitable meters are available [4]. For that reason,
CO2 concentrations will be used in presented study for
dynamic evaluation of IAQ in the reference classrooms.

Abstract—This paper focuses on indoor air quality in
single-sided intermittent natural ventilation of
classrooms in primary schools which is the most
common technique of ventilation in the majority of
older schools in Slovenia, despite intensive energy
renovation in last decades. Study focuses on thermal
response and air exchange rates established in singlesite airing with single and double row windows. Results
from transient CFD simulations were used to develop
multi-parameter linear regression empirical models
for prediction of airing time duration. The application
of developed models as guidelines for teachers is
presented as smart phone application based on the use
of cost-effective IT devices.

A. Indoor Air Quality and thermal comfort in boyance
and wind druven natural ventilated clasrooms
Many experimental studies have been made on indoor air
quality in schools [5-7], showing generally poor indoor air
quality with an average concentration levels at around 2000
ppm and maximum exceeding 4000 ppm. Natural
ventilation in classrooms is often limited to intermittent
airing during breaks due thermal comforts requirements
and possible noise pollution. Limitation could be poor
quality of outdoor air, especially in the urban environment
near roads, nevertheless this cannot be treated as general
problem. Stabile et al. [8] report on IAQ in schools
ventilated during the breaks of different length while in the
reference [9] it is stated that continuous ventilation is only
possible at outdoor air temperature above 8°C because of
impact of cold air on thermal comfort. Since pupils
commonly exit the classroom during breaks, it is of great
importance that during a break, the IAQ improves
(concentration of CO2 should be decreased in our case) to
such extend that requirements regarding to the IAQ will be
fulfilled up to the end of next class. In Fig. 1. the results of
indoor air concentrations in the 3th grade classroom is
shown, clearly illustrate that duration of breaks
significantly influence on the IAQ during the next lecture.
As airing efficiency depends on the initial concentration of
CO2 (before the break), indoor and outdoor air temperature
and wind velocity in the vicinity of the building, there is a
need for simple guidelines to instruct the teachers and
pupils how intensive and how long airing must be. This task
was the main goal of our research.

Index Terms- Primary school’s classroom airing, indoor air
quality (IAQ), transient 3-D CFD modeling of heat and air
flows, guidelines for airing of classrooms, information
technologies for smart homes.
Introduction

Extensive energy renovation of primary school buildings
was done in Slovenia in the last decade supported by EU
and national funds, nevertheless improved building
envelope was the most common measure, while measures
on improved room temperature control, and especially on
indoor air quality did not follow. As consequence,
airtightness of the classrooms n50 are typically bellow 1,5
h-1. An extended survey made by Galičič et al. [1] found
that almost 85% of 434 primary schools in Slovenia are
naturally ventilated. In the same study it was reported that
the teachers were initiating “the action of improving indoor
air quality” in 45% of cases, which means that they pointed
out that the classroom needs to be ventilated by opening the
windows. The same study also points out that teachers
surge for some kind of guidelines about efficient airing of
the classrooms to improve indoor air quality (IAQ) while
maintain thermal comfort. This is an important task,
because studies have shown that low ventilation rates can
be associated with reduced cognitive performance and
increased health risks [2].
Pupils in the classrooms are exposed to multiple
physical (e.g. PMxx), biological (e.g. bacteria and fungal
groups) and chemical pollutants (e.g CO, CO2, VOC) [3].
Despite that, CO2 concentrations are commonly used as
IAQ quality level indicator, both because IAQ required is
most often related to CO2 concentrations and because wide

B. Single-sided natural ventilation of rooms
Pressure difference for single-sided natural ventilation is
generated from temperature difference (buoyancy driven)
and/or wind on the façade. Warren and Perkins have done
extensive experiments and derived separate expressions for
buoyancy or wind driven single sided natural ventilation
[10]. The combined effect was derived by De Gids and H.
Phaff [11] and is usually used in standards to determine air
flows. Because of the complexity of the problem, CFD
numerical simulations are often used for evaluating natural
ventilation and its effectiveness on air pollutants removal.
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II. RESEARCH METHOD
A. CFD simulation tool
Natural ventilation efficiency depends on several
architectural and meteorological impact factors. Because of
that, the IAQ can be best predicted with empirical models
based on experimental study or by means of Computational
Fluid Dynamics (CFD) simulations. Phoenics CFD
software [12] was used in this study for transient numerical
modelling of temperature and concentration fields in a
naturally ventilated classroom. 5 seconds time step was
used with global convergence criterion 0.1% for each step.
LVEL turbulence model developed by Phoenics software
team was used.
B. Geometry and boundary conditions
Fig. 2 shows the geometry of the classroom studied in
this research. Two different windows geometries are
studied: single row openings and double row openings. In
both cases the ratio of opening area to floor are 5.1%.
In the1st phase of modeling, infiltration in the classroom
with different airtightness levels is assumed and constant
infiltration rates from 0.1 h-1 to 1 h-1 were taken into account
during the lesson.

Figure 1: Concentration of CO2 in single-side natural ventilated
primary school classroom during the winter day in Ljubljana [1].

C. Planing of the research
The research was designed taking into account two
phases of educational process that repeat throughout the
school day – lesion and break. In the first phase, IAQ
conditions in classroom during a 45 min long lesson are
modeled; during this phase windows are closed, and
classroom is only ventilated by infiltration. The research
objective in this phase is to determine the local and average
concentrations of CO2 at the end of lesson at constant
indoor air temperature. In such a way initial condition for
second phase of research are defined. In addition to this, the
CFD results are validated by first order concentration
model (1), assuming constant rate of infiltration:
CCO2 (t)

q
1
1 nt
n V
e

CCO2 ,t

0

CCO2 ,out

1

en t
+ CCO2 ,out (ppm) (1)

Second stage of the research lasts as long as a break. The
(theoretical) duration of the break was adapted to initial
conditions and the range of meteorological parameters.
During the break, the classroom is aired through completely
opened windows. Single-sided airing is modeled
numerically as transient phenomena. The main goal of this
phase was to determine the required airing duration needed
to decrease the CO2 concentration to an acceptable value.
Based on the results from 2nd phase, the prediction multiparametric models, which give the required duration of
airing tairing, were developed for the case of single and for
double row windows. The indoor and outdoor air
temperatures, wind speed and indoor CO2 concentration
were assumed as influence parameters (xi).
3

t airing

ao

ai x i + bi x i2 (sec) (2)

i 1

where ao, ai and bi are approximation coefficients.

Figure 2: Model of classroom and boundary conditions
assumed in 3-D CFD transient simulations.
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20 pupils are in the classroom during the lesson. It was
assumed that each of them emits 448 mg of CO2 per minute
[13] and 58 W per 1 m2 of body area [14]. Initial indoor air
temperature was set to 22°C and maintained by the heat
flux emitted from floor heating system with constant
surface temperature 26°C, pupils and infiltration heat sink.
CO2 mass flux was modelled as constant fluid flow at the
height of mouth for each pupil individually.
In 2nd phase of modeling, all windows are fully opened
and students are not present. Natural ventilation is modelled
as transient phenomena with thermal buoyancy and wind
on façade driving the air exchange through the open
windows. Outdoor air temperatures from -5°C to 15°C and
outside local wind velocities from 0 m/s to 2 m/s are
considered. Following initial conditions of CO2 indoor
concentrations were considered – 1000, 1727, 2500 and
3000 ppm. Wind is modelled as a constant value
perpendicular to the wall with reference value 2 meters
away from the façade.
Figure 4: Model of classroom and boundary conditions
assumed in CFD transient simulations.

III. RESULTS AND DISCUSSION
A. An example of CFD simulation results
Fig. 3 shows an example of CO2 conditions during
school day in a classroom study case with type A geometry.
Starting concentration of outdoor 500 ppm is assumed in
the simulation case. During a school hour (45min), 1727
ppm is reached after 45 min with 0.1 ACH airtightness
assumed. The simulation results with forced ventilation
during phase 1 are in good agreement with theoretical
concentration balance model. The same end conditions can
be met with 800 ppm starting concentration and 0.5 ACH
airtightness assumed. In 2nd phase, single sided natural
ventilation with single openings and no wind (buoyancy
driven only) is assumed, with -5°C being the outdoor
temperature. At these conditions, the CO2 concentration
drops to 800 ppm in 365 seconds from the start of
ventilation. 800 pm is then initial condition for the next
school hour. The results show that any infiltration rate
higher than 0.34 h-1 will result in end concentration after 45
min below 1850 ppm (cat. III). In Figure 3 infiltration rate
of 0.5 h-1 is shown, which results in 1750 ppm after 45 min
from initial 800 ppm.

Air changes per hour and temperature in the classroom
show the benefits of transient modeling with CFD, as the
cooling of air inside the room slows down the temperature
driven ventilation, consequently lowering the starting 17 air
changes per hour to 7 air changes per hour after 365
seconds.
Figure 4 shows the temperatures on different heights and
operative temperature of the living zone for the example
case. The living zone is considered to be 0.1 m from the
ground, 1 m from the external wall and 0.5 m from the
internal walls, with height of 1.9 m. As it is assumed there
is no students occupying the classroom during the natural
ventilation time, the thermal comfort indicators during that
time are not relevant. However, they are important at the
time when students return to the classroom after the brake.
Concrete walls with good thermal accumulation properties
are assumed, so combining the radiation and air
temperatures (weighted 0.5 each), the operative
temperature drops is considerably higher than air
temperature. The results show that thermal comfort after
the airing time needs to be evaluated and further studies are
needed for additional time for operating temperatures to
rise back to acceptable levels.
B. Decrease of CO2 concentration due to airing during
the break
Figures 5-8 show the results of simulation for 2nd phase
- single sided airing during the break. The CFD simulations
were performed for two types of classrooms – Type A and
B are shown in Fig. 2. Classroom Type A has single row
windows, while classroom Type B is aired through double
row windows. Both have the same opening areas. Double
row windows are in theory more effective, enabling higher
air exchange rates due to the larger height difference
between inlet and outlet openings. Another reason is that
double row windows have the pressure neutral plane inbetween the windows causing unidirectional air flow
through both openings. For single row windows the
pressure neutral plane is in the opening itself, which cause
bidirectional flow and complex flow interactions.

Figure 3: An example case: CO2 concentration levels in
classroom during school day.
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Figures 5 and 6 show the average CO2 concentration in
classroom at different outdoor conditions. The initial air
exchange rates at the start of airing are the highest due to
the highest temperature difference, which is shown in Fig.
5 as a steeper slope on CO2(t) curve. In the first 200 seconds
for conditions with outside air temperatures below 5°C and
wind velocity above 1 m/s concentration drops below 1000
ppm for single row windows and below 800 ppm for double
row windows.
Figure 7 shows the airing time needed for CO2
concentrations to reach 800 ppm depending on boundary
conditions. For double row windows, the ventilation time
is below 300 seconds for all conditions except 15°C
outdoor temperature and 0 m/s wind conditions. Single row
windows however need more than 700 seconds for some
less effective boundary conditions with wind velocities
below 1 m/s and outdoor temperatures above 5°C.
The effect of combined temperature and wind conditions
is also dependent on window geometry. Generally lower
outside temperatures and higher wind speeds result in more
air exchanged through the openings, which is the case with

double row windows results (Figs. 6 and 7). It can be seen
that temperature difference is a dominant factor at lower
velocities and vice-versa. For single row openings,
temperature is a dominant factor with wind speeds up to 1
m/s. With velocities higher than 1 m/s temperature becomes
practically irrelevant, furthermore as we can see in figure 7,
higher outside temperatures with velocities above 1 m/s
result in more air exchange than lower temperatures. The
reason for that behavior could be in the numerical model
with uniform perpendicular wind velocity, which amplifies
the effect of lower air density at higher temperatures, which
allows for “easier” airflow through the opening in the wind
dominated case.
Figure 8 shows operative temperatures at airing time,
when CO2 concentration drop to 800 ppm from different
initial concentrations. The results for 1727 ppm initial
concentrations show that the operating temperature is
independent of wind velocity and window geometry. It is
however dependent on outside temperature and initial
concentration. At 3000 ppm initial concentration the
operative temperature drops to 12°C at outdoor temperature
-5°C.

Figure 5: Average CCO2 in classroom during airing, Type A.

Figure 7: Airing time (1727 to 800 ppm) at different conditions.

Figure 6: Average CCO2 in classroom during airing, Type B.

Figure 8: Operative temp. at end of airing (CCO2 800 ppm).
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C. Prediction models for airing duration
Linear regression model was developed for the
prediction of airing duration required for the CO2
concentration to decrease to 800 ppm from initial
concentration at the beginning of airing. The duration
depends on outdoor air temperature and wind velocity in
front of the façade. The prediction model for Type A
classroom is defined by Eq. 3, while prediction model for
Type B classroom, having double row windows, is defined
by Eq. 4:

t airing,A

-4020 - 37.38 v - 62.65 v 2 117.15 ln 22 - Tout

t airing,B

IV. CONCLUSION
Conditions in a school classroom during a school lesson
(1st phase) and during a naturally ventilated brake - airing
(2nd phase) were shown, with the focus on indoor air quality
through CO2 concentration monitoring. Thermal conditions
were also addressed through operative temperatures. The
temperature and concentration fields were numerically
modelled with CFD simulation program.
The results show that during a school hour with 20
students (moderate activity) the CO2 concentration levels
rise from the ambient 500 ppm to 1727 ppm with 0.1 h.-1 air
changes per hour infiltration rate assumed. The goal was to
keep the concentration levels below 1850 ppm at any time
during the day, which is the upper limit of cat. III. The aim
concentration levels for natural ventilation time during the
break was 800 ppm. The minimum air exchange rate for
initial 800 ppm concentration in the next school hour to
1850 ppm at the end is 0.34 h.-1, which corresponds to
moderate infiltration in older buildings.
Airing results during break were shown for two
geometries: single row windows and double row windows,
both with the same total opening area. As expected, double
row windows we proven to be much more efficient (higher
air changes per hour rates). Lower outside temperature

663.6 ln CCO2

(3)

-1113 -18.56 v - 7.05 v 2 100.92 ln 22 - Tout

215 ln CCO2

(4)

Where 𝑣 (m/s) is wind velocity infront of façade at the
height of the openings, 𝑇𝑜𝑢𝑡 outdoor air temperature (°C)
and CCO2 (ppm) is CO2 concentration in indoor air at start
of the airing. Figure 9 shows the correlation between the
numerical and predicted values of tairing. Double row
windows (Type B) has a slightly better statistical
correlation with R2 being 0.91, versus 0.88 for model of
single row windows (Type A), nevertheless both models
can be classified as adequate.
D. Application of prediction models
One of the prediction model applications could help
teachers to maintain the adequate indoor environment
conditions in schools. We can assume that classrooms
could be equipped with low cost and nowadays widely used
devices for smart homes. Smart phone application based on
the developed prediction models can help teachers to
decide which measure will be the most effective at
particular indoor/outdoor conditions. Proposed design of
such application is shown in Figure 10.
Such smart-phone application that gathers data from the
indoor measuring device and the meteorological station
nearby and uses the developed prediction model to suggest
a proper airing time together with proposed actions.

Figure 9: Correlation between modeled and predicted airing
time with multi parametric linear regression models (Eqs. 3, 4).

Figure 10: Virtual application with guidelines examples.
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(more temperature difference) and higher wind velocities
result in more air exchanged. For single row windows,
results show a dominant driving force being the
temperature difference to velocities up to 1 m/s and a
velocity a dominant driving force after that. For double row
windows, the temperature effect does lower with higher
velocities, but is still important to maximum velocities
considered - up to 2 m/s.
The importance of transient modeling of intermittent
natural ventilation are shown though the rapid change in air
exchanges per hour, as the temperature conditions change
in the room during ventilation.
Airing time for concentration levels to drop from 1727
ppm to 800 ppm during natural ventilation are below 300
seconds for almost all conditions with double row windows
and under 500 seconds for outdoor temperatures below 5°C
with single row windows. Operative temperatures at the
end of ventilation drop to 13.3°C at -5°C outdoor
temperatures. A high rise in operative temperature is
predicted because of concrete walls with high thermal
storage.
A prediction model using linear regression is developed
for airing time needed for concentration levels to drop to
800 ppm based on the outside temperature, wind velocity
on and initial CO2 concentration in the room at the start of
airing. The prediction model can be used as guidelines for
teachers and a possible use through a smart-phone
application is presented.

