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The integrated optimisation modelling for the chiller-air handling units system is developed for increasing the
efficiency and energy utilisation of system. A building management system in the chillers network controls the
cooling load to ensure the specified desired set temperature of the cooling air within the building can be satisfied.
Unfortunately, the desired set point temperature of the cooling air is a fixed value and does not vary with the
dynamic change of cooling demand with different ambient temperatures. Therefore, the power consumption of
the chillers and the building cooling requirement with a wide range of different ambient temperatures is properly
modelled by optimising the performance of chillers, air handling units, cooling towers, and water pumps. The
linear programming model for the system is established to model a real representation of the chiller-air handling
unit system. The result shows that the optimal coefficient of performance is greater by about 7%-10% than the
current chiller system. The optimal power consumption of the chiller system reduces to 3%. Overall, the optimal
decision solutions could be used as the potential improvement strategy to control the desired set point values in

the building management system for efficient chiller-AHU system.

1. Introduction

The capability of efficient energy utilisation in heating, ventilation,
and air conditioning (HVAC) system should be the major focus in
achieving effective cooling demands and indoor thermal comfort.
Globally, the HVAC system is the primary energy end-use that is
reportedly accounted for 36% of emissions of greenhouse gases and 40%
of worldwide energy consumption (ASHRAE, 2019). One of the best
solutions to reduce energy consumption is optimising the HVAC system
operation to obtain optimal control solutions. The HVAC system is made
up of chillers, air handling units (AHU), cooling towers, and water
pumps. The energy consumption can be optimised by analyzing the
process integration of different equipment to satisfy the building cooling
demand. In addition, the building cooling demand varies according to
weather conditions (Chen et al., 2022). However, in the current con-
ventional control of the HVAC system, the variation of the cooling de-
mand has not been considered. The desired set point for return air
temperature for the building is a constant value and does not impact by
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the variation of the cooling demand due to weather conditions. Two
cooling effects from the current operation of the chiller-AHU system are
insufficient cooling which could result in an uncomfortable atmosphere
within the building and an excess cooling effect that would decrease the
chillers’ performance. The cause of this is that the building cooling de-
mand is undetermined and cannot be quantified by the changes in
ambient temperatures (Zulkafli et al., 2022). Therefore, this study de-
velops optimisation modelling for the whole integrated chiller-AHU
system to evaluate the optimum time-varying COP profile. The optimi-
sation technique of a Linear Programming (LP) Model, which considers
the cooling load, energy efficiency, and electricity bill can be regarded
as an ideal operational approach for the chiller-AHU units system. After
improving the operational decisions of the chiller-AHU system for the
building, energy savings can be measured. The assessment of energy
saving is regarded as the energy performance indicator to calculate the
energy rating score to earn recognition from the governmental energy
agencies.

The assessment of the coefficient of performance (COP) for the

Received 23 February 2023; Received in revised form 16 April 2023; Accepted 21 May 2023

Available online 22 May 2023

2666-7908/© 2023 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


mailto:nurizyan@utem.edu.my
www.sciencedirect.com/science/journal/26667908
https://www.sciencedirect.com/journal/cleaner-engineering-and-technology
https://doi.org/10.1016/j.clet.2023.100643
https://doi.org/10.1016/j.clet.2023.100643
https://doi.org/10.1016/j.clet.2023.100643
http://creativecommons.org/licenses/by-nc-nd/4.0/

N.I Zulkafli et al.