Table 1: Nomenclature
a, b
C
n
q̇
t
T
v
V
x

regression coefficients
concentration (ppm)
air changes per hour (h-1)
pollutant source (m3/h)
time (s)
temperature (°C)
velocity (m/s)
volume (m3)
independent variable
Table 2: Index

airing
A
B
CO2
i
out

airing
Type A geometry
Type B geometry
carbon dioxide
number of independent variables
outdoor
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study the distribution of the heating, cooling and DHW
loads; the conceptualization of the system and its implementation in TRNSYS to analyse the energy fluxes; the
optimization of the design from the energetic and economical point of view.

Abstract - This paper presents the study of a photovoltaic
cogeneration system composed by photovoltaic-thermal
(PVT) collectors coupled with a double source heat pump to
provide heating and cooling as well as domestic hot water
(DHW) in the complex of a gym and laboratories of a secondary school located in Vellai di Feltre (BL), Italy. The
modelling of the building in TRNBuild (TRNSYS® extension) was first used to identify heating and cooling loads to
be satisfied. Successively, the dynamic simulation TRNSYS® software was used to implement the system and analyse it from the energy fluxes point of view. Five different
cases were studied varying the size of the PVT field and the
length of ground borehole heat exchangers to identify the
solution with the greatest performance results. Finally, a
comparison with a traditional heating-cooling system was
conducted to investigate the viability of the innovative system proposed from both primary energy consumption and
economical point of view. The results showed that the cogeneration system studied is able to totally satisfy the heating, cooling and DHW demand using only electrical energy
produced by the plant itself for most of the year; therefore,
in an overall annual energy balance, the building turns out
to be independent from no –renewable energy sources.

I.

METHODS

A. Modelling of the building
The building is a three floors complex of a secondary
school built in 1960, composed by a gym, a bar, a library,
offices and laboratories. It has been object of a retrofitting project that reduced the heating and cooling annual
thermal energy requirements from 329 kWh/m2 to 41
kWh/m2. The plant will satisfy heating and cooling loads
by a floor heating system, fan-coils and radiators in the
toilet, and DHW demand too till late in the evening due
to the fact that the gym will be used also for the work out
by external users. The building is divided into 20 different thermal zones, each of which is defined by means of
TRNBuild software in terms of volume; walls and windows structural components; gains related to the presence
of people, light and electronic devices; heating, cooling
and ventilation mode (defined by suitable scheduling,
supply temperature and radiative component percentage)
(Table 1). The modelling of the building is used to both
obtain the heating and cooling loads and to study their
contemporaneity during the day and the year. The results
are shown in Fig. 1: the peak of heating load (44 kW) is
reached in January (part a) of the figure, this information
is necessary to size the system); the contemporaneity of
heating, cooling and DHW demands during the day and
in the different periods of the year (summer, winter and
middle seasons) (part b)) is a useful piece of information
to correctly set up the control and three-way valves operation strategy.

Index Terms – Design optimization, ground source heat
pump, photovoltaic cogeneration
Introduction

More than one third of the EU energy consumption is
due to the heating and cooling of building processes with
the result of high CO2 emissions. Looking at the decline
of the climate changes, it is more and more important to
come up with solutions that lead to the independence
from no-renewable sources to produce energy. This study
was set up with the aim to implement a cogeneration system composed by PVT collectors integrated with an electrically driven ground source heat pump (GSHP) to satisfy the heating, cooling and DHW demands of a building.
The PVT collector is an innovative technology that can
supply heat and electricity with one component and
achieve a very high area specific energetic yield and
higher photovoltaic performance [1]. The retrofitting of a
school building located near Feltre in Northern Italy allows the utilization of several modern technologies with
the purpose of realizing something more of a Nearly Zero
Energy Buildings (NZEB, i.e. a building that can be realized with a minimum requirement of traditional fuels and
electricity), that is a Plus Energy Building. This is a
building which is not only energy self-sufficient on a
yearly basis, but it can provide energy to nearby buildings, or to the grid.
The study has been developed in three main phases: the
modelling of the building in the TRNBuild extension to

B. System conceptual design
In the second part, the conceptual design of the cogeneration system was developed to be implemented by
TRNSYS software. The complexity of the system relies
on the control strategies used to drive the plant equipment
to satisfy the energy demands determined previously.
Furthermore, heat storages management is strongly necessary to optimise the operation of the main heat sources,
the PVT collectors and the electric driven heat pump
(HP)/chiller.
Finally, the control logic of three-way valves and
pumps is also important for the energy performance of
the plant. Table 2 summarizes the variables and related
conditions used to set up the control system in order to
vary the system function basing on the external conditions.
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Table 1.
Brief description of the building and project data.
Location
Abuild
Heating
mode
Ventilation
mode

Vellai di Feltre, Italy
33.08 x 25.10 m2
Gym - radiant heating 99% Tsetpoint=18 °C
Changing room, bar, library, offices, atrium - radiant heating (25%) + fan-coils Tsetpoint=20 °C/21 °C
Primary
Winter season: Tsupply=19 °C - 18 °C (gym)
air
Summer season: Tsupply=24 °C - 21 °C (gym)
system
Middle season: Tsupply=21 °C - 20 °C (gym)

Altitude 325 m asl
3097 degree days
Gym – fan coils Tsetpoint=24 °C
Cooling
Offices, laboratories, atrium –fan-coils Tsetpoint=26 °C
mode
Changing room, bar – radiators Tsetpoint=26 °C
Thermal
Storage

DHW storage volume
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a) Daily heating and cooling maximum load of the building for each month (Qheatmax and Qcoolmax respectively); b) Daily distribution
of heating and cooling loads in a summer day (August), winter day (February) and middle-season day (April and October).

The system is composed by four loops, each divided by
three heat storages (Fig. 2):
1)
Ground – Source Tank – PVT loop;
2)
DHW loop;
3)
Heat pump – Chiller loop;
4)
Heating – DHW loop.
The first loop includes PVT collectors and borehole
heat exchangers that, through a plate heat exchanger,
provide heat to the Source Tank. The first function of
this loop is to exchange heat between PVT water and the
Source Tank to permit both the cooling of the PVT, in
order to improve the PVT collectors performance, and an
increase of the Source Tank temperature, used as heat
source for the HP. Moreover, PVT thermal energy is useful to recharge the ground. The latter is used as heat
source when the HP operates in heating mode, whereas it
is a heat sink when the thermal machine is in chiller operating mode. In this case, it uses the Source Tank to reject
the condenser heat, re-directing it to the ground by the
plate heat exchanger when the Source Tank temperature
rises.
The DHW loop is directly linked to the first one because the solar thermal energy provides heat also to preheat the DHW. In fact, two different storages are required
in order to maximize the heat exchanged between the
PVT water and the water from the grid, thus cooling the
PVT as much as possible. Glazed PVT collectors have
been considered rather than unglazed ones (normally used
for this kind of application). This is due to the fact that
thermal energy produced by the collectors is used mainly
for DHW heating, and to rise the Source Tank temperature to a suitable level for heat source in HP operation
mode, taking into account the severe winter climate [2].

Five different operating modes are defined for the first
and second loop (numbers refer to the conditions in Table
2).
1) Ground as heat source of the HP / heat sink of
the chiller: in winter season, the heat pump uses the
ground as source to satisfy both heating and DHW
loads, when PVT collectors cannot provide sufficient
thermal energy due to low value of solar radiation (1).
This happens only if the temperature of the ground is
higher than the Source Tank one (3). In summer season, the ground is used as sink of the Source Tank
when the temperature of this one exceeds 25 °C (2)
and it is necessary to dissipate heat to the ground to not
penalize the chiller performance.
2) PVT and ground are used in parallel configuration to produce DHW: if the global solar radiation on
the plane of the collectors (G) is greater than 50 W/m2
and the temperature of the PVT water is higher than
the Source Tank one (4.1), PVT heat will be useful to:
a) pre-heat DHW or b) increase the temperature of the
source of the HP. Both the temperature of the pre-heat
DHW Tank and that of the DHW Tank drive the
choice between a) and b). If PVT thermal energy is
useful to be exchanged with the pre-heating DHW
Tank (5) and the DHW temperature is below 45 °C (6),
solar energy will provide heat to pre-heat DHW and, at
the same time, ground will be used as explained in the
functioning 1).
3) PVT as heat source of the HP: the solar radiation
could provide useful thermal energy at low temperatures, not sufficient to be directly used to pre-heat
DHW. In this case, PVT thermal energy is used to increase the temperature level of the Source Tank (4.1)
only if the PVT temperature is below 20 °C (4.2) in
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order to avoid the grow of the Source Tank temperature over 25 °C and improve HP efficiency.
4) Ground regeneration by the PVT and cooling of
the condenser: if the PVT temperature rises above 20
°C but the DHW Tank doesn’t need to be heated, it is
necessary to cool PVT water before exchanging heat
with the Source Tank, so the PVT water is made to circulate into the borehole heat exchangers, in order to recharge the ground. The cooled PVT water could either
finish its function (see functioning mode 5) or subtract
heat from the Source Tank. Especially in middleseason months (from April to June and from September to November), switching from HP to chiller operating mode (and vice-versa) happens more times in a day
to satisfy both heating and cooling loads, as well as
DHW demand. This event can cause the rises of the
Hot Tank temperature above 50 °C (7.1) with the necessity to reject the condenser heat to the Source Tank
instead of the Hot Tank. As a result, T sourcet could increase too much and it would be necessary to remove
heat by PVT water previously cooled by recharging the
ground.
5) Ground regeneration from PVT: if there is no
need to cool the condenser by the PVT, only the
ground regeneration by PVT is done.
The third loop is related to the thermal machine. It includes two storages, the Hot Tank and the Cold Tank,
that provide heat and cold to satisfy the heating, DHW
and cooling loads; the Source Tank, directly connected to
both the evaporator and the condenser of the thermal machine and, finally, the thermal machine itself.

There are two requirements that have to be taken into
account in this loop: a) the contemporaneity of the cooling, heating and DHW demands; b) the necessity to maintain the supply water temperature of the Hot Tank at 50
°C and the supply water temperature of the Cold Tank
below 12 °C. Whenever Touthott isn’t at the defined supply
temperature (8), the thermal machine switches on and the
condenser transfers the heat absorbed by the Cold Tank
or the Source Tank to the Hot Tank. The heat is collected
by the Cold Tank every time there are cooling loads to be
satisfied (9) in order to maintain the outlet temperature of
the Cold Tank below 12 °C. If the Hot Tank is saturated,
but the Cold Tank still needs to be cooled (9), the heat
absorbed by the Cold Tank will be transferred to the
Source Tank. As it can be seen, the Source Tank plays an
important role because it is used both as source and sink
of the thermal machine.
Finally, the last loop is related to the connection of the
Hot Tank to the DHW Tank and building to provide heat
to satisfy both the heating and DHW loads. As the DHW
demand is required at higher temperature (set at 45 °C)
than the one used for heating loads (35 °C) and there is a
contemporaneity of the DHW demand (10) and heating
loads (11) especially during evening hours (in which no
or very low contribution is given by PVT collectors),
DHW demand and heating loads are satisfied in series:
first, heat at 50 °C is transferred by the Hot Tank to the
DHW Tank through the internal DHW Tank heat exchanger, then, the same Hot Tank cooled water is made to
circulate into the building circuit. If only DHW demand
is required (10) or heating loads (11), the M three-way
valve drives the heat transfer.

Table 2.
Variables used to define the system and related conditions that define the valves and pumps control strategy.
Variable

G
Tsourcet
Tground

Tpvt

TDHW
Touthott
Touthott

Variable
Description

Solar Radiation G<50 W/m

TDHW

2

Outlet temperature
from the Source Tsourcet>25 °C
Tank
Outlet temperature
from the borehole Tground>Tsourcet
heat exchangers
T >T
Outlet temperature pvt sourcet
T <20 °C
of water from the pvt
PVT collectors Tpvt>Tpredhw
DHW supply temperature to users
Hot Tank supply
water temperature
Hot Tank supply
water temperature

COOLING LOADS
DHW supply
temperature to
users

HEATING LOADS

Pumps
value

Conditions

Explanation

Ground-Source Tank-PVT and DHW Loop
The value of the radiation is too low to provide useful heat both to the pre-heating
(1)
SP=0
DHW Tank and the Source Tank No PVT water is circulating in the loop
The temperature of the Source Tank is too high and it could penalize the thermal
(2) P6=1 machine performance
dissipation of the Source Tank heat to the ground or by the
PVT water
(3)

P5=1
P6=1

Ground is used as heat source of the heat pump and exchanges heat with the Source
Tank in order to increase the Source Tank temperature

(4.1) SP,P6=1 The PVT thermal energy is useful to increase the Source Tank temperature as much as
(4.2) A,C=0 needed in order to maintain Tsourcet<25 °C PVT used as heat source of the heat pump
SP=1
(5)
The PVT thermal energy is useful to pre-heat the DHW Tank
A=1
It is necessary to provide heat to the DHW Tank through the PVT thermal energy in
TDHW<45 °C
(6) A=1
order to maintain the DHW supply temperature at 45 °C
Touthott>50 °C
(7.1)
The thermal machine is switched on and the condenser can’t exchange heat with the
P6=1
HP/Chiller= ON
(7.2)
Hot Tank because it is saturated Source Tank is used as sink instead of the Hot Tank
Heat Pump/Chiller Loop
P4=1
Touthott<50 °C
(8)
The HP is powered on and the Hot Tank is used as sink (condenser side)
P3=1
Cold Tank as source of the heat pump (evaporator side) in order to maintain its supply
COOLING LOADS>0 (9) P3_A=1
temperature (Ttoload) below 12 °C and satisfy the cooling loads
Heating – DHW Loop

TDHW<45 °C

(10)

HEATING LOADS>0 (11)

P4_A=1 It is necessary to transfer heat from the Hot Tank to the DHW Tank in order to
M=1 maintain the DHW supply temperature at 45 °C
P4_A=1 It is necessary to provide heat from the Hot Tank directly to the building circuit
M=0 in order to satisfy heating loads.
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Figure 2.

System conceptual development with evidence of the different operation modes for each of the loops.

Finally, an additional 60 m2 of traditional PV is considered to be installed in order to provide more electrical
energy to satisfy the plant consumption.

Table 3 reports the values of parameters of the main
system components, chosen according to data sheets of
products in the market.
Regarding the Hot Tank, the Cold Tank and the Source
Tank, Type 4a is chosen because it allows to better define
the stratification [3]. The total height of these tanks is 2
m, 2 m and 2.5 m respectively. In the Hot Tank also an
auxiliary heater is considered to reach the supply temperature (50 °C). The presence of internal heat exchangers to
exchange heat with PVT water and the Hot Tank is required; it is simulated with Type 60. DHW Tank is also
provided with an auxiliary heater to maintain the supply
temperature (45 °C).
The heat exchanger used to deliver heat from
PVT/ground to the Source Tank is a plate cross flow one
with effectiveness of 0.8. The control strategy is implemented through 9 Type 2b (Differential controller) that
give a digital signal to drive the three-way valves and
switch on/off the pumps and the thermal machine.

C. System implementation in Trnsys
The virtual dynamic simulation of the cogeneration
system developed in TRNSYS allows to compare the performance of the system under different values of the design parameters. Most of the component models used to
develop the simulation were the standard ones available
in the TRNSYS library: water-to-water heat pump model
(Type 927); vertical U-tube GHE model (Type 557 a);
stratified storage Tank with fixed inlets and uniform losses (Type 4a); stratified storage Tank with multiple heat
exchangers (Type 60d); PV-thermal flat plate collectors
(Type 50c).
Table 3.
Values of the main parameters required for the definition of the Types used in TRNSYS
simulation.

Type 927: single stage water-water heat pump
Heating
Cooling
Rated capacity per HP
35 kW
31 kW
Rated power per HP
9.12 kW
9.12 kW
Rated Source Flowrate per HP
5364 l/h
Rated Load flowrate per HP
6947 l/h
Type 4a: Stratified fluid storage Tank
Type 60d: Stratified Fluid storage Tank + internal heat exchangers
Tank loss coefficient
0.3 W/(m2 K)
Energy input by the heater (Hot Tank and DHW Tank)
3 kW
Surface area of heat exchanger (pre-heating DHW Tank)
5.4 m2
Surface area of heat exchanger (DHW Tank)
3.8 m2
Type 557a: Vertical Ground Heat Exchanger
Reference borehole flow rate
1200 kg/h
Storage thermal conductivity
2.87 W/(m K)
Storage heat capacity
2016 kJ/(m3 K)
Type 50c: PV-Thermal collectors – flat plate collectors
Nominal Power
260 Wp
Module Efficiency
16.01%
Thermal Efficiency
59%

II.
DATA PRESENTATION AND DISCUSSION
Energy flows are measured by TRNSYS and each of
them is used to calculate PVT thermal and electrical performance and the overall system efficiency. In order to
determine the optimal design, 5 different plant configurations are simulated, varying the length of the borehole
heat exchangers and the PVT collectors area (Table 4).
The comparison of the 5 cases with regards to the solar
energy is summarized in Table 5. Under the same borehole length, with the increase in the PVT collectors area,
the solar thermal fraction, defined in (13), indicates that a
higher percentage of thermal needs (both heating and
DHW, EMheating+ EMDHW) is satisfied by thermal energy
provided by the PVT collectors (EMth_PVT). Moreover,
from 40 m2 of PVT collectors area the system is able to
totally satisfy the DHW demand (EMDHW), as suggested
by the solar thermal DHW fraction (determined by (14)).
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Table 4.
Size of the PVT and GSHP system for the parametric analysis.
Plant components

a)
20
500

PVT collectors area APVT (m2)
Total boreholes length (m)

b)
40
300

c)
40
400

d)
60
300

e)
60
500

Table 5.
Solar electrical, thermal (heating and DHW) and only thermal (DHW) fractions comparison.
a)
22.3%
32.3%
66.2%

Fsol,el,PVT
Fsol,th,PVT
Fsol,th,DHW,PVT

b)
47.5%
56.0%
114.4%

c)
46.9%
56.2%
114.4%

d)
71.4%
72.4%
147.1%

e)
71.1%
71.9%
147.1%

The electrical energy (EMel_PVT) provided by 60 m2 of
PVT collectors area covers most of the total electrical energy required by the plant to activate the thermal machine, pumps and auxiliary heaters (EMHP_i_res), as suggested by the PVT solar electric fraction defined in (12).
The further electrical energy necessary to make the plant
independent from the grid is provided by the PV field.
sol,el,

T

sol
sol,th,

,

el

T⁄

th

T⁄

T

th

Figure 3. PVT thermal, electrical and overall efficiency, primary enegy ratio (PERplant), specific primary renewable and no-renewable energy
consumption (EPgl,ren, EPgl,nren) comparison for the five cases.

For this solution, the main performance indexes are reported in Fig. 4.
The graph 4a) shows that the electrical efficiency varies from the 15.5 % (December and January) to the 12.5
% (July) due to the fact that in the summer season the
PVT watertemperature is too high to reduce the PVT cell
temperature as much as needed to improve the electrical.
In fact, comparing the Effel_PVT (orange curve) with the
Eff_PV (purple curve), it can be seen that the PV performance is greater in hotter months.
The thermal efficiency decreases in summer because of
the lower heat removed by the PVT water, due to higher
average temperature. COP and EER referred to the thermal machine - (20) and (21) where the terms at numerators indicate the thermal energy provided by the condenser to the Hot Tank and the thermal energy absorbed from
the Cold Tank by the evaporator respectively, and the denominator EMHP is the electrical energy consumed by the
heat pump) have a general upward trend from winter to
summer season due to the decrease in the temperature difference between the fluids at the evaporator and at the
condenser sides. The average values are high, around 4.5
(COP) and close to 6 (EER) (Fig. 4b)). As a consequence,
the total energy ratio index (TER) (calculated as the sum
of COP and EER) trend is similar, and reaches the value
of 11.5 in the hotter months.
The primary energy ratio of the plant (PERplant, calculated as defined in (22)) is above 4 for most of the year;
this means that the useful energy obtained by the system
is nearly four times higher than the primary input one.

(12)

i res

(13)

heating

(14)

T⁄

Fig. 3 shows that the PVT electrical efficiency, determined by (15), is very little influenced by the plant size,
while the PVT thermal efficiency and the overall PVT
efficiency (defined in (16) and (17) respectively) have a
negative trend from case a) to case e): this is caused by
the increment of PVT losses in percentage related also to
the nature of the PVT chosen (glazed one).
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The indexes of the specific primary no-renewable energy consumption (EPgl,nren) and the specific primary renewable energy consumption (EPgl,ren) express respectively the ratio of the electrical energy provided by the grid
(Eel,from_grid) and of the electrical energy produced by the
PV and PVT (EMPV and EMel_PVT) - used to satisfy the
plant electrical requirements –, and the building area
Abuild (18), (19).
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As matter of fact, the best solution, i.e. the one that
minimizes the consumption of no-renewable energy and
maximizes the electrical and thermal PVT contribution, is
the case d).

(22)
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a) PVT and PV Efficiency
Efftot_PVT

b) Plant Efficiency Indexes
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Figure 4. In graph a): the PVT and PV electrical efficiency (Effel_PVT and Eff_PV) (right axes), PVT thermal and PVT overall efficiency (Effth_PVT and
Efftot_PVT) (left axes). In graph b): the thermal machine performance indexes (TER, EER and COP) and the plant primary energy ratio (PERplant).

Finally, Fig. 5 shows an economical overview and a
comparison with a traditional system.
The system self-produces more electrical energy than
the required for most of the year, except from November
to February when about 4917 kWh (983 € considering a
unitary cost of the electrical energy of the grid of 0.2
€
h are taken from the grid.
The system produces 13645 kWh in excess that corresponds to 2729 € of sa ing or gain depending if this
electricity is available for other uses in the building or it
is sold to the grid). In comparison with a traditional system (electric driven air water chiller + natural gas boiler),
the system implemented allows to save 5186 € and reset
the annual cost of the electric energy from the grid.

III.
CONCLUSIONS
The current study aimed at implementing a dual source
heat pump system coupled to ground and glazed PVT
technology. Electric and thermal energy produced by the
plant are used to provide heat, cool and DHW for a part
of the renovated buildings of a secondary school located
in the North East Italy.
The conceptualization and control logic of the plant
have been described. Five different sizings of the system
were examined and simulated using TRNSYS software.
In the best solution, the PVT collectors are able to totally
satisfy the DHW demand and cover most of the electrical
energy required by the system. In comparison with a traditional PV with the same nominal efficiency, the glazed
PVT electrical performance is better only in the cooler
months due to its cooling during the ground recharge, using as source of the heat pump and pre-heating of the
DHW.
The increase of the source temperature in HP operation
and of the heat removal from the sink in chiller mode determines a better performance of the thermal machine and
of the entire plant. The total energy required to satisfy
heating, cooling and DHW demands is provided entirely
by the electric energy self-produced by the plant except
for the months from November to February, when it is
necessary to buy energy from the grid. In an overall annual balance, due to the exceeded electrical energy selfproduced by the system, the building can be categorized
as a NZEB.

Annual energy cost PV, PVT and HP vs traditional

Cost and savings (€)
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Abstract— In healthcare facilities and hospital environment,
it is essential to enable thermal comfort for occupants.
Unstable thermal conditions in operating room (OR) will
influence the performance of surgical staff and infection
possibility of patient. In this study, thermal comfort of
patients and surgical staff was measured with two ventilation
solutions at St. Olavs hospital ORs. Research methods
includes the thermal environment measurements during
mock (imitation) surgery, a survey among surgical staff and
observations during real operation. The results show, that the
mean air velocity near occupants in mixing ventilation (MV)
OR was low (max 0,08 m/s) and in laminar air flow (LAF)
ventilation OR considerably higher, 0,36 m/s. In conclusion,
there was good general thermal comfort of surgical staff in
LAF OR, but the surgical staff felt mainly uncomfortable in
MV OR.
Index Terms— thermal comfort, observation, surgery,
survey, ventilation.
Introduction

A. Backround and the motivation of the work
Thermal comfort is condition of mind that expresses
satisfaction with the thermal environment and is assessed
by subjective evaluation. [1] In common HVAC systems
principal purpose, the thermal comfort is the first aspect to
provide for human [2], but in hospital ORs, the main aim is
to prevent the infection of the surgical wound by airborne
infectious microorganisms. [3] As a supplement, the
technical HVAC standards state that to prevent surgical site
infection (SSI), the thermal comfort must be achieved for
the patient and all members of the surgical staff in the
operating room. [4] One general reason is that the thermal
satisfaction influences productivity and health of surgical
staff. [5] Furthermore, the American Society of
PeriAnesthesia Nursing standard recommends controlling
patient thermal comfort level, because it will influence the
wellbeing of patient – hazard of hypothermia. [6]
R. Van Gaever et al. brings out in their study, that ,,it is
not possible to achieve thermal comfort for each member
of the surgical staff by only revising the HVAC standard.“
The reason is that, in OR, different people will have very
extreme demands on thermal satisfaction.
In spite of several studies about thermal comfort in
operating rooms, there is still lack of information.
Therefore, the idea of this study to collect more information

for making the better overview about thermal comfort in
operating rooms.
B. The objective and framework of this study
The overall objective of this thesis is to analyze thermal
comfort of surgical staff and patient in various operating
rooms with two different ventilation solutions at St. Olavs
hospital. To achieve the objective and estimate the thermal
comfort levels of occupants in operating rooms, the
following tasks were conducted:
1.
field measurements of indoor thermal
environment during mock surgery,
2.
the survey about surgical staff sensation, and
3.
observation during real operation.
II. METHOD
A. Two operating rooms at St. Olavs hospital
The investigation puts the focus on three following
methods in two operating room at St. Olavs hospital (Fig.
1). There are four occupant group under investigation:
surgeon, patient, anesthetist and assistant nurse. The
ventilation system of this building is mainly controlled by
service center and can be adjusted by surgical staff in room
via three scenarios with different condition settings
(controlled by sensors in the exhaust ducts): operation is
ongoing, infection risk/cleaning, operating room prepared.
The humidity of airflow is not controlled due to hazard of
bacterial distribution. During the measurements, the
scenario was operation is ongoing and the temperature was
set to 23°C. The supply air temperature was about 22 °C.
One operating room was with LAF ventilation and
another with mixing ventilation solution. Mixing
ventilation ORs area is 59.1 m2 and there are four wall
mounted exhaust outlets and four supply diffusers on the
ceiling. LAF ventilation OR area is 56.1 m2 and it has 4x4m
LAF zone on the ceiling (surrounded with 110 cm long
walls), two wall mounted exhaust outlets near floor and six
exhaust outlets on the ceiling around LAF area. General
boundary conditions in ORs during measurements and
observations are in Table I.
B. Field measurements
This study includes measurements of thermal comfort
variables in real OR at St. Olavs hospital during March
2019 (Table I).

The work has been accepted at Tallinn University of Technology in 2019.
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TABLE I. BOUNDARY CONDITIONS IN LAF AND MV OR AT ST. OLAVS HOSPITAL DURING FIELD INVESTIGATION IN MARCH 2019

Date

Variables

MIXING VENTILATED OR

outdoor air temp, °C (1)
outdoor air RH, % (1)
room air Temp, °C (2)
room air RH, % (2)
Surface temp. of surroundings
(average), °C (5)
vapor partial pressure. kPa (3)
RH, %
pas, kPa
ta, °C
Room area, m2
Room volume, m3
Supply airflow, m3/h
Air change rate, ACH

LAF VENTILATED OR

Observation and
survey

Field experiment
4th

8th

15th

27th

2th of
April

-1,8
78
23,5
15

0,6
54
23,7
12,8

2,7
49
24,2
12,1

5,3
82

4,7
44

20,7

20,8

22,4

22,5

0,43
15,0
2,90
23,5

0,38
12,8
2,93
23,7

0,37
12,1
3,03
24,2
59,1
170,68
3700
21,68

0,74
26,4
2,81
23,0

Field experiment

Observation
and survey

23th

29th

21th

0,6
92
23,7
20,9

1,6
93
22,3
24,3

6
54

22,4

21,1

21,7

0,37
13,3
2,81
23,0

0,61
20,9
2,93
23,7

NM

NM
NM

0,65
0,49
24,3
17,3
2,70
2,81
22,3
23,0
56,1
168,3
12850 (ca 60% recirculated)
22,5

(1) Forecast data from YR.no; (2) Measured with Pegasor AQ Indoor device near wound area, at the center of room; (3) Calculated with (2) or (4); (4) data from service center of
St.Olavs hospital for comparison; (5) Measured with Bosch PTD1 contact free device; NM – not measured

FIGURE 1. MIXING (LEFT) AND LAMINAR AIR FLOW (RIGHT) VENTILATION SOLUTION OR IN ST. OLAVS HOSPITAL

Before the measurement, 15 min intensive mock
surgery with 5 people have been presented. Experiments
in MV OR has been done during three weekdays and in
LAF OR, two weekdays. Surgical lamps were turned on
and OR doors were closed. The height of operating bed
was 84.5 cm, the height of surgical lights from floor was
in MV room 2.1 m and in LAF ventilated room 2.15 m.
The measurements have been done according to [7]. In
this study the environment is heterogeneous, due to air
movement and radiation from equipment. Regarding that
and, the physical quantities have been measured in the
vicinity of four subjects from head, abdomen and ankle
level (Table II) with TSI uni-directional instrument
VelociCalc Plus. Specifically, the air temperature
measurement for 2 minutes and air relative velocity for 1
minute.
Besides, velocity measurements in MV OR has been
taken as probe tip measuring the airflow vertically from
ceiling to floor, because the airflow direction is unknown.
In LAF OR, the measuring description is in Table III.
The VelociCalc Plus temperature sensor has been
calibrated with the Reference Temperature Calibrator
Model RTC-157 (accuracy ±0.04 °C) and the anemometer
has been calibrated with TSI Flow Calibrator.
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TABLE II. MEASURING HEIGHTS FROM FLOOR FOR THE PHYSICAL
QUANTITIES OF AN ENVIRONMENT (ISO 7726)
Location level
of the sensors

Sitting
person (m)

Standing
person (m)

Patient (m)
0,9

Head

1,1

1,7

Abdomen

0,6

1,1

0,9

Ankle

0,1

0,1

0,9

TABLE III. PROBE TIP MEASURING DIRECTION IN LAF OR
Measuring point

Probe tip measuring direction

1 – Surgeon

Under the LAF area: airflow vertically from
ceiling to floor

2 – Anesthetist

Outside of LAF area: airflow horizontal from
LAF area to person

3 - Assistant nurse

Outside of LAF area: airflow horizontal from
LAF area to person

4 – Patient

Under the LAF area: airflow vertically from
ceiling to floor

There has been measured the dimensions of room and
the surface temperature of surfaces as walls, ceiling, floor,
doors and windows. Last measurements have been done
with Bosch PTD 1 contact free device and the results are
used to calculate the mean radiant temperature (Tmrt).
Regarding to the standard ISO 7726:1998 [7], that due to
building materials high emissivity, there has been
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disregarded the reflection to assume that all the surfaces
are black, so the emissivity has been taken 0.95.
Also, using previous data, there have been calculated
the operative temperature for every occupant. Finally,
there have been measured overall conditions during
measurements with Pegasor AQ Indoor device at the
center of standing human (1,1 m) and it is used for the
calculation of vapor partial pressure.

observation days in MV OR (at 27 of March and 2 of April)
and in LAF OR (at 21 of March). The second part took
place in between 29.04-5.05.
There were 30 participants in MV OR and 13 in LAF
ventilated OR survey (also clean zone nurse is included to
extend the investigation). Altogether, 44 filled
questionnaires.
III. DATA PRESENTATION

C. Observations
There have been used several observation methods
described in Table V, but in this paper, only these results
are considered, what are directly related with PMV-PPD
calculation.
The tabulated values for observations taken from ISO
8996:2004 [8] are generalized and concern an „average“
individual: A man 30 years old weighing 70kg and 1.75 m
tall (body surface area 1,8 m2); A woman 30 years old
weighing 60 kg and 1.70 m tall (body surface area 1.6 m2).