chiller system will allow for monitoring the main operating perfor-
mance. If insufficient cooling capacity generation happens with high
power consumption, the COP of chillers decreases. The chiller should
run at its highest COP to produce the appropriate cooling capacity with a
minimum amount of power consumption (Thangavelu et al., 2017). The
study by Ho et al. (Ho and Yu, 2021) revealed that the cooling load,
chilled water flow rate, and chilled water return temperature signifi-
cantly affected the value of COP of the particular chiller. COP is typically
not constant throughout operational time due to variations of control
techniques (Liu et al., 2017) and fluctuation in cooling load demands
(Sala-Cardoso et al., 2020) that substantially influence the power con-
sumption profile. The chiller’s coefficient of performance (COP), which
is frequently assumed to remain constant is inconsistent with the real
situation, particularly given that the chiller operates most of the time at
partial load. The modelling of cooling demands in the optimisation
approach can optimise the performance of the chillers and minimise
electricity by finding the possibility and the adaptability of the chiller
system (Shao et al., 2019). The cooling demands of the building are
difficult to estimate because of inaccurate design information and
insufficient operational data to estimate system performance (Huang
et al., 2018). The cooling demands are affected by different outside
ambient temperatures and the occupancy in the building (Kumar et al.,
2022). For instance, the study was performed to evaluate optimum en-
ergy saving and cost benefits for weather-based energy systems (Chen
etal., 2022). Similarly, a performance assessment was performed for the
all-air and water-air systems under changing climate. The cooling de-
mand for all-air systems was higher than that for water-air systems by
about 18% for different weather climates (Velashjerdi Farahani et al.,
2022).

The chiller-AHU system problem refers to the necessity to control the
operation of the chillers network according to the cooling load re-
quirements (Liao et al., 2017). The optimisation-based approach should
include integrated modelling for the chiller, cooling tower, and air
handling units, as the whole system is interdependent to operate effi-
ciently. However, AHU units have rarely been considered as a part of the
optimisation problem of the energy management system (EMS) of the
central chiller plant. Usually, AHUs are not fully integrated with the
EMS of the chiller system, although it will determine the actual cooling
demand of the building. If the integration of chiller-AHU system is done
and the room temperature is properly maintained with varied ambient
temperatures, the linear or mixed integer linear programming model can
offer the system’s ideal operation. By carefully balancing the operation
of fans, pumps, and chillers, the reduced overall power consumption of
the system is possible to attain (Zhang and Grossmann, 2016). In a
recent study, a 6.2% overall reduction in power requirement and a
12.3% decrease in electricity costs can be realised compared to con-
ventional control of HVAC systems (Wang et al., 2022a).

The current practice of manual control is not accurate to achieve
high operational efficiency since the operation of the chiller-AHU sys-
tem heavily depends on the cooling demand variation and the integra-
tion of the whole system. The building management system (BMS) is the
conventional control of the HVAC system. The BMS is the control system
for the automatic regulation and control of the HVAC system by main-
taining a predefined set point. The function of BMS is to control the flow
of energy by identifying parameters for improvement. However, a fixed
value is being set for the return air set point temperature of the building
and it is not changing according to different ambient temperatures
(Charef, 2022). The review of the sustainability framework for buildings
discovered that changing the set point temperature according to the
weather condition has resulted in reduction of energy consumption by
30% and carbon dioxide emissions by 56%, respectively (Kumar et al.,
2022). However, the exact set point temperature that varies according to
weather conditions is unknown. Only fixed values are being set based on
normal practice by the building owner (Merkert et al., 2015). An opti-
misation modelling needs to be done by accounting for the integrated
process of each set of equipment and the effect of weather conditions to
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investigate the optimal decision solution, performance, and energy
consumption of the chiller-AHU system. Therefore, the controlled
operating parameters in the BMS are proposed to follow the optimal
solution values, such as the return air temperature and chiller temper-
ature for different ambient temperatures.

The optimisation model for chillers-air handling unit systems under
various ambient temperatures will be the major literature topic of this
study. Table 1 displays the list of main contributions on the study of
chiller-AHUs system that considers energy consumption, cooling load
and demand, COP and weather conditions. From the list comparison in
Table 1, two main points to highlight the research gaps of the proposed
study can be emphasized. Firstly, the study of optimisation modelling of
chiller-AHUs system with the effects of ambient temperatures has not
yet been reported in the literatures because most of the studies did not
include the modelling of AHUs system as a part of the optimisation
problem for the integrated chiller system.