The boundary conditions during experiments have
been brought out in Table I and during survey, in Table IV.

Dilution
ventilated OR

TABLE IV. ORS CONDITIONS DURING SURVEY LOGGED WITH TINITAG
PLUS 2 AT ST. OLAVS HOSPITAL

Laminar air
flow OR

D. Survey
The survey among surgical staff in both above
mentioned OR have been conducted to get knowledge
about occupants´ real sensation in ORs thermal climate.
The questions in survey, corresponded to [9] and [10], are
asked to answer as based on last operation occupants had.
Occupants have been answered to seven subjective
questions about thermal sensation, comfort and
acceptance. In addition, they have been asked to evaluate
their work level (according to [8] Table A.2) and clothing.
The final mean thermal sensation level has been
correlated with Fanger scale and the standard deviation
(SD) has been calculated by IBM SPSS software. The
survey has been conducted in two parts, one during the

Outdoor

ta, °C
RH%
Measure point near anesthetist
MAX
24,12
39,24
MIN
22,80
13,93
Measure point near surgeon
MAX
24,91
38,88
MIN
23,13
14,34
Measure point near assistant nurse
MAX
22,68
44,65
MIN
20,72
17,05
Measure point near surgeon
MAX
24,11
44,22
MIN
20,97
17,06
MAX
12,8
53
MIN
1,2
81

A. Field measurements in ORs
Let’s take the operative temperature (Top) as indicative
value.
In MV solution OR, during the experiments, the average
room air temperature was around 23.6 °C.

TABLE V. OBSERVATIONS DESCRIPTION

Surface
temperature

Clothing

Thermal comfort of
real patient

Activity level

Task

1
2

Object

OR

Source/tool

Method/input

Surgical
staff

MV
LAF

recorded video according
to ISO 8996:2004 [8]

Duration aprox. 2h; after every movement end, the body segment work together with
mean value of metabolic rate and time has been stated.

MV,
LAF

Malcolm A. Holliday et al.
Study

averaged person, who have weight of 65 kg and body surface area 1,7 m2, due to this,
the metabolic rate is 2400 kcal/day, what is 68,4 W/m2.

Body temperature: hospital
surgery team

Measured as bladder temperature. Three surgeries. First measuring point: after the
patient enters the room. The measuring period: after every 0.5 hour. Duration: 1.5-4.5h.

Air temperature and RH:
TinyTag near surgical area

Logged after every 5 minutes near surgical area.

Material info from hospital
and manufacturer

Surgical staff: surgical underwear, cap, hat, mask, socks, shoes and gloves (in MV OR
lead apron for x-ray). For surgeons also sterilized surgical gown.
Patient: naked; covered with warm blanket, surgical drape and polyethylene film (in
MV OR-s forced-air warming blanket system).

From literature

Thermal resistance of clothing is taken from the study of Anna Bogdan et al. (20)1
Brought out in Table VIII.

Patient

Real
patient

Surgical
staff and
patient

surgeon
forehead
surgical
lights

MV

MV,
LAF

MV,
LAF

infrared thermograph
camera FLIR E602

Duration: the first 40 minutes of real surgery. The skin temperature of surgeon forehead
has been marked down after every 1 minute.
Analysis of the thermal camera picture of surgical lights

clothing also manufactured by barrier according to the requirements of EN ISO 9001 and EN 13795
The emissivity to walls, human skin and equipment has been taken 0,95.
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22.0

22.5

22.0

22.0

0.08

21.4
0.01

0.05

Anesthetist

Surgeon

23.0

0.03

21.5
21.0

Air velocity

Patient

Assistant
nurse
Operative temperature

0.25
0.20
0.15
0.10

0.22

0.22
0.17

23.0
22.5

22.32

0.12
22.16

22.04

22.24

22.0
21.5

0.05
0.00

21.0
Anesthetist Surgeon

Patient

Assistant
nurse

Operative temperature, °C

22.9

Air velocity, m/s

0.30
0.25
0.20
0.15
0.10
0.05
0.00

Operative temperature, °C

Air velocity, m/s
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FIGURE 2. AVERAGE OPERATIVE TEMPERATURE AND AIR VELOCITY IN THE VICINITY OF OCCUPANTS IN MV(LEFT) AND LAF (RIGHT) OR

However, the thermal comfort conditions of occupants
will vary in wide range. For patient, the Top was 22.0° C
(Fig. 2), and the air velocity at range 0.06-0.11 m/s
(respectively head level and ankle level). For surgeon, the
Top was slightly below 22.0 °C, and the air velocity 0.00.09 m/s (last on head level). For the anesthetist, Top was
21.4 ° C (Fig. 2), and the air velocity is near zero.
For assistant nurse, the experiment was in one additional
day, where the average room air temperature was around
24.2 °C (air temperature in the vicinity of assistant nurse
is lower – 23.4°C). Operative temperature is higher
(22.9°C) and not comparable with other occupant
conditions, because also the mean radiant temperature was
higher at this day. The air velocity is at range of 0.07- 0.09
m/s.
In LAF solution OR, during the two main experiment
the room air temperature was 22.3°C and 23.7°C. Results
in Fig. 2 shows, that the thermal comfort conditions will
not vary that much as in MV OR. For patient, the Top was
22.04° C, and the air velocity at range 0.03-0.3m/s
(respectively abdomen and head level). For surgeon, the
Top was 22.16 °C, and the air velocity 0.32 m/s in abdomen
level. For the anesthetist, the Top was 22.3 ° C, and the air
velocity 0.17 m/s. For the assistant nurse, the Top was
22.2°C, and the air velocity 0.22 m/s.

C. Results from survey
Following results presents the answers received from
surgical staff in mixing and LAF ventilation solution OR.
In mixing ventilation OR, only 17% of repliers says,
that the environment is comfortable, other 83% says, that
it is slightly uncomfortable (53%), uncomfortable (20%)
and very uncomfortable (10%). The thermal sensation, SD
of answers and dissatisfaction in MV OR has been brought
in Table VI and comparison with PMV is in Figure 3.
In LAF ventilation OR, about 46% of repliers says, that
the environment is comfortable, other 54% says, that it is
slightly uncomfortable (38%), uncomfortable (7%) and
7% did not give the answer. The thermal sensation, SD of
answers and dissatisfaction in LAF OR has been brought
in Table VII, and comparison with PMV is in Figure 4.
From the questionnaire came out, that in MV OR, two
anesthetist felt draught or breeze near chest or head, and 5
occupants from staff gently breeze near chest or head. But
still, the thermal sensation was slightly warm. In LAF OR,
one assistant nurse and one anesthetist often felt slightly
draught near chest or head from ventilation.

B. Observation in operating rooms
In this paper, we will focus on main results from
observations. The principal was the estimation of activity
level and clothing insulation of surgical staff and patient.
The results for 101 and 135 minutes (respectively in MV
and LAF OR) lasting surgery and estimated clothing
insulation are in Table VIII. The highest activity level and
also clothing insulation is for surgeon and the lowest is for
patient. Therefore, they are the two extremes and thermal
comfort will be discordant.

TABLE VI. OCCUPANTS GENERAL THERMAL SENSATION DURING
OPERATIONS IN MV OR (SURVEY)
Thermal sensation
Dissatisfied,
Occupant
SD
(Fanger scale)
%
neutral or slightly warm
Anesthetist
1.07
0
(0.14)
Assistant
slightly warm or warm (1.6)
0.55
60
nurse
Surgeon
slightly warm or warm (1.7)
0.68
10
TABLE VII. OCCUPANTS GENERAL THERMAL SENSATION DURING
OPERATIONS IN LAF OR (SURVEY)
Thermal sensation
Dissatisfied,
Occupant
SD
(Fanger scale)
%
Anesthetist
neutral (0.0)
0
Assistant
slightly cool to slightly warm
1.16
0
nurse
(0.0)
Surgeon
slightly warm (1.0)
0.0
0

TABLE VIII. THE CLOTHING AND ACTIVITY LEVEL OF OCCUPANTS IN OR
Occupant group

Clothing insulation, m2K/W (clo)

Activity level, W/m2 (met)

LAF solution OR

MV solution OR

LAF solution OR

MV solution OR

Surgeon

0.202 (1.3)

0.234 (1.5)

138.3 (2.38)

103.0 (1.78)

Assistant nurse

0.154 (0.99)

0.193 (1.25)

74.8 (1.29)

92.2 (1.59)

Patient

0.165 (1.06)

0.165 (1.06)

68.4 (1.18)

68.4 (1.18)

Anesthetist

0.154 (0.99)

0.193 (1.25)

90.1 (1.55)

85.0 (1.47)
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The objective of this study was to clarify the thermal
comfort of four occupant groups in two different
ventilation solution operating rooms at St. Olavs hospital.
There has been concentrated on predicted and real thermal
comfort of surgical staff and patient using three main
methods: field experiment, observation and survey.
Wyon et al. [11] has been investigated, that 20.5°C is
the comfortable operative temperature for average staff
member in the OR. However, Mora et al. [3] found from
surveys, that the air temperature 19°C is good for surgeon
thermal comfort.
Generally, all surgical staff in MV OR at St. Olavs
hospital will experience higher operative temperature than
suggested. As can see from PMV calculation and answers
from survey, for the anesthetist and patient, the thermal
environment is comfortable, but for surgeon and assistant
nurse, there will be too warm.

However, in LAF OR, the operative temperature is at
least 1.6 degrees higher than suggested, and the PMV
calculation shows also, that surgeon will have more warm
feeling. But rest of all will feel comfortable. Furthermore,
the answers from survey will confirm it.
On the basis of this study, can be suggest that one
option to improve the thermal comfort level in OR at St.
Olavs, is to reduce the mean radiant temperature. Mixing
ventilation OR have many equipment, mostly surgical
lights, what will influence occupants by radiant heating.
There have been investigated also in thermal camera
observation results, that the lamps surface temperature is
around 32.7-34°C in MV OR and around 31-32.9°C in
LAF OR. This is very high, if to compare with other
surfaces around, and even due to that, they are closer to
surgeon, the radiant heat to surgeon will be very high.
Another possibility is, to investigate, how much it is
possible to raise the air change rate in mixing ventilated
OR (as suggested by [12] - to take out the heat gain
produced by equipment) to be in comfort zone and without
enlarging the SSI.
Anesthetist, who have low activity level and at the
same time, feel slightly draught from the ventilation,
should wear warmer clothing. The problem is mainly in
LAF OR, because the air velocity is larger.
As can see from Figure 3 and Figure 4, that even, if the
PMV calculation could be similar to real sensation, then
percentage of dissatisfaction is totally different, perhaps
due to local discomfort. Therefore, there is not right to do
fundamental conclusions and the further investigations
should be on local thermal comfort, instead of calculating
the PMV level. About survey, the best is to investigate the
environment, conducting the field survey with asking
questions about thermal comfort at the precise moment and
on particular body part.

TABLE IX. PMV LEVEL OF EVERY OCCUPANT IN MV OR (EXPERIMENT)

TABLE X. PMV LEVEL OF EVERY OCCUPANT IN LAF OR (EXPERIMENT)

D. The estimation of PMV level of occupants in ORs
The PMV level for estimation of thermal comfort has
been calculated by using the well-known Fanger equation
from [8]. There have been taken into account the
measurement results from experiments, Tmrt, the clothing
and activity level.
The calculation has been done first to local body parts
and then, the final mean PMV level has been correlated
and the SD has been calculated by IBM SPSS.
The results of MV OR have been brought out in Figure
3 (occupant_PMV) and data is in Table IX and the results
of LAF OR have been brought out in Figure 4 and data is
in Table X. There should be careful with conclusion of
patient comfort, because the PMV level varies in big
interval among local body parts due to difference in air
velocity.
IV. DISCUSSION

Occupant
Anesthetist
Assistant nurse
Patient
Surgeon

PMV
0.25
0.69
-0.14
0.91

SD
0.27
0.04
0.13
0.03

Occupant
Anesthetist
Assistant nurse
Patient
Surgeon

Surgeon
80
70
Assistant
60
nurse
50
40
30
Surgeon_PMV
20
Patient_PMV
Assistant nurse_PMV
10
Anesthetist
Anesthetist_PMV
0
-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 3
Predicted mean vote/thermal sensation, FIGURE 3. THE COMPARISON BETWEEN OF PREDICTED AND REAL

PMV
0.39
0.07
-0.49
1.29

SD
0.19
0.31
0.51
0.17

Dissatisfied, %

80
70
60
50
Assistant
40
nurse_PMV
Surgeon_PMV
30
Patient_PMV
20
Assistant nurse
Anesthetist_PMV
10
Anesthetist
Surgeon
0
-3 -2.5 -2 -1.5 -1 -0.5 0 0.5 1 1.5 2 2.5 3
Predicted mean vote/thermal sensation, FIGURE 4. THE COMPARISON BETWEEN OF PREDICTED AND REAL
THERMAL COMFORT IN LAF OR

THERMAL COMFORT IN MV OR
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V. CONCLUSION
The challenging around thermal comfort in operating
room is in its beginning, but to reach somewhere, there is
need to collect the information constantly. This study has
been focusing on the thermal comfort of the surgical staff
and patient in OR. The two research questions were, what
is the predicted and what will be the real thermal sensation
in OR. However, the investigation is conducted in real OR
environment and there has been used three methods:
experimental measurements to measure the variables
influencing the thermal comfort; observation to estimate
the metabolic rate and clothing thermal resistance; and the
real sensation of surgical staff has been discovered through
survey in two ORs. The study will be therefore good
overview of actual conditions in OR.
The conclusion over calculations and survey shows,
that thermal comfort conditions in OR will vary in wide
range:
1. In mixing ventilation OR, the surgeon and assistant
nurse will experience the environment as slightly warm or
warm, anesthetist as neutral. From survey came out, that
assistant nurse and surgeon will have substantial
dissatisfaction about thermal environment in MV OR. The
conditions for patient seem to be comfortable, but need
more investigation, because of the patient actual wellbeing
– we do not know about actual local comfort.
2. In LAF OR, the operative temperature is similar to
all occupants, and the air velocity has bigger impact as it
is higher and may cause slight draught. For anesthetist and
assistant nurse, the environment is comfortable, for
surgeon, it is slightly warm. The patient will experience
slightly cool climate in LAF OR.
The gap of thermal sensation is significantly caused by
different clothing and activity level of occupants. Surgeon,
who is wearing several layers of clothing (1.3/1.5 clo), is
doing hard and active movements (ca 2 met) during
surgery. At the same time anesthetist, who is wearing just
one layer of clothing (0.99/1.25 clo), is mainly
sitting/standing (ca 1.5 met). The patient has little higher
clothing level, but smaller activity, so one could be the
most critical case. In this study has been investigated the
thermal comfort of patient through observation of body
and air temperature, but this is not enough to investigate
patient total thermal comfort in OR.
To investigate more the thermal comfort aspect as
mean radiant temperature, it will be interesting to examine
the equipment effect in OR. As found out, that the surgical
lights will affect surgeons’ thermal comfort, but there is
also many other equipment what will produce the heat.
Overall, this is challenging to adjust the temperature in
operating room, but it is not impossible. For future work,
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author suggests investigating, how low the air temperature
could be and how can improve the clothing thermal
insulation of the patient and anesthetist, that they still meet
thermal comfort and will be in the normothermia
condition.
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Abstract – Aging involves changes to the physiology, for
instance reduced metabolism, reduced skin permeability etc.,
which might influence the criteria for thermal comfort. The
present study seeks to modify the comfort equation by P.O.
Fanger to account for these physiological changes, through a
combination of field study and literature review. 13 elderly
test subjects in Danish nursing homes participated in heart
rate measurements, and it was recorded when they were in
the activity level “relaxed, seated”. These measurements were
used to modify the comfort equation.
P.O. Fanger thought that the comfort equation was valid for
elderly, but this study indicates that it cannot account for all
the physiological changes, and should therefore be used with
caution to determine a comfort temperature for elderly
people.

Figure 1. Visualisation of how the human body
thermoregulation changes with age

thermal comfort and perception of elderly living in nursing
homes is important.

Index Terms - Comfort Equation, physiological agedependent changes, thermal comfort

ISO 7730 [6] and the comfort equation by Danish
researcher P.O. Fanger is fundamental in how thermal
indoor climate is understood and adapted in the building
industry. The comfort equation is based on a double heat
balance for the human body, and Fanger, being aware of
metabolism changing with age, thought that the lower
dissipation would counterbalance the lower heat
production, and that his comfort equation is therefore valid
for elderly people. [7].
The present study investigates the validity of the comfort
equation for elderly people by developing a modified
version of the comfort equation and comparing it with the
original equation. This investigation was made as a part of
Ref. [8] that is furthermore a part of an extensive project on
indoor climate in nursing homes in “InnoBYG”, a Danish
innovation network in the building environment.

INTRODUCTION
Research on thermal indoor climate is ambiguous when
it comes to determining how and if elderly citizens’ thermal
comfort and perception differ from that of younger adults.
It is, however, widely accepted that several vital functions
in how the human body responds to ambient temperatures
change when the body ages.
Elderly people have a lower metabolic rate and thereby
a lower heat production. Shivering and sweating are some
of the tools that the body uses to react to a change in
ambient temperature, and it has been shown that sweating
and shivering starts at higher and lower temperatures,
respectively, for elderly people. [1].
Changes also happen to the skin itself and thereby the
heat loss through the skin [2-4]. The result is that the
interval of feeling thermally neutral is narrower for elderly
[5], than for younger persons. The changes in the
thermoregulation shown by previous research are
visualised in Fig. 1.
Despite these changes, a statistical difference between
comfort temperatures of elderly and younger adults has not
been shown. The present study investigated the topic in a
context of Danish nursing homes, where the residents are
older than the test subjects in previous research. Many of
the elderly citizens also suffer from illnesses, e.g. different
types of dementia. This means that they might find it
difficult to express dissatisfaction with the thermal
environment. It all emphasises that knowledge on the

The double heat balance: The comfort equation is based
on the double heat balance, where a set of regressions is
used to describe a correlation between comfort
temperature, activity level, clothing level, air speed and
relative humidity. The double heat balance states that:
𝐻 − 𝐸𝑑𝑖𝑓 − 𝐸𝑠𝑤 − 𝐸𝑟𝑒𝑠 − 𝐶𝑟𝑒𝑠 = 𝐾 = 𝑅 + 𝐶 [
H
Edif
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=
=

𝑊
𝑚2

]

(1)

Internal heat production
Heat loss through evaporation and
diffusion of water vapour through the skin
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Esw

=

Eres
Cres
K
R

=
=
=
=

C

=

Heat loss through evaporation of sweat
from the skin surface
Heat loss by respiratory evaporation
Dry heat loss through respiration
Heat conduction through clothing
Radiative heat flow from the surface of
the dressed human
Convective heat flow from the surface of
the dressed human

RESULTS
Data on the test subjects and results of the heart rate
measurements are presented in Table I.
TABLE I.
RESULTS OF THE HEART RATE MEASUREMENTS

n=13
Average
Interval

Age
82 years
67-93 years

Mean heart rate
72 BPM
56-92 BPM

The data was sorted to only include heart rate
measurements for when the residents were in the activity
level “relaxed, seated”. The metabolism for each of the
subjects in these situations were calculated as described in
[9], and the average results for the 13 test subjects are
presented in Fig. 3 along with the constant 58 W/m that is
used by P.O. Fanger as the metabolism when relaxed and
seated.
The average metabolic rate when the test subjects were
“relaxed, seated” was 44 W/m². The metabolism for the
elderly test subjects is lower than that used by Fanger, but
he was aware of this difference. The question now is
whether the metabolism of 44 W/m is so low that the other
parameters in the comfort equation are not able to
counterbalance, thereby indicating that the comfort
equation is not valid for elderly people. This was
investigated by reviewing literature.

METHOD
To investigate the validity of the comfort equation for
elderly people, a field study and a literature review were
made. The comfort equation was derived from the double
heat balance, (1), in order to detect which parameters are
physiological and could thereby change with age. A
literature review was made to assess if and how the
parameters should be changed in a modified comfort
equation. To investigate metabolism, a field study was
furthermore conducted using heart rate measurements.
The field study on metabolism was at two Danish
nursing homes and lasted for a week. 13 residents (8 males,
5 females) participated in heart rate measurements that
were conducted using Garmin Vivosmart 4 heart rate
monitors, see Fig. 2.
One of the reasons for measuring heart rates in stead of
adapting a more classical climate chamber study is that, as
the measurements were a part of Ref. [8], it was important
to interfere as little as possible in the everyday life on the
nursing homes. The test subjects wore the heart rate
monitors during daytime for 5 days, and it was therefore
possible to track their activities with a very little amount of
interfering.
Another reason for measuring heart rates in the field is
that some of the test subjects suffer from dementia,
meaning that it is difficult to interview them and have them
answer questionnaires. Heart rate measurements are
therefore considered more valid.

Derivation of the comfort equation from the double heat
balance: Each parameter in the comfort equation has been
investigated to determine possible alteration of the equation
to accommodate the physiological age-related changes in
metabolism, skin temperature and sweating.
H - Internal heat production: It describes the heat
produced by a human as a function of the metabolism M
[W/m ] and mechanical work W [W/m ] conducted by the
person. This relation is age-independent.
𝐻 =𝑀−𝑊 [

𝑊

𝑚2

]

(2)
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Figure 2. Equipment used for heart rate measurements
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The method described in “ISO 8996 Ergonomics of the
thermal environment - Determination of metabolic heat
production” was used to calculate the metabolism from the
heart rate data.
As the metabolism for the activity level “relaxed, seated”
is an important constant in the comfort equation, it was
recorded when the test subjects were in fact seated and
relaxed. The heart rate data from these time periods then
formed the basis for the modification of the comfort
equation in the project.

0
Calculated mean metabolism for activity level
"relaxed, seated"
Mean metabolism for "relaxed, seated" in the comfort
equation by Fanger

Figure 3. Average metabolic rate when the test subjects were “relaxed,
seated” compared to the corresponding metabolic rate used by P.O.
Fanger.
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Edif - Heat loss from evaporation and diffusion of water
vapor through the skin: This parameter is dependent on the
specific evaporation heat at average skin temperature, λ
[kJ/kg], the permeability coefficient of the skin, m
[kg/h∙m ∙Pa], and the water vapor pressure at skin and air
temperature, respectively ps og pda[𝑃𝑎].
𝑊
𝐸𝑑𝑖𝑓 = 𝜆 · 𝑚 · (𝑝𝑠 − 𝑝𝑑𝑎 ) [ 2 ]
𝑚
In the interval 27-36 °C, which can be defined as a
normal skin temperature 𝑡𝑠 , λ varies with less than 1% and
is therefore defined to a non-age dependant constant at λ
(35°C) = 2418 kJ/kg [10, p. 27-28], and ps can in the same
interval according to [7] be described by a linear regression
to
𝑝𝑠 = 256 · 𝑡𝑠 − 3373 [𝑃𝑎] ,
Where 𝑡𝑠 = 35.7 − 0.0275 ∙ (𝑀 − 𝑊).

The exhaled air volume depends on the activity level
described by the metabolism as V = 0.0052 · M [kg/h],
which is expected to be age independent. The saturation in
exhaled and inhaled air is also age independent. Combined
with the value for specific evaporation heat λ at 35 °C (see
the reasoning under Edif), the equation is valid for both
young and old, and can be reduced to:
𝑊
𝐸𝑟𝑒𝑠 = 17 · 10−6 · 𝑀 · (5867 − 𝑝𝑎 ) [ 2 ]
𝑚
Cres - Dry Heat loss trough respiration: This describes
the energy needed to heat the inhaled air volume V from
surrounding air temperature, ta, to body temperature, tex,
𝑊
𝐶𝑟𝑒𝑠 = 𝑉 · 𝑐𝑝 · (𝑡𝑒𝑥 − 𝑡𝑎 ) [ 2 ]
𝑚
As for Eres, the air volume is defined by the metabolism
V = 0.0052 · M kg/h. cp is the specific heat capacity of dry
air, set at 20 °C to cp = 1007 J/(kg · K).
In general, the dry heat loss from respiration is relatively
small, the exhalation temperature can be set a constant of
34 °C [7, s. 30]. This gives an expression of Cres valid for
both young and old:
𝑊
𝐶𝑟𝑒𝑠 = 0.0014 · 𝑀 · (34 − 𝑡𝑎 ) [ 2 ]
𝑚

It has, however, in [11] been documented that the skin
temperature of older people is generally lower than for
young people. An estimation of the results in [11] gives an
indication for a possible age related adjustment of the skin
temperature to 𝑡𝑠,𝑜𝑙𝑑 = 34.8 − 0.0275 ∙ (𝑀 − 𝑊).
The permeability coefficient of the skin is in [7] defined
as a constant, 𝑚 = 4.575 ∙ 10−6 [kg/h∙m ∙Pa] whether this
value has been corrected in relation to age variation is
unknown. Newer research generally found that m decreases
with age by 15-40% acc. [2], [3] and [4], therefore it has
been chosen to use a reduction of the skin permeability of
𝑘𝑔
28%, giving 𝑚𝑜𝑙𝑑 = 3.294 ∙ 10−6 [ 2 ]

R - Radiative heat flow from the surface of the dressed
human: The heat loss from radiation is described by StefanBolzmanns law, based on the surface temperature of the
clothing (tcl) and the mean radiative temperature of the body
to the surrounding room (𝑡𝑟̅ ).

ℎ∙𝑚 ∙𝑃𝑎

Esw - Heat loss trough evaporation of sweat from the skin
surface: For a person in thermal comfort, the relationship
between activity and preferred sweating was defined by an
experiment on college students in 1967 by P.O. Fanger [6]
𝐸𝑠𝑤 = 0.42 · ((𝑀 − 𝑊) − 58.15) [

𝑊

𝑚2

]

𝑅 = 𝑓𝑒𝑓𝑓 · 𝑓𝑐𝑙 · Ꜫ · 𝜎 · ((𝑡𝑐𝑙 + 273)4 − (𝑡𝑟̅ + 273)4 )

(3)

feff is the effective radiation factor, set at 0.7 for the
human body. fcl is the clothing area factor depending on the
𝑚2 ∙𝐾
clothing insulation (Icl) [
]

In (3), the constant 58.15 describes the metabolism at the
activity level “Seated, relaxed”. The regression is only valid
for this activity level or higher.
In the present study, the average metabolism of the test
subjects was found to be 44 W/m2 at the activity level
“Seated, relaxed”, and the regression is therefore modified
to
𝑊
𝐸𝑠𝑤,𝑜𝑙𝑑 = 0.42 ∙ ((𝑀 − 𝑊) − 44) [ 2 ]
𝑚

𝑊

1.00 + 1.290 · 𝐼𝑐𝑙
𝑓𝑐𝑙 = {
1.05 + 0.645 · 𝐼𝑐𝑙

𝑓𝑜𝑟 𝐼𝑐𝑙 ≤ 0.078
𝑓𝑜𝑟 𝐼𝑐𝑙 > 0.078

The value of Icl is estimated from table found in ex. ISO
7730. Ꜫ, the emissivity for skin and clothing, is normally set
to 0.97, and σ, the Stefan-Bolzmann’s constant which is
5.667 · 10-8.
This means that the parameters R, from an isolated point
of view, is age independent, written as

It has in this study not been possible to validate whether
0.42 is applicable for all ages and it is therefore left
untouched.

𝑅 = 39.8 · 10−9 · 𝑓𝑐𝑙 · ((𝑡𝑐𝑙 + 273)4 − (𝑡𝑟̅ +
𝑊
273)4 ) [ 2 ]

Eres - Heat loss by respiratory evaporation: This
parameter describes the wet heat loss related to respiration,
or more specific the latent heat loss in the saturated
exhalation air, depending on the exhaled air volume V, the
specific evaporation heat λ, and the difference in saturation
between exhaled and inhaled air acc. Wex og Wa.

𝑚

Meanwhile the temperature of the clothing (tcl) is agedependant based on the following definition
𝑡𝑐𝑙 = 𝑡𝑠 − 𝐼𝑐𝑙 · (𝐻 − 𝐸𝑑𝑖𝑓 − 𝐸𝑠𝑤 − 𝐸𝑟𝑒𝑠 − 𝐶𝑟𝑒𝑠 )

𝐸𝑟𝑒𝑠 = 𝑉 · 𝜆 · (𝑊𝑒𝑥 − 𝑊𝑎 )
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C - Convective heat flow from the surface of the dressed
human: This is, just like the radiative heat loss, from an
isolated point of view, independent of age because it is
defined by the area factor of the clothing, fcl, the
temperature difference between the clothing tcl, and the
surrounding air, ta, and the heat transfer coefficient at the
surface of the clothing, αk.

investigated, but in the present study, only the intercept was
changed.
A third option is that 44 W/m is not accurate for the
metabolic rate when the elderly citizens are “relaxed,
seated”. This points to the small sample size in the field
study consisting of 13 test subjects. But the calculation of
metabolic rate from heart rate measurements using ISO
8996 is also problematic, since it should only be used for
hearts rates over 120 BPM, which was not the case. Since
the present study was part of a larger field study, it was
chosen to use real life measurements of heart rates and not
direct measurements of metabolic rates, but the metabolic
rate could be measured more directly in another study.

𝐶 = 𝑓𝑐𝑙 · 𝛼𝑘 · (𝑡𝑐𝑙 − 𝑡𝑎 )
But besides the clothing temperature, the heat transfer
coefficient also has an age-related variation because it is
defined as
2.38 · (𝑡𝑐𝑙 − 𝑡𝑎 )0.25
𝛼𝑘 = 𝐿𝑎𝑟𝑔𝑒𝑠𝑡 𝑣𝑎𝑙𝑢𝑒 𝑜𝑓 {
,
12.1 · 𝑣𝑎𝑟 0.5
where 𝑣𝑎𝑟 is defind by the air velocity in the room 𝑣𝑎 to
𝑣𝑎𝑟 = 𝑣𝑎 + 0.005 ∙ (𝑀 − 58)

CONCLUSION
Even if the comfort equation is valid for elderly people,
it is still problematic to use it in field studies: According to
P.O. Fanger, the comfort equation is valid for elderly
people because a decrease in metabolic rate is followed by
a decrease in heat loss, so the equation manages to balance
itself out. But that means that in the case of elderly people,
one should only use the comfort equation if the metabolic
rate is based on metabolic rate charts defining the metabolic
rate for different activities. In this case, it means that the
last result in Table II should not be used, since only the heat
production, metabolism, is changed, and not the heat loss.
By only inserting a measured metabolic rate, the effect of
heat production balancing heat loss out is ignored.
Measurements of heart rate or metabolic rate cannot be
used in the comfort equation for elderly people, and that is
a scientific problem, because it complicates field studies in
nursing homes or other facilities for the elderly.
The present study was a part of Ref. [8], where the goal
was to compare residents and nursing staff in terms of
comfort and thermal indoor climate in general, and thereby
improve our understanding of how future nursing homes
should be built. By measuring heart rates, it was possible to
gain a much deeper understanding of the everyday life in
nursing homes than by just assuming an activity level. At
least for scientific purposes, it is strongly recommended
that further research is done on the topic of physiological
changes and how they affect the comfort temperature. A
modified comfort equation that applies for elderly people is
needed.