The second points of research gap is on the method of optimisation
approaches. Meta-heuristic methods have been popular in literary works
of optimisation problems to efficiently enhance solutions and lessen the
computational cost. Examples of methods that are frequently utilised in
solving chiller problems are genetic algorithms, neural networks, and
particle swarm optimisation. However, the capability to find conver-
gence is typically difficult to achieve from these techniques. The com-
plex optimisation problems can be solved effectively by the use of
mathematical formulation techniques to deliver computable decisions
and to effectively handle complex optimisation problems. The linear
programming (LP) model is one of the mathematical formulation tech-
niques. The LP model is formulated based on theoretical equations of the
optimisation problem to achieve towards minimising or maximizing the
objective function. The well formulated and global optimality-
guaranteed model are the major benefits of the LP model to achieve
quick and optimal solutions (Gbadamosi and Nwulu, 2021). The global
optimal solution from the formulations of the LP model will be the
baseline to investigate the current performance of the chiller-AHUs
system.

In addition, none of these study presented detailed optimisation-
based approach for chiller-AHUs system considering major operational
aspects (e.g., energy consumption, cooling load, COP, sensible and
latent heat) under a wide range of ambient temperatures and finding the
maximum COP profile that can be achieved by the whole system. The
proposed study extends the optimisation modelling of the chiller-AHUs
system introduced in Zulkafli et al. (2022) with the effect of various
ambient temperatures to obtain maximum COP profile for different time
periods.

The optimisation modelling framework for the chiller-AHU system is
formulated by combining the operational model for the chillers, AHU
units, and cooling towers. The main goal of this study is to represent the
interaction of various components in the system and to evaluate the
power consumption, coefficient of performance (COP), and potential
reduction in electricity bills with consideration of different ambient
temperatures. The novelty and the primary impact of this paper are.

e Formulation of optimisation modelling as a linear programming
model for the chiller-AHU system to obtain optimal decision solu-
tions at the minimum electricity cost.

e The optimal solution shows improvement in comparison to the cur-
rent operation of the chiller-AHU system in terms of power con-
sumption, coefficient of performance (COP), and electricity cost.

e The percentage of improvement for COP is 7%-10%, with a reduc-
tion of power consumption and electricity cost of 1%-3%.

2. Optimisation problem statement
The optimal decision results for the chiller-AHU system of a building

is the primary goal of the proposed optimisation framework. The com-
ponents in the optimisation model that define the optimisation problems



N.I. Zulkafli et al.

Table 1
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Lists of main contributions on the optimisation modelling of the chiller-AHU system.

Author Chiller AHU Cooling Load

Cooling Demand

Methods Energy consumption COP Weather condition

(Baakeem et al., 2018)

(Kim et al., 2022)

(Kong et al., 2021)

(Huang et al., 2018)

(Nagraj et al., 2022)

(Shao et al., 2019)

(Sun et al., 2020)
(Sadat-mohammadi et al., 2020)
(Wang et al., 2022b)

(Zulkafli et al., 2022)

AN N NN N
N N I I
AN N N N Y N N NN
N K K K K )

Conjugate direction method
Mixed-integer linear model
Evolution algorithm
Monte-Carlo simulation
Genetic algorithm
Accelerated particle swarm
Regression neural network
Non-linear model
Non-linear model

Linear model

AN N N N N Y N N NN
< HSNSSHESSSIUXSN
ET N N N i

of the chiller-AHU system are.

i. The operational time (t ¢ T) of the chiller-AHU system is distrib-
uted equally for every 10 min time interval starting at 8:00 a.m.
until 5:00 p.m.

ii. The effectiveness (el?i’) and air mass flow rate (rr'l(“il:’t)) for each
operational time are defined for every cooling tower (i € I).

iii. The minimum and maximum levels for air mixed temperature
(aJ’-"), air supply temperature (aj‘), mixed air moisture content
(a}"""), supply air moisture content (ajh), and the rate of change of
ambient temperature (gf"ix“’mide
handling unit (j € J).

iv. The minimum and maximum levels for chilled water return
temperature (a;) and chilled water supply temperature (a}),
maximum cooling load (q7;)), and chilled water mass flow rate

) are included for every air

(ﬁlfﬂ’)) are incorporated for every chiller (k € K).

v. The gradient coefficient (f ) and intercept coefficient (y) of
power consumption for every chiller to the change of chilled
water temperature is obtained from regression analysis.

vi. The fixed electricity tariff rates (¢¢) based on medium voltage

commercial tariff and high penalty cost (¢?“"“?) are given.

The main objective of the optimisation model is to minimise the total
electricity cost and to obtain the optimal decisions for the operation of
the chiller-AHU system. The optimal solutions from the decision vari-
ables for the optimisation model are:

i. The cooling capacity of an evaporator, heat rejection of the
condenser and the power consumption of the compressor for
every operational time.

ii. The chilled water return and supply temperature of the chiller.

iii. The partial load ratio of each chiller.

iv. The sensible and latent heat, air mixed and supply temperature,
and mixed and supply air moisture contents of the AHUs.

v. The heat rejection capacity of the cooling tower.

vi. The total cooling demand for all AHUs in the building.

3. Optimisation model for chiller-AHU system

The optimisation model for the chiller-AHU system is written as a
linear programming model (LP). The optimisation model is adopted
from the previous study (Zulkafli et al., 2022). In this study, a new set of
values for parameters is obtained from the building management system
(BMS), and the data collection for each chiller is from the installation of
a power logger and flow meter.

There are four key parts of the optimisation model. The first part of
the optimisation model is the cooling tower unit model, which accounts
for the condenser’s heat transfer balance, the cooling tower’s effec-
tiveness, and its heat rejection capacity. The second part of the opti-
misation model is the air handling units, which measure both the latent

heat of evaporation and the sensible heat of the building. The third part
is the chiller system which relates to the cooling load and cooling de-
mand of the building spaces. The last part of optimisation modelling
describes the objective function to minimise the total electricity costs for
the chiller-AHU system.

3.1. Cooling tower unit model

The function of a cooling tower is to reduce condenser water tem-
perature by exchanging its heat with ambient air. The cooling tower’s
effectiveness is crucially affected by the conditions of ambient air and
condenser water. The heat transfer balance for the condenser water
cycle is defined in equation (1) (Zulkafli et al., 2022).

Zm((]:rz) (h?ir,in _ h;u'r.uul) _ ZQ% VieT 1)

iel JjeJ

The m(j}, is the mass flow rate of ambient air, h{"" is the enthalpy of

inlet ambient air and h® " is the enthalpy of outlet ambient air.

The cooling tower’s effectiveness (sfi’) is considered in the heat
rejection capacity of the cooling tower (int_ t)) according to equation (2).

QE:,) _ E,H”M?::) (h?ir.in _ h}mr air.in) Vie IteT 2)

- air,min - air - air,max
" < My < il

0 (i o) Viel,teT 3)

Equation (3) defines the mass flow rate of air is within the range of
air,min
()
the cooling tower. Equation (4) defines the effectiveness of the cooling
tower.

- air,max

minimum (m ) and maximum (mm ) air mass flow rate that enters

Thnz waterin T(:o[d water,out
.air i i

i (T_hm water,in et bulb) x 100 4)

3.2. Air handling unit model

The air handling unit (AHU) is intended to provide cooled air to the
building spaces by exchanging the heat of the mixed hot air from the
building spaces with the chilled water cycle from the chiller. There are
two types of heat for building spaces, namely sensible heat (SH; ;) as
defined in equation (5), and latent heat (LH(;;)) as defined in equation
(8). Sensible heat relates to the thermal energy exchange between the
mixed hot air and the supply cold air.