To sum up, three parameters were modified in the
comfort equation to account for physiological changes,
namely the metabolic rate when “relaxed, seated”, the skin
temperature, and the skin permeability. The modified and
the original comfort equation were compared by calculating
the comfort temperature with identical assumptions
regarding clothing level (1 clo), relative humidity (50%RH)
and air speed (0.15 m/s). The activity level “relaxed,
seated” is used in the comparison, meaning 58 W/m² in the
original comfort equation and 44 W/m in the modified
comfort equation.
The comfort temperature was found as the combined air
temperature and surface temperature, meaning that the
comfort temperature equals the operative temperature. The
results are presented in Table II.
TABLE II.
COMFORT TEMPERATURES USING TWO VERSIONS OF THE COMFORT
EQUATION

Comfort
equation
Original
Modified
Original

Metabolic rate,
“relaxed, seated”
58 W/m
44 W/m
44 W/m

Comfort
temperature
23.7°C
25.4°C
26.2°C

DISCUSSION
These findings indicate that the comfort equation is not
valid for elderly people, meaning that the low metabolic
rate for elderly people is not counterbalanced by low heat
loss. If this was the case, the result in Table II for the
modified comfort equation should have been equal to the
comfort temperature calculated from the original comfort
equation and a metabolic rate of 58 W/m , but there is a
difference of 1.7°C between the two comfort temperatures.
However, it is important to note that the present study
did not complete the modification of the comfort equation.
That the comfort equation is not valid for elderly is
therefore only one way to analyse the result, another being
that the differences between the original and the modified
comfort equation are due to the use of wrong regressions in
Esw og ts. In climate chambers, these regressions should be
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Abstract— The aim of the project is to design an
energy efficient and innovative air distribution
channel and air conditioning system designed for
use in greenhouse air conditioning. It is easier and
more economical for the consumers to reach the
product by providing the producers of greenhouse
agriculture to present the product on the market for
12 months. The air distribution channels will
distribute the air more efficiently in the greenhouse
and minimize the fan power required for
ventilation. The microclimatic layers obtained by
CFD analysis is ensured that only the volume of air
in which the plants live is effective and reduce
unnecessary energy input.

scenarios is run and the most efficient scenario is
determined. Thermo-economic optimization is
performed on specified scenario and final technical
information package is created.
Index Terms— Air Conditioning System,
Computational Fluid Dynamics, Energy Efficient,
Microclimatic Layer.
INTRODUCTION
Many commercial applications are aimed to supply
products during a whole year period. To achieve this
goal producers are wasting great effort to generate
suitable climatic conditions for plants. Accordingly,
the effectiveness of greenhouse air conditioning
system is one of the most critical considerations in the
system design because of the impact on the price of the
products.

The air duct and air conditioning system that is
designed in this way will be more environmentally
friendly and more economical by providing efficient
use of energy input. The innovative aspect and
technological value of the project is; It is found that
the systems currently used in greenhouse air
conditioning are weak in terms of energy efficiency.
In order to ensure energy efficiency in the
greenhouse, only the volume of plants will be air
conditioned with effective air distribution channels.
In order to achieve this aim, it will be possible to
form
microclimatic
layers
with
CFD
(Computational Fluid Dynamics) In addition, the
boundary conditions to be used in the first run of
CFD analysis is determined by pre-tests instead of
theoretical values.

The mass of hot air charged into the greenhouse is
expected to reach the target volume, that is the place
where the plants are located, change the ambient
temperature, but the temperature of the air charged into
the greenhouse is higher than the local temperature.
This upward movement of air causes the charged air to
reach or partially reach the target volume. To solve the
heating problem of the plants, extra hot air is charged
into the target volume of the plants. To create an extra
mass of hot air, the heating system must draw more
power and consume more fuel. Fuel spent
unnecessarily damages the environment by increasing
carbon emissions. Also, while only the volume of
plants should be heated, this process, which is carried
out to bring the entire greenhouse environment to the
desired temperature, causes a serious energy loss and
causes a decrease about efficiency.

The first step of the project is included literature
research and creation of mathematical models.
Secondly, CFD analysis is run with the boundary
conditions used in the verification tests to be
performed on the designed prototype. Verification
of the final numerical model is done with the results
from the verification tests. After verification of the
numerical model, different air conditioning

Since the temperature of the charged air is lower than
the ambient temperature during the blowing of cold air
into the greenhouse, the cold air settles on the
greenhouse floor and cooling can be done easily. In this
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way, the limits of the target volume are easily achieved.
However, modelling cold airflow, defining flow
barriers and evaluating numerical analysis results is an
analysis problem in itself. Also, the instantaneous
temperature of the greenhouse environment should be
considered to keep the desired temperature within the
greenhouse within a certain range, because the amount
of cold air that needs to be charged will be determined
accordingly. Sending too much cold air to the location
can create excessive cooling energy and cause plants to
be damaged by cold as the cold air reaches the target
volume effectively.

conditions are experienced and the average
temperature exceeds 40 degrees, evaporative cooling is
the most efficient form of cooling. Roof type cooling
systems are used as an alternative to evaporative
cooling, which creates a fog image and is provided with
the help of a fan when used in the greenhouse. The
daily temperature difference between the capillary heat
exchanger and soil and the blowing temperature has
been reduced. Apart from this, some studies suggested
using excessive heat that is harmful to plants during the
daytime in a water tank to reduce the negative effect of
low temperatures during the night hours. When these
studies are examined, it was seen that heating, cooling
and ventilation units should be used together. In
experimental studies on the control of greenhouse
microclimate, according to the temperature conditions
of the region where the greenhouse is located,
simultaneously; solar energy for heating, greenhouse
soil for heat storage, greenhouse soil and cold water
were used for cooling. Experimental studies on
greenhouses have shown that the improvements to be
made in the temperature factor are directly related to
the manufacturability of the product in the greenhouse
[10].

To prevent the explained reasons of the efficiency
decreases, zone air conditioning techniques are used as
microclimatic layers are created into the greenhouse by
CFD analyses, heating and cooling processes are
evaluated separately with particularly designed
components. The creation aim of the microclimatic
layers is to block the extra air conditioning cost with
conditioned just the target volume.
There is also a scientific background about greenhouse
air conditioning systems, mechanical ventilation and
specific turbulence models are examined. The first
experiments studying the air circulation in a
greenhouse were conducted by Businger, Morris and
Neale [1]. At the same time, some theoretical models
are described to explain the air exchange in the
greenhouses that are depending on external wind speed
and temperature difference [2]. Also, some
experimental studies are done to explain the air
circulation in the greenhouse that is made with wind
tunnels by Sase et al. [3]. The first CFD application
about greenhouse air conditioning system was
conducted by Okushima [4]. The validation of the
numerical model is supplied by Sase’s wind tunnel
experiment.

In this study numerical and experimental analysis are
evaluated together, a prototype greenhouse is modelled
concerning the dimensions that are calculated from
similitude analysis. Required heating installation is
constructed as pipes that are filled with thermal oil
which involves an electrical heater inside. For the
cooling side, air distribution channels are modelled
with a calculated geometric similitude scale. The setup
will be constructed and combined at the further time of
the project.
This project aims to design an efficient, innovative airconditioning system and an integrated heating/cooling
components that can be produced in high quality and
quantity throughout the year, and the efficient use of
energy, which has become an important design
condition all over the world, and that the air
conditioning system to be used in greenhouses is
environmentally friendly.

There are studies on active and passive heating
methods to meet the heating need of the greenhouse in
winter. Active heating was applied using geothermal
energy, using soil-air heat exchangers and phasechanging storage materials [7-8]. Passive heating is;
water tanks, rock beds, north-facing wall applications,
mulching, movable insulation elements, thermal
curtain applications. When these applications are
evaluated in terms of energy efficiency to be provided
in the greenhouse; thermal curtain application is the
most practical and convenient way [7-9].

EXTERNAL BOUNDARY CONDITIONS
Thermal Load Calculations
To evaluate the best efficient air conditioning
scenario, environmental conditions of the greenhouse
must be considered. We assumed the discussed
greenhouse is located in the Mediterranean region. The
heat flux values that are given as a heat gain or heat
loss from the sidewalls of the greenhouse is calculated
with HAP (Hourly Analysis Program). For the best
report results from HAP, given information must be as
real-like as possible because HAP uses algorithms that
are working with ASHRAE standards for specified
regions, building materials and air conditioning
devices.

The most appropriate thermal behaviour of a
greenhouse for cooling is due to the high performance
of the cooling system it contains in extreme conditions.
Natural ventilation prevents solar radiation input,
which can be used in combination with forced
ventilation (exhaust fans) or with reflective materials
placed locally, causing extremely high-temperature
values for plants. Such cooling systems can only be
effective in regions where the summer season is not
very hard and the average temperature does not exceed
33 degrees. In regions where extreme temperature
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Model of the considered greenhouse as given at Figure
1, the structural components of the greenhouse is
defined as follows:

Loads calculated to dimension the unit to be used for
cooling operation; sensible coil load is 1.4 kW and the
volumetric airflow required for the unit area of the
space is 10.16 L⁄s.

Walls. One common wall construction is used for all
exterior walls. The construction, whose data are;
thermal conductivity of nylon 6.6 is 0.25 W/m-K
consist of 3m*1.5m*6m. The overall weight of the
nylon 6.6 is 0.001539 kg. The exterior surface
absorption is in the “reflective” category.

Loads calculated to dimension the unit to be used for
heating operation; Sensible coil load of 3.4 kW and
required volume flow of 17 L⁄s.
When the sensible load calculation was made for the
whole space, it was calculated as 2.7 kW for cooling
and 1.4 kW for heating. In the sensible heat load
calculation, the heat loss from the greenhouse roof is
higher than the heat losses from the walls and most of
the heat loss is from the roof. The covered thermal load
is 13 W and the factor that constitutes this value is the
people who enter and exit the place periodically.

Roofs. One uniform horizontal roof construction is
used for the greenhouse. The construction material of
the roof is same with wall construction material Nylon
6.6. The exterior surface absorption is in the
“reflective” category.
Windows & External Shading. There is no window in
the greenhouse but gate gap exists in the dimensions of
1m*1m. No internal shading materials are used.

Air conditioning loads are calculated as cooling load
dry-bulb temperature 30.6℃ and wet bulb temperature
3375 W below 16.7, heating load at 1428 W under dry
thermometer temperature -16.7℃ and wet bulb
temperature 17.7℃.

Lighting. Recessed fluorescent lighting fixtures are use
in the space. A lighting density of 1.00 W/m2 is used.
For greenhouses, %100 day lighting levels are used.
The lighting profile applies for the days the greenhouse
in session. For unused months lighting levels of %0 is
used.

Input values commonly used for greenhouse
cultivation
The charging rate of conditioned air in a greenhouse
has limits according to the properties of greenhouse
plants. To avoid harmful effects on the plants that are
caused by the mass flow rate of the air conditioning
system, the limits must be considered as boundary
conditions as velocity inlet 5 m/h. The heating
installation also has limits about the temperature of the
hot water it carries maximum 50℃. At last, plants are
added heat to the greenhouse ambient by their
photosynthesis processes. At last, plants are added heat
to the greenhouse ambient by their photosynthesis
processes but the heat gain is added into latent heat gain
but HAP calculations show that it is not significant
because of that the heat gain of the plants does not
include to the analyses.

Occupants. The maximum number of occupants
discussed in this section. During harvest time, design
day occupancy 10 to 20 is very frequent. This
occupancy profile applies for only harvest time at the
greenhouse.
Air System Data. One air conditioning system will
used for cooling process. Therefore, air conditioning
equipment must be represented into HAP. Data for this
air conditioning system must be taken from the
supplier.
Equipment Type. Ventilation. Outdoor ventilation
airflow will be calculated using the ASHRAE Standard
62.1-2007 method. “Constant” control for ventilation
will be used so the system uses the design flow of
outdoor air at all times. Ventilation dampers are closed
during the unoccupied period of the damper leak rate is
%5.

Inputs given for components used for
conditioning

air

For air conditioning of the greenhouse specific heating,
cooling and channel systems are used. The heating
installation is located on the sidewalls of the
greenhouse. The heat gain from the side walls to the
greenhouse ambient is given as 600 W. On the other
hand, the cooling is done by two systems by passive
cooling from the ground that takes -300 W and the air
distribution channels that are charged conditioned air
to the greenhouse ambient. The charged rate from the
entrance of channels is given as 1000 𝑚3 /ℎ

Supply Fan. The supply fan in the air conditioning unit
will be forward curved with variable frequency drive.
Return Air Plenum. The system uses a return air
plenum. It is estimated that %70 of the roof load, %20
of the wall load and %30 of the lighting load is
removed by plenum air.
Sizing Criteria. Required zone airflow rates will be
based on the peak sensible load in each zone. Required
space airflow rates will be based on peak space loads
for the individual spaces.

The boundary conditions to be used during the run of
the final numerical model will be determined by the
inputs given to the verification test unit. In the design
of conditioned air distribution channels, the geometries
of the duct and the air blowing openings on the duct
will be optimized by evaluating different geometries.

The results obtained when the thermal load
calculations of the greenhouse are made with the HAP
program with the inputs described above:

3
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Figure 1 Considered Greenhouse

NUMERICAL METHOD
The CFD analysis to be made will consist of three parts.
The first is the analysis to be run in the control volume
specified in the greenhouse to create microclimatic layers
in the greenhouse. The second one is to analyse the friction
losses that will occur within the air distribution channels
to be designed. The third part is to analyse the geometry of
the heating installation.

Figure 3 Cooling case, Temperature Contour

On the other hand, analyses to obtain the best efficient
channel design about to stabilize the mass flow rate
through the inlet of the channel to the end of the channel.
The first analysis is run on the case that includes the
constant diameter spaces then the conical and changed
diameter spaces are examined. The following figures show
the contours of the channels about the mass flow rate.

For cooling, the main problem is using unnecessary energy
to cool a restricted layer that is the region where the plants
live. The decrease in the amount of excess energy of the
air conditioning system by increasing the efficiency of the
system reduced the consumption. The numerical analysis
is done by using SimScale and Fluent CFD analysis
programs. For the analyses that are run on the greenhouse
ambient, flow domain is generated as shown in Figure 2.

Figure 4 Constant Diameter Spaces

Figure 2 Flow Domain

The charging channels are half of the suction channel that
is located in the middle of the greenhouse. When the
cooling case is run on the SimScale platform, for given
values the main purpose of the cooling case has been
reached as shown in Figure 3.

Figure 5 Changed Diameter Spaces

Validation of Numerical Models
Verification tests to be carried out within the project can
be summarized as follows; by integrating a pre-prototype,
which has been reduced by similitude analysis, into the test
unit, results will be obtained such as the speed of air exit
from the duct, pressure drops to occur along the duct and
the temperature distribution within the greenhouse. During
4
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the tests, the data to be taken from thermocouples and
flowmeters can be observed momentarily from the display
screens integrated into the test units and intervened when
an unexpected situation is encountered.

RESULTS
This work aimed first to improve the efficiency level of the
greenhouse air conditioning system by that producers are
increase their profit and the prices of the products will be
decreased, the accessibility of the products will increase
for the consumers.

In verification tests, studies will be carried out to verify the
numerical model that has been run and whose mesh
structure has been checked. It is aimed that the deviation
between the airflow rate, speed, pressure drop values and
the values obtained from the verification tests when the
conditioned air is blown into the greenhouse and the air
duct on the test mechanism formed by combining the
produced prototype and the test unit. Also, the
microclimatic layers intended to be formed are intended to
meet the 5% temperature change requirement between
these layers in addition to the numerical analysis and
validation test results.

The increase in efficiency, prevents the excessive wasting
energy that is used to heat or cool greenhouse. By
microclimatic layer creation, only the volume where the
plants are living is air-conditioned this prompt to lower
energy requirements for the whole air conditioning system.
Accordingly, the restricted energy sources of our country
are used sparingly.
At the end of the cooling case analyses, the following
results have been reached, firstly passive cooling that is
commonly used by greenhouse cooling is not efficient
when compared with the channel system. Secondly, when
the ambient temperature of the greenhouse is increased,
instead of cooling the entire ambient, a system that only
cools the layer where the plants live has been reached. In
Mediterranean regions the temperature of the summer
months is changed between 30-35℃, the cooling system
may be decreased the excessive temperature to 20℃ and
below easily.

Verification tests will be performed on the model that is
shown in Figure 6.

Designed air conditioning system components that are air
distribution channel and heating installation results in a
more efficient air conditioning system for greenhouse. Air
distribution channels are examined as constant crosssection area with the gaps constant and increasing diameter
through the channels, conical shape with the gaps constant
and increasing diameter. Then, the model that has a conical
shape with constant diameter is more effective than the
other channel alternatives.

Figure 6 Test Set-up

To create the heating installation effect, electrical heating
units will be used with the given heat flux value in
numerical analysis. The cooling function of the test unit
will be provided by a fan-coil unit to the air distribution
channels. Plants and their benches are acting as a flow
barrier, therefore plastic plants and stands will be used
instead of plants and benches. To calculate the mass flow
rate inside the channels pitot tubes are used as a couple by
the distances that are shown in Figure 7.