Sty = e (T~ Ty ) WedieT ®
QST < M e e T ®)
a‘/:_l.min < T(\,uf)ph < ajlmax vj €JteT (7)

In equation (5), rr'li;;pp Y is the supply air flow rate from AHU to the room

and cfH is the sensible heat coefficient. The minimum and maximum
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level for mixed air temperature (T"“") is indicated as aj'" min and am i

respectively. The value of a“""" and ;™™ shows the range of the
minimum and maximum levels of supply air temperature (T7;’ .
ly LH ly
Lty =g (s - ) ke KiieT ®
a;mwmn < Mz;,u;; < amu max Vk c K, teT (9)
sh,mi; supply sh,i
""" < ME <ot Vke Kt eT (10)

The latent heat of evaporation is the heat required by the system to
evaporate water using heat from the air while the energy in the air is
maintained Equation (8) indicates the latent heat (LH;) calculation

involves the supply air mass flow rate (m "‘”Ply) specific heat coefficient
) and

supply air (Mi)’.f‘t’fly) of the AHUs. The minimum (a]'."”‘ miny and maximum

of air (cLH ), and the difference in humidity ratio for mixed air (M}

(a7™™™) bound for humidity ratio for mixed air are shown in equation

sh.min sh.max

(9) and the minimum (a;;"™") and maximum (o},
ratio for supply air as in equation (10).

The total heat of the building is the total sensible heat and latent heat
of all AHUs in the building as shown in equation (11).

) bound for humidity

Qbmldmg Z (SH(,“;) + LH(]'_;)) Vied,teT (11

jeJ teT
Equation (12) describes the temperature of the mixed air and the
degree to which it rises or falls relative to the temperature of the sur-
rounding air during normal hot and humid weather.

mu Olltsld(’

Tmu

G = tmix; + 1,

VieJ,teT:t=1 12

Tmzr Tmrx 5 + tzr,ulr Loutside Vj c J,l cT t>1

G0 TG

The initial mixed air temperature (tmix;) is set only for the first time
point of operational time. The mixed air temperature (T’gﬁ’;) is influenced
by the rate of change of the ambient air temperature (t’&%‘“““ide) for every
time point. This equation aims to simulate the fluctuations in ambient
temperature outside the building and the mixed air temperature inside
the building spaces.

3.3. Chiller unit model

Chillers are the key component of the chiller-AHU system. The chiller
system composes of a compressor, evaporator, and condenser. The
cooling load that is generated by the evaporator exchanges the heat of
chilled water with the refrigerant. The cooling load of the chiller varies
according to several factors, such as the size of the occupancy, the size of
the building, and the outdoor ambient temperature. It is important to
understand how the cooling load changes at different operational times.
Equation (13) represents the cooling load of the evaporator (er' ) that

consists of chilled water mass flowrates (mc,f(“‘t’)), the specific heat ca-

pacity of water (c,), and the change in the circulation temperature of
chilled water (T’}( 'I‘gk o)

oy = ien(Tiy = T3

7)) VkeKieT 13)

Q‘(;”t = err n Q{htller VKkeK,teT 14)

The heat rejection by the condenser (Q“” ) is calculated by using the
energy balance equation of the cooling load of the evaporator and power
consumption of the compressor in the chiller system as defined in
equation (14).

" < T, <o VkeKieT (15)
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" < T, <@ VkeKieT (16)

(kat

r,min rmax)

Equation (15) indicates the minimum (¢;™") and maximum (a;
temperature range of chilled water return (T7 t)) and equation (16) in-

S, min S.max

dicates the minimum (¢;;"") and maximum (") temperature range of

chilled water supply temperature (Tzk.t)).

The temperature of the chilled water returns to the chiller after it
cools the building is called as the chilled water return temperature. The
energy consumption of the chiller is affected by the partial load ratio and
the chilled water return temperature as shown in equation (17).

PLR k q”lﬂ\’
7], = W—W’ D VkeK,teT a7
m(kvl)cw
o
PLRu) = -0 vVkeK,teT 18)
c(k)

The partial load ratio (PLR) is the ratio of the actual cooling ca-
pacity (Qk[>) and maximum cooling capacity of the chiller (qc(k ) as
expressed in equation (18).

During the process of cooling, the power consumption of the chiller is
closely associated to the temperature change of chilled water according
to the study by Liu et al. (Lu et al., 2019) and Deng et al. (2015).
Equation (19) defines the power consumption of the chiller Qf,’(‘_‘g” along
the operational time of chiller operation.

L/u[[er _ ﬂ
(ki) <

The gradient coefficient of power consumption () and the coef-
ficient of power consumption (y,) are extracted from the regression
analysis. The historical data of the cooling load is plotted against the
temperature deviation of chilled water to get the value for the co-
efficients from the linear equation of a line.

Pumps are required to transport the circulating chilled water cycle
and the condenser water cycle. The cooling water flow rate in the pump
varies with the changes in the cooling capacity of the system. The vol-

ume flow rate (VCW and VCd), pumping head (H;""*" and H,idpump), and

pump efficiency (75""*™ and 7;*"™) are measured. The power con-

_ Tg,f_,)> +ruy VkEK,teT (19)

sumption of the condenser water pump (chp “") and chilled water pump

(chpw"p) is expressed in equations (20) and (21), respectively.

5 V HLdpump

O =k WKeKueT @
M
, 5 Vcw HCvpump
o = % VkeK,teT 21
k

Equation (22) illustrates the relationship that exists between the
cooling capacity of the evaporator er' (also known as the cooling

supply), and the heat rejection by the building Q) puilding (also known as the
cooling demand). External cooling requirement (Wt) with high penalty
cost is included in equation (21) to prevent the system from obtaining
external cooling from other resources. For example, the external cooling
requirement such as from the portable fans or air conditioners are
needed to support the insufficient cooling from the HVAC system in the
building. The total cooling demand of the building should be fully
satisfied by the cooling load (Zulkafli and Kopanos, 2017).

Zerr ZQ(urldmg + Wr VieT (22)

keK jeJ
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3.4. Objective function to minimise electricity cost

In this study, the goal of the optimisation model is to minimise
electricity costs for the chiller-AHU system by taking into account the
electricity costs for power consumption of the chillers and the pumps.

The penalty cost (¢#“"®?) is also added to the objective function when
external cooling is needed to cool the building. Equation (23) describes
the total linear cost objective function.

Z =min [z @ (

jed 1eT

chiller Ccwpum cdpum enalty
oy + O ) + erﬂf " Wx] (23)
i€
The electricity prices for commercial building is denoted as (¢&*).
According to the tariff rates set by Tenaga Nasional Berhad (TNB)
Malaysia, a fixed electricity tariff for commercial buildings is imposed
(TNB. Pricing and Tariffs, 2023).

4. Results and discussion

The proposed optimisation model for the chiller-AHU system was
implemented in a case study of the HVAC system in a building that
compromises 2 chillers, 2 cooling towers, and 17 air handling units. The
optimisation model for the case study was solved for each time point
from 8:00 a.m. until 5:00 p.m. with 10 min time intervals. The case study
of the chiller-AHU units system with consideration of ambient temper-
ature is developed by dividing the time interval into three parts of a day:

[ —— |
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the morning from 8:00 a.m. until 11:50 a.m., the early afternoon from
12:00 p.m. until 1:50 p.m., the late afternoon from 2:00 p.m. until 5:00
p-m. The time segregation is done in this case study to investigate the
effect of different ambient temperatures on the COP of the chiller.