At the end of the thermo-economic evaluation, the
innovative greenhouse has more investment cost than the
conventional greenhouse. The investment cost of the
innovative greenhouse is %4.24 higher, it means, for a unit
area of the greenhouse cultivation there is a 10,5 Euros
more. Commonly used greenhouses used with an
operational area as 10000-meter-square. There is a
significant difference for agricultural producers. Most of
the annual cost difference sourced from the investment and
air conditioning costs. Air conditioning costs differ related
to the operational time and operation type as cooling or
heating. The innovative greenhouse 3-4 harvest may occur
however in conventional one, the maximum harvest
number maybe only 2. The difference sourced from the
operation type of air conditioning. At the conventional
greenhouse, there is no cooling process, because of that, in
summer months, production cannot be possible. An
innovative greenhouse, cooling and heating processes
occurred at the same time; the phenomenon brings an
advantage as longer annually operational time. That is the
main reason for the profit increase.

Figure 7 Placement of pitot tubes

To verify the temperature values, 4 rows at 5 each
thermocouple will be used. The number of thermocouples
may be increased according to the accuracy of the
measurements.

These are the air conditioning costs comparison of the
innovative and conventional greenhouse. The cooling cost
of the conventional greenhouse air conditioning system is
5
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“0” since there is no cooling process in this type of
greenhouse. Because of that, the annual total energy cost
of the conventional one is greater than the innovative one.

•
This study was performed for a single isolated
greenhouse and the radiation heat transfer are calculated
from Carrier HAP program. Further research is needed to
validate these heat flux values.

Table 1 Heating, Cooling and Energy Cost

Heating
Cost
(Euro/kWh)

Cooling
Cost
(Euro/kWh)

Energy Cost
(Euro/kWh)

Operating
Time
(Hour)

Air
Conditioning
System Type

217
74

0
91

217
165

4320
7200

Conventional
Innovative

•
The study only considered a geometrically
reduced test set up, to validate the numerical model the
data that are taken from the geometrically scaled test unit
is used. Further research is necessary on exploring the
impact of the test set up with real dimensions.

In that point, due to the long operational time, the
compulsory costs like water, seeding, planting, labor cost
etc. increased too. It may affect the annual total cost
between innovative and conventional greenhouse air
conditioning systems.

•
This paper includes only the analyses about air
distribution channels and cooling system. The heating case
has still worked on and improved day by day.

Table 2 Investment, Compulsory and Annual Total Cost

Investment
Cost
(Euro/kWh)

Compulsory
Cost
(Euro/kWh)

Annual
Total Cost
(Euro/kWh)

Operating
Time
(Hour)

9,8
20,57

3,96
5,28

231,5
241,7

4320
7200
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Air
Conditioning
System Type
Conventional
Innovative

However, because of the improvements in the innovative
greenhouse air conditioning system, the production for a
unit area is increased, annually profit became higher too.
Due to the profit difference, in 4 year the innovative
greenhouse pays back itself and brings 25000 Euros
annually profit for a 10000-meter-square greenhouse.
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Abstract— Life cycle assessment (LCA) is particularly
adapted to evaluate the environmental performance of
buildings thanks to its multi-criteria approach on the entire
life cycle. This method constitutes a basis for the eco-design
of buildings and will play a key role in meeting current
environmental challenges; it is therefore necessary to have
reliable LCA tools which allow an easy interpretation of the
results.
This communication presents an aid in the evaluation of
projects by developing performance benchmarks for several
environmental indicators. On the principle of the European
energy label, different levels of environmental impacts are
evaluated and classified on a scale from A to G. The study is
carried out over the entire life cycle, based on samples of
buildings (housing and offices) with various construction
dates from 1880 to 2016.
Extreme values of environmental indicators are first
calculated for each sample, corresponding to the best and
the worst environmental performance of these building
types. Then intermediate environmental performances are
obtained by varying some parameters in a large number of
simulations, particularly: the structure of the building
(concrete or timber), the heating energy (gas, electricity or
wood), the thickness of the walls and the type of windows.
These simulations are carried out using a python program
associated to dynamic energy simulation and LCA models of
the software Pléiades, with the ecoinvent 3.4 database.
Results present environmental labels corresponding to
twelve environmental indicators: primary energy, CO2,
health, biodiversity... The large number of simulations
provides distribution functions for the samples, from A to G
levels.
Index Terms—Life cycle assessment (LCA), Building Energy
Simulation (BES), environmental label
Introduction

The building sector represents the biggest part of the
final energy consumption in France. In the current context
of energy transition, countries have to reduce their energy
consumption and improve buildings environmental
performance.
Today’s decisions are determining environmental
impacts for the next decades, due to the long building life
span. This paper proposes LCA benchmarks for three
samples of buildings: single family houses, apartment and
office buildings to provide an order of magnitude of
impact indicators and help designers to evaluate the
environmental performance of their projects.
For each sample of buildings extreme values of
environmental indicators are calculated, corresponding to

best and worst environmental performance. Then, a
parametric variation is carried out using a python program
and the Pléiades software (Peuportier, 2015) to create an
environmental label, using the ecoinvent 3.4 database.
Results present environmental classes from A to G for
each environmental indicator studied, over the whole life
span of the buildings.
I. SCOPE OF THE STUDY
A. Objectives of the life cycle assessment
The methodology of life cycle assessment allows
evaluating environmental impacts of materials, systems
and processes over their entire life cycle. Building LCA
takes into consideration all existing flows, from raw
materials extraction to the end of life of a building,
including the transport of materials, construction, use and
renovation stages. The goal is to avoid pollution
displacement in time (e.g. reducing fabrication impacts by
avoiding a photovoltaic system but increasing operation
impacts), in location (avoiding local impacts by electric
vehicles but increasing impacts at the electricity plant) or
between impact categories (for example reducing CO2
emissions but increasing radioactive waste).
One aim of LCA is to identify the stage and
contributors of the life cycle which generate the biggest
part of impacts, in order to help designers to define
priorities. But once the designer has improved a project, is
it sufficient or should further efforts be performed? This
study contributes to answer this question by establishing
benchmarks, which can also be used to evaluate existing
buildings.
This requires to compare harmonized functional units,
for instance defining benchmark indicators per m2 net
area and per year, related to an occupancy scenario and
comfort level according to the use (residential, office,
etc.).
Environmental indicators are evaluated contextualizing
the ecoinvent 3.4 database, and include: cumulative
energy demand, greenhouse effect, water used, waste,
radioactive waste, damage to health, damage to
biodiversity, abiotic resources depletion, land use,
acidification, eutrophication and photochemical ozone
production.
B. Digital tools
Pléiades software was used in this study, including
Building energy simulation (BES) and LCA tools
intended for eco-design and optimisation of projects. The
optimisation module, called Amapola, allows varying
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some design parameters like the type and thickness of
insulation which was adapted for this study.
II. METHODOLOGY
This project is part of the Annex 72 of the International
Energy Agency’s Energy in Buildings and Communities
Programme. The objectives are the establishment of a
common methodology for LCA and the creation of
benchmarks for different types of buildings in order to
help building designers. LCA methodology needs
common assumptions; this paper doesn’t consider
occupant transport, household waste or furniture impacts
because they are not related to the performance of the
building itself, which is studied here. However, impacts of
foundations, plumbing and electric equipment, are added
using a ratio per area. The life span of each material is
also defined, as well as systems efficiency, water
consumption and end of life processes.
This section presents the methodology applied; first
extremes levels (A and G) were calculated and parametric
variation was performed in a second step.
A. Calculation of levels A and G
Three samples of buildings were used in this study,
individual and collective housing, and office buildings.
Existing buildings were selected to evaluate the worst and
the best environmental performance of each sample. Then,
buildings used to calculate level A have a high insulation,
double or triple glazed windows, photovoltaic panels and
are located in Nice, South of France; whereas buildings
for level G are not insulated, with simple glazed windows
and are located in Trappes (coldest zone considered in the
regulation). The samples are presented in table 1.
First, a set of LCA calculations is performed on each cell
of Table 1 with the following variations: building
structure (concrete, wood or limestone), heating energy
(electricity, gas or wood), presence of photovoltaic panels
or not for level A. Levels A and G are then established for
each environmental indicator; the value of level A
corresponds to the lowest of all simulations, and the one
with the biggest impact defines level G.

TABLE II.

TABLE I.

PRESENTATION OF BUILDINGS CHOSEN TO
ESTABLISH BENCHMARKS

Level
A

Level
G

Single family
houses

Apartments
buildings

Office buildings

Energy positive
house, 2018

Residential
building, 2016

High energy
performance
offices, 2015

Uninsulated
house, 1950

Haussmann
building without
renovation, 1880
Social housing
without
renovation, 1960

Variant without
insulation nor PV
system

B. Parametric variation
Parametric variations are performed using BES coupled
with LCA. Parameters are modified to expand samples of
buildings to different heating loads and materials, and
simulations provide a range of environmental impacts for
each indicator.
A Python program is used to generate the parametric
variation, coupled with the Amapola module and the
software Pléiades calling Building Energy Simulation
(BES) and LCA. Impacts of the use stage are calculated
for each new building performance and integrated in the
LCA results. This way allows carrying out many
simulations automatically, starting from a few typical
archetype models.
III. RESULTS AND DISCUSSION
A. Establishment of levels A and G
Values corresponding to level G for the apartment
buildings sample were established comparing nine
simulations; heating energy of both representative
buildings was changed, as well as the structure of one
building. Regarding level A, twelve simulations were run,
varying the structure, heating energy and the presence of
photovoltaic panels. These variations were also performed
for the two others samples and the following results were
obtained.

ENVIRONMENTAL CLASSES A AND G ESTABLISHED FOR THE THREE SAMPLES OF BUILDINGS

2
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Figure 1. Environmental labels of single family houses, for CO2 emissions (on the left) in kgCO2/m /year, water
used (in the middle) in m3/m /year and radioactive wastes (on the right) in cm3/m /year

A parametric variation was also carried out for office
buildings, based upon an existing high-performance
building. CO2 emissions vary between 10 and 100 kg of
CO2 eq./m2/year. Environmental labels of CO2 and
primary energy demand are presented in Fig. 3.
As an example, an office building was studied in the
Annex 72; CO2 emissions were evaluated to 15 kg CO2
eq./m2/year, which corresponds to the environmental class
B.
Figure 2. Environmental labels of apartments buildings, for CO2
emissions (on the left) in kgCO2/m /year and damage to biodiversity (on
the right) in PDF.m .year/m /year

Figure 3. Environmental labels of office buildings, for CO2 emissions
(on the left) in kgCO2/m /year and primary energy demand (on the
right) in kWh/m /year

Conclusion

In this study, environmental labels of three samples of
buildings were established for twelve environmental
indicators through many simulations carried out using a
Python program, based on typical archetypes.
Environmental levels A and G were first established and
then parametric variations (around 2000 simulations)
allowed representing a part of the existing building stock.
The project is currently pursued to improve the results
including more parameters, and expand the labels to other
samples of buildings. Finally, approaches in different
countries are compared in the Annex 72 project.
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Abstract— The content of the paper is a proposal for
streamlining the existing operation of a heat source for the
district heating system of the West housing estate in the
town of Brezno. The existing heat source consists of three
hot water boilers burning natural gas. A cogeneration unit
and water-to-water heat pumps will be added to the existing
heat source operation. The operation of the cogeneration
unit and heat pumps is designed without an external
connection to the electricity grid. Aligning the output of the
cogeneration unit with the consumption of heat pumps and
their peripherals is the main goal of the design. The
cogeneration unit and heat pumps will be used to prepare
hot water in an accumulative manner. The flow of the
heating heat transfer medium passes first through the heat
pump and then through the cogeneration unit, if the
temperature of the working medium is not sufficient, the
flow of the heat transfer medium for heating the hot water
also passes through the boiler. The real operational data on
which I based my proposal were provided to me by the heat
source operator for the period 2016 - 2018. I assessed the
proposal from the point of view of energy and economy.

of buildings states, inter alia, that EU Member States shall
encourage and consider high-efficiency alternative
systems such as:
a. decentralized energy supply systems using
energy from renewable energy sources,
b. combined heat and power generation cogeneration,
c. block heating or district heating or cooling,
especially if it uses energy from renewable
energy sources in full or in part,
d. use of environmental energy by means of heat
pumps, as far as it is technically, functionally
and economically feasible [5].
Point 35 of Directive 2012/27/EU of the European
Parliament and of the Council of 25 October 2012 on
energy efficiency states that high-efficiency cogeneration
and district heating offer significant potential for primary
energy savings [6].

Index Terms—cogeneration unit, district heating system,
heat pump, hot water

A. Description of the Site
Combined heat and power through a cogeneration unit
and heat pumps will be designed for the West housing
estate located in the town of Brezno, Slovakia. The
existing hot water boiler plant is situated near the Hron
River in the residential area of the Ladislav Novomeský
District. The proximity of a watercourse creates
preconditions for an excess of groundwater in the
surrounding subsoil – a source of low-temperature energy.
This energy will be transformed to a higher temperature
level by water-to-water heat pumps [4,7]. Fig. 1 shows an
external view of the boiler plant.

Introduction

According to Act No. 657/2004 Coll. on thermal
energy, as amended, the term district heating system
(DHS) means the supply of heat through public heat
distribution from one or more heat production facilities
[1]. It is a network, where heat sources (heating plants) are
located at a sufficient distance from the supplied areas.
The plants supply heat to secondary heat sources (heat
exchange stations), which are connected to the heating
systems of individual buildings [2]. District heating
systems allow for a flexible response to the needs of heat
consumers, thereby preventing construction of additional
local sources of air pollution [3].
Simultaneously, the depletability of fossil fuels, climate
change, and the consequences of human activity that result
in rising levels of atmospheric CO2 concentration force
society to consider using alternative or renewable energy
sources. In buildings, more than 80% of energy is used in
the form of heat, cold or electricity to ensure the comfort
of their users through energy systems such as heating,
ventilation and air conditioning, domestic hot water, and
electrical installations [4]. Therefore, the European Union
(EU) is issuing decrees, directives, and strategy papers
aimed at increasing the use of renewable energy sources
and reducing the energy intensity of heating, ventilation
and air conditioning systems [4].
Directive 2010/31 / EU of the European Parliament and
of the Council of 19 May 2010 on the energy performance

I.

OPERATION OF THE EXISTING HEAT SOURCE

Figure 1. External view of the boiler plant [7]

The district boiler plant is a source of heating water
and domestic hot water for 782 flats, ice arena, restaurant
and a retirement home. The total length of hot water
networks is 1 458 meters [8].
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B. Condition of the Boiler Plant
During heating season, there is uninterrupted 24-hour
operation. In summer, the boiler plant is in operation from
4:00 am to 11:00 pm, i.e. 19 hours. The heat transfer
medium is hot water with the original design temperature
gradient of 90/70°C. The heat source is represented by
three hot water boilers with a total output of 6.76 MW. A
flue gas heat exchanger is installed after each of these
boilers. Hot water preparation is realized through plate
heat exchangers connected in series as pre-heating and
water heating with the circulation of these exchangers
leading to better cooling of the return water to the boilers.
The cold water is preheated in condensing economizers
connected to a 6 300 litre preheating water storage tank to
store heat at a time when there is little or no hot water
withdrawal [7]. Fig. 2 shows the interior view of the
existing boiler plant.

Figure 2. Interior view of the existing boiler plant [7]

C. Energy Balance of the Heat Source
Hourly consumption of natural gas in m3 was provided
by the heat source operator for the period of 2016 - 2018.
Fig. 3 logically shows that the largest consumption of
natural gas was in the heating season and the lowest in the
summer season. The natural gas consumption also
depends on the climatic conditions in a given period [7].

Figure 4. Monthly values of total heat in kWh of natural gas during
2016 - 2018 [7]

II.