4.1. A case study description of a chiller-AHU system

Fig. 1 presents the illustrative diagram of the operational network of
chiller-AHU system. The system consists of two cooling towers (i1 and
i2), seventeen air handling units (j1 —j17), and two chillers (k1 and k2).
The time point for a case study begins at t1 (8:00 a.m.) and ends at t55
(5:00 p.m.). The time interval for each time point is 10 min. Each chiller
has three main sets of equipment the compressor, condenser, and
evaporator. The compressor consumes electricity to increase the pres-
sure and drives the refrigerant gas in a continuous refrigeration cycle.
The refrigerant gas is cooled in the condenser where heat is rejected to
the condenser water cycle. The refrigerant is turned from gas to liquid in
the condenser. The hot condenser water in the cooling tower is cooled by
rejecting its heat to the surrounding air. Before the refrigerant returns to
the compressor, the refrigerant absorbs heat from the chilled water inlet
in the evaporator and the refrigerant will be evaporated. In the building,
the hot air enters AHU to exchange its heat with a chilled water outlet.
The cooled air leaves the AHU and returns to the building spaces to
provide cooling for the building. This process continues throughout the
air-conditioning time.

The list of main parameters for chiller units (k1 and k2) and cooling

h
*‘ chpump

o o o o e

Condense T
I water H
1
______________ I e
Q(clglr,t)
chiller chiller
Q(kl,t) Q(kZ,t)
Chilled water ( Q‘;Z;ﬂ > 0 -
Tsp T.rt supply (k2,t) <
(k1,t) k1) | . T(i2,t) T?fztﬁ"
Ts.lﬁﬁ%a" cwpump “1 ' cwpump “:1
G1-4, Qi) (k2,t) AL
— — . Tsupply air Iy ai
iy — ] rgele| T T+ — =
T mix mi. .
¥l ¥\ Ulfl“) ¥y Y \TUS—I ) TGothze Tmix
¢ ¢ Vlt ¢ ¢ Vaf ‘*h “‘\ :lr %H ¥¢\ (113—v|l'I,t)
AHU |- AHU AHU [ AHU  f—
A A A A
Cold indicator  Hot indicator
Chilled water

Condenser water

Air

Fig. 1. Illustrative diagram of the network operation of the chiller-AHU system.
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tower units (j1 —j 17) is shown in Table 2. Note that, two set of values for
each parameter for chiller units is displayed. The case study input pa-
rameters are obtained from the historical data of the building manage-
ment system (BMS) in the university building and the information from
the energy audit report. The electricity price is USD 0.0083/kWh ac-
cording to the electricity tariff rates (tariff C1) for medium voltage
commercial buildings (Berhad, 2014).

Fig. 2 shows the chilled water mass flow rate for chiller k1 and k2 for
the whole duration of the chiller operation in a day. The value for the
mass flow rate is calculated from the chilled water velocity that is ob-
tained from the BMS with a known cross-sectional area of the pipe and
the density of water.

Fig. 3 presents the gradient coefficient of power consumption and
Fig. 4 shows the intercept coefficient of power consumption for each
chiller. The values of these coefficients are obtained from the linear
regression between the power input and the chilled water temperature
deviation. The linear regression analysis is done according to the three
cases of weather conditions which are in the morning, early afternoon,
and late afternoon. According to the published work of Salari et al.
(Salari and Askarzadeh, 2015), the power coefficient of the chiller de-
pends on chilled water temperature deviation. Although the equation

Table 2
List of main parameters for chiller units and cooling tower units.

Parameter  Description Chiller (k1)/ Chiller (k2)/ Metric
Cooling Cooling unit
tower tower

h[f""-i" enthalpy of air enters 309.84 309.84 kJ/kg

the cooling tower

h;“'rv”“f enthalpy of air leaves 299.7 299.7 kJ/kg

the cooling tower

il airin enthalpy of saturation 307.83 309.34 kJ/kg

air

m?gl’li" minimum air mass 20 20 kg/s

flow rate

m;lif;«m‘lx maximum air mass 50 50 kg/s

‘ flow rate
edir heat transfer 0.173 0.133 -
effectiveness of
cooling tower
Cy specific heat of water 4.18 4.18 kJ/kg.°
C