DESIGN MODEL FOR THE APPLICATION OF NEW
DEVICES

A. Operation of the New Heat Source
A cogeneration unit and heat pumps shall be installed
instead of the existing heat source - hot water boilers. The
energy source for driving the cogeneration unit will be
natural gas. The energy source for driving the heat pumps
will be the electricity produced by the cogeneration unit.
The cogeneration unit and heat pumps will be used to
prepare hot water in an accumulative way. The storage
tank will be located behind the cogeneration unit and heat
pumps and, at a time when the demand for hot water
consumption is reduced, the heated hot water will
accumulate in it. The accumulated heat will be supplied to
the grid at the time of increased demand. The essence of
the design is ensuring a continuous operation of the
equipment so that it works as long as possible and with a
minimum of starts [7].
B. Power of the Cogeneration Unit and Heat Pumps
To determine the optimal heat output of the device, we
need to know the domestic hot water consumption over 24
hours. The heat output of the device can be determined
based on the average hourly heat demand for domestic hot
water preparation in June. Working days - Monday,
Wednesday will be compared with a free day - Saturday.
Fig. 5 shows that the domestic hot water is supplied
between 4:00 am and 11:00 pm, i.e. 19 hours. On
weekdays, the hot water consumption is highest in the
morning and evening. On weekends, the hot water
consumption is increased compared to working days and it
is on average the same throughout the day [7].

Figure 3. Natural gas consumption in m3 over 2016 - 2018 [7]

By multiplying the values of natural gas consumption
by the calorific value of the fuel, the total amount of heat
contained in the natural gas was obtained. By comparing
the annual consumption of natural gas and the total heat
contained in natural gas, it was found that in 2017 was the
largest consumption of natural gas and thus the value of
total heat in natural gas [7]. On the contrary, in 2018, the
consumption of natural gas was 11.6 % lower than in
2017, as evidenced by the graph in Fig. 4.

Figure 5. Hourly heat demand for domestic hot water preparation over
24 hours on 3 June 2017 [7]

The average hourly heat demand for domestic hot water
preparation in 2016 was 275 kW, in 2017 it was 280 kW,
and in 2018 it was 267 kW. By comparing the data for the
period 2016 - 2018, the heat output of the cogeneration
unit and two heat pumps was set to 270 kW [7].
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The cogeneration unit and heat pumps will be located in
front of the boilers in the direction of the return heating
water flow. The heat transfer medium - heating water has
a temperature of 45 °C. The aim is to produce a heattransfer working substance - heating water with a
temperature of 60 °C. The temperature drop in the hot
water system is therefore 60/45 °C, which means that the
temperature difference ( ) is 15 K. A very important
parameter in the design of thermal outputs of the
equipment is also the volume flow that will flow through
the system. The volume flow that enters the system must
be equal to the volume flow that leaves it. The volume
flow at a heat output of 270 kW and a temperature
difference of 15 K is 15.48 m3/h. The heat pumps operate
with a primary gradient of 5/1 °C - this means that a lowtemperature heat source enters the heat pumps
(groundwater from wells) and is transformed in the heat
pumps to a higher temperature, transferred to the
secondary heating system circuit. Return heating water
with a temperature of 45 °C enters the heat pump and is
heated up by 10 K, which means that the water
temperature at the outlet of the heat pump will be 55 °C.
This time the temperature difference ( ) is known to be
10 K and the volume flow (M) through both heat pumps is
15.48 m3/h. The output of both heat pumps was calculated
to be 180 kW. It follows from the above that the heat
output of the cogeneration unit will be 90 kW. The
cogeneration unit works with a temperature gradient ( )
of 20 K as standard. This means that if water with a
temperature of 55 °C enters the cogeneration unit, the
cogeneration unit will heat the water to 75 °C at the outlet
of the cogeneration unit. I know determine the volume
flow rate that the cogeneration unit must take to reach 60
°C at the outlet of the unit and before entering the hot
water storage tank. The volume flow through the
cogeneration unit to reach 60 °C at the outlet of the unit
and before entering the hot water storage tank is 3.87
m3/h. For better controllability of the system, two identical
two-stage water-water heat pumps are proposed. The

advantage of a two-stage heat pump is that it has two
output stages and can therefore be operated on a single
compressor with half the output. Because the heat transfer
medium cools the primary heat transfer medium - the
pumped water, it could freeze and form icing on the heat
pump evaporator, which would be destroyed after a
certain time. Therefore, a separation heat exchanger was
used in the primary circuit to ensure an intermediate
circuit with antifreeze between the pumped groundwater
and the heat pump. Through a detailed recalculation, the
design of two identical heat pumps was determined, while
the heat output of one was 89.6 kW. For the cogeneration
unit together with the heat pumps to create a set, it is
necessary to harmonize their thermal outputs and also
electrical inputs, as the cogeneration unit will supply
electricity to the heat pumps. The interaction between the
heat pumps and the cogeneration unit was simulated using
calculation programs in cooperation with the supplier of
these devices. From the three simulations performed, the
most solution was selected, which set the heat output of
the cogeneration unit at 90 kW [7]. Fig. 6 shows a circuit
diagram of the cogeneration unit and heat pumps.
C. Hot Water Storage Tank
During the operation of the cogeneration unit and heat
pumps during the heating season, all the heat energy
produced by these devices is used to prepare domestic hot
water and to heat the heating water. In summer, when the
produced thermal energy is consumed only for the
preparation of heat, there may be an excess of heat
produced. These surpluses must be stored in a hot water
storage tank, from which they are tapped during peak
periods in the event of greater heat demand. If this excess
energy does not accumulate but flows into the system, the
temperature of the return heating water entering the heat
pumps can gradually increase, leading to overheating of
the heat pumps that may reach complete shutdown [7].
The volume of the storage tank was determined to be
10,000 litres by detailed calculations [7].

Figure 6. Circuit diagram of the cogeneration unit and heat pumps [7]
HE – heat exchanger, HP – heat pump, CU – cogeneration unit, AT – storage tank
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III.

RESULTS – ENERGY ASPECTS

A. Natural Gas Consumption
To be able to assess the proposed design from an
economic point of view, it is important to determine how
much natural gas is saved by installing new technological
equipment, a cogeneration unit and heat pumps, as
compared to the original condition. The equipment was
designed based on the operation and average energy
consumption in 2016 - 2018. The average natural gas
consumption was 598,740 m3/year and the average heat
produced by the heat source was 6,066,354 kWh/year for
the period 2016 – 2018 [7].
To estimate the future consumption of natural gas, we
have to determine the number of operating hours of the
individual devices and their output in winter, transition,
and summer season [7].
The number of days in individual periods, the number
of operating hours during the day, and the expected hourly
outputs of the set are given in Tab. I. Using these data, the
amount of thermal energy produced per year can be
determined. In real operation, however, there may be
moments when the equipment breaks down or there is a
planned shut down due to its maintenance, which is taken
into account by reducing the produced thermal energy by
5% [7]. For clarity, the data are shown in Tab. I.
The total thermal energy produced by the cogeneration
unit and heat pumps throughout the year is 2,249,049 kWh
= 2,249.05 MWh [7].
The thermal energy produced by boilers is 3,817,305
MWh. A very important data is the consumption of
natural gas by the cogeneration unit. The producer of the
cogeneration unit declares that the maximum hourly
consumption of natural gas is approximately 24 nm3/h at a
calorific value of natural gas of 35.5 MJ/m3 [9].
The consumption of natural gas for the cogeneration
unit in individual periods and throughout the year is
shown in Tab.II.

The total natural gas consumption by the cogeneration
unit throughout the year is 189,240 m3 [7].
The value of the total heat in natural gas is obtained as
the product of the total consumption of natural gas by the
cogeneration unit and the average calorific value of the
fuel (9.701 kWh / m3), which is 1,835,817 kWh. These
findings show that 1,835,817 kWh of energy consumed in
natural gas is needed to produce 2,249,049 kWh of heat
energy per year by the cogeneration unit and heat pumps.
To determine the total consumption of natural gas at a
heat source, we need to know the consumption of natural
gas by gas boilers. The consumption of natural gas by
boilers was calculated to 401,527 m3. It follows from the
above that the estimated total consumption of natural gas
at the heat source is 590,767 m3. If we look at the average
natural gas consumption before the installation of the unit,
which is 598,740 m3/year and the expected natural gas
consumption after the installation of the unit, which is
590,767 m3/year, it is seen that applying a cogeneration
unit and heat pumps should save 7,973 m3 of natural gas
as compared to the existing operation of gas boilers. At
the time when the application was being addressed, the
purchase price of natural gas per 1 kWh was 0.04234
euros [8]. By multiplying the saved amount of natural gas
by the average value of combustion heat (10.754 kWh/m3)
and the purchase price of natural gas, an annual saving of
3,631 euros is determined [7].
B. Electricity Consumed
A cogeneration unit is a device for the combined
production of heat and electricity [10]. A part of the
generated electricity is used for its consumption, the
predominant part is used to drive the heat pumps. It will
also power submersible pumps in pumping wells and
circulating pumps on the primary and secondary side.
Given that we produce electricity by high-efficiency
cogeneration, we can claim a supplement following the
Decree of the Office for Regulation of Network Industries
no. 18/2017 Coll. laying down price regulation in the
electricity sector [11].

TABLE I.
USE OF COGENERATION UNIT AND HEAT PUMPS THROUGHOUT THE YEAR [7]
Season

Months

Days

Operating
hours

Operating hours in
the season (h)

Hourly power of
equipment (kW)

Produced thermal energy reduced by 5%
(kWh)

Winter

7

212

24

5,088

300

1,450,080

Transition

2

61

24

1,464

270

375,516

Summer

3

92

19

1,748

255

423,453

-

8,300

-

2,249,049

CU +HP

12

365

TABLE II.
NATURAL GAS CONSUMED BY THE COGENERATION UNIT [7]
Season

Hourly natural gas consumption
by cogeneration unit (nm3/h)

Operating hours in the
season (h)

Final consumption of natural gas by the
cogeneration unit reduced by 5% (m3)

Winter

24

5,088

116,006

Transition

24

1,464

33,379

Summer

24

1,748

39,854

-

8,300

189,240
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Section 10, point 1, letter c of this Decree states that the
price of electricity produced by high-efficiency
cogeneration in the electricity producer's facility put into
operation from 1 January 2017 in a combustion engine
with natural gas fuel is 75.04 euros/MWh [11]. However,
this price is reduced by the price of electricity at a loss - it
is the arithmetic average of electricity prices to cover the
losses of all regional distribution system operators without
deviation costs [12]. The price of electricity for losses is
40.49 euros/MWh [12]. This value can be used to
calculate the amount of the own surcharge. The surcharge
on electricity is found from the difference between the
price of electricity produced by high-efficiency
cogeneration and the price of losses. The surcharge for
electricity is 34.55 euros/MWh [7].
To find the prices of revenues for high-efficiency
cogeneration, we have to determine how much electricity
is produced by the cogeneration unit each month and
throughout the year. The data and information provided by
the manufacturer of the cogeneration unit indicate that the
electrical power at full load of the unit will reach 86 kWe
and when alternating full and three-quarters of power in
the summer, we approach the average value of hourly
electrical power of 81 kWe [9]. To obtain the final values
of the electricity supplied to the equipment, for which we
can charge a surcharge, the own electricity consumption
needs to be deducted from the electric power of the unit,
as it is not covered by the surcharge. The manufacturer
states that the actual electricity consumption of the
cogeneration unit is 13 kWe [9]. The obtained data are
shown in Tab. III.
The electricity produced during the annual operation of
the facility will be 567,302 kWh per year, which
represents 567.302 MWh per year. This value is again
reduced by 5% due to a fault or maintenance on the
equipment [7].
As we know the surcharge for electricity and the
amount of electricity produced, we can use the product of
these items to find out what the revenues for highefficiency cogeneration will be [7].
Annual revenues for high-efficiency cogeneration
amount to 19,600 euros [7].
IV.

RESULTS – ECONOMIC ASPECTS

A. Investment Costs
If we want to find out the return on streamlining the
operation of the heat source through the cogeneration unit
and heat pump, we must first know what the investment
costs. As the manufacturer of the cogeneration unit also
deals with the installation and implementation of these
devices, he provided an indicative price offer [7].
The total investment costs for the implementation of the
work amount to 502,820 euros [9].

B. Cogeneration Unit Maintenance Costs
For the cogeneration unit, I consider the costs of
maintenance service of the cogeneration unit, including
work and transport within Slovakia, spare parts following
the expected engine wear, consumables, lubricating oil,
and coolant. The average cost per operating hour of a
cogeneration unit, including all the costs mentioned
above, is 1.54 euros/Mth [9].
The number of year-round operating hours of the
cogeneration unit was estimated to 8,300. Due to possible
failures or repairs on the equipment, we will reduce the
operating hours by 5 %. The resulting number of
operating hours is 7,885. If this figure is multiplied by the
average cost per 1 operating hour, the resulting annual
maintenance costs of the cogeneration unit amounts to
12,143 euros [7].
C. Heat Pump Maintenance Costs
The maintenance is considered to take place once a
year. Maintenance costs include routine maintenance,
refrigerant inspection, transport from Bratislava to Brezno
and back [7].
The annual maintenance costs for both heat pumps are
1,206 euros. The work of a service technician is already
included in this final price [7].
D. Profitability Based on Cash Flow
Since the streamlining of the operation of the heat
source is solved in the boiler plant, which is managed by
the energy company, I can claim a legitimate claim from
depreciation in the price of heat. We have to divide the
individual equipment and works into depreciation groups
and write off the relevant amount each year. This writtenoff amount represents cash income through the price of
heat (quasi-profit item without the need for taxation).
Subsequently, in the individual years, we apply the saved
finances on natural gas and revenues for high-efficiency
cogeneration. During these years, we also have to think
about the maintenance of the cogeneration unit equipment
and heat pumps, which represent negative items. With the
sum of profit and loss items in individual years, we work
towards the overall benefit from the operation of the
facility. Since the investment in the work is also a
negative item, its sum with the total benefit in the
operation of the equipment, I will work on the return of
the equipment, if the items will not be negative but
positive [7].The results are visualized in the form of
accumulated cash flow as shown in Fig. 7.
Fig. 7 shows that the revenue from depreciation,
financial savings on natural gas and revenues for highefficiency cogeneration will return the investment in 6
years from the installation of the equipment [7].

TABLE III.
AMOUNT OF ELECTRICITY PRODUCED BY THE COGENERATION UNIT [7]
Season

Months

Days

Operating
hours

Operating hours in
the season (h)

Hourly electricity
production (kWe)

Electricity produced reduced by 5%
(kWh)

Winter

7

212

24

5,088

73

352,853

Transition

2

61

24

1,464

73

101,528

19

1,748

68

112,921

-

8,300

-

567,302

Summer
CU +HP

3
12

92
365
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Figure 7. Cumulated cash flow [7]

V. DISCUSSION
The reason to apply the cogeneration unit and heat
pumps in the given operation was the fact that district
heating systems have the potential for high-efficiency
combined heat and power generation and efficient use of
environmental energy through heat pumps.These devices
can be installed separately, but as mentioned in the article,
there is also a presumption of the interaction of both
devices.
The cogeneration unit could also supply electricity to
the public electricity network, but at the time of this
optimization study, there was a ban on connecting new
larger sources of electricity to the public electricity
network.
The application of a cogeneration unit and heat pumps
to the existing operation of hot water gas boilers saves
fossil fuel - natural gas, the reserves of which are
gradually running out. The energy of the environment groundwater - is used instead. From an energy point of
view, the same or more heat energy is produced but less
fuel is consumed. As far as the economy is concerned,
saving fuel also saves money that would otherwise be
spent on buying it. Electricity is produced through a
cogeneration unit and there is no need to supply electricity
to the installations from the public grid, except in cases
where there is a failure or maintenance of the cogeneration
unit. They also evaluate the annual sales for combined
heat and power generation positively.
VI. CONCLUSION
To ensure energy efficiency, the original technologies
are gradually being replaced by modern equipment. First
of all, it is important to determine the area of operation of
these facilities, which is also affected by the determination
of performance. A cogeneration unit and heat pumps were
used to produce the heat needed to prepare hot water in an
accumulative way, especially in the summer. During the
heating season, the additional heat produced will not
accumulate but will be supplied to the heating network.
Only through the application of renewable energy
sources and combined production of electricity and heat in
district heating systems will Slovakia manage to meet its
targets by 2030. These include reduction of greenhouse
gas emissions by 20 % and increasing the share of energy
from renewable energy sources in gross final energy
consumption by 19.2 %. [13]
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