qcliy maximum cooling 623 432 kg/s

capacity of chiller

a;-"“'" minimum chilled 12.17 12.34 °C

water return
temperature

™™ maximum chilled 14.62 14.47 °C

water return
temperature

ai-’”"" minimum chilled 7.14 6.85 °C

water supply
temperature

™™ Maximum chilled 8.12 7.70 °C

water supply
temperature

V;{W volume flow rate of 0.079 0.078 m3/s

chilled water

Ve volume flow rate of 0.078 0.078 m®/s

condenser water

H'PP pumping head of 19.8 19.8 m

chilled water pump

H}C(dpu"!p pumping head of 19.8 19.8 m

condenser water
pump

H;W“"’P chilled water pump 0.78 0.78 -

efficiency

ﬂ;dpump condenser water 0.58 0.56 -

pump efficiency

cfH specific heat of air j1-j17 1.21 kJ/kg.

C

c}LH latent heat of j1-j17 3000 kJ/kg

vaporisation

Cleaner Engineering and Technology 14 (2023) 100643

can be derived as a polynomial equation, to maintain linear model
formulation, the linear equation is obtained by interpolating these two
variables with a coefficient of determination (R-Squared) above 80% for
all the cases.

Table 3 lists all input parameters for air handling units, such as the
supply air mass flow rate from AHU to the building spaces, the air
temperature, and the humidity ratio. The supply air mass flow rate is
calculated by measuring the velocity of air that enters the AHU. The
mixed and supply air temperature is obtained from historical data in the
BMS. Finally, the value of the humidity ratio is obtained by referring to
the online interactive psychometric chart (FlyCarpet Inc, 2023) by
setting input data for air properties, which are the dry air temperature
and the relative humidity, to get the value of the humidity ratio.

4.2. Results analysis of the case study

The case study of the chiller-AHU system in the building has been
solved from equation (1) until (22) with the objective function of min-
imising the electricity cost of the system (equation (23)). The optimi-
sation modelling is written as linear programming (LP) model in GAMS
version 38.2 and solved by a CPLEX solver in an Intel(R) Core (TM) i7.
The optimal results are analysed and discussed in this section.

Fig. 5 shows the deviation of chilled water temperature and the
partial load ratio (PLR) of the chiller. The ratio of the current cooling
load and the maximum cooling load is defined as the PLR. The maximum
PLR for chiller k1 is at 12:20 p.m. and for chiller k2 is at 3:00 p.m. The
PLR for chiller k1 reduces due to lower cooling load, but the PLR for
chiller k2 shows the opposite trend at time 14:00. The current cooling
load changes at this time point due to the changes in the power con-
sumption profile (refer to Fig. 7). The chilled water return temperature
(TE}(‘[)) is influenced by the partial load ratio and minimum and

maximum limit of the chilled water return and supply temperature ac-
cording to equations (15)-(17).

Fig. 6 shows the comparison of normalised percentage analysis of
cooling load, power input, and condenser load for chiller k1 and k2,
respectively. The normalised percentage of a chiller is calculated as the
fraction of the current value and the maximum value for each category.
The power consumption profile follows the trend of the power coeffi-
cient in Figs. 3 and 4. For example, the power input for chiller k1 is
reduced at 12:00 because the value for the beta coefficient (Fig. 3) is
lower than the previous time point. On the other hand, the power input
for chiller k2 is increasing at 14:00 because the gamma coefficient
(Fig. 4) is higher than the previous time. The cooling load profile is
affected by the power consumption, condenser load, and partial load
ratio. The cooling load for chiller k1 is reduced at 14:00 h because the
partial load ratio (Fig. 5) and chilled water temperature deviation
(Fig. 6) are also reduced at the same time. Generally, the power input
trend for chiller k1 and k2 follow similar trends of cooling load and
condenser load profiles according to equation (14).

Fig. 7 displays the normalised percentage of the total cooling de-
mand profile for chiller-AHU system. The normalised percentage is the
fraction of the current cooling demand with the maximum cooling de-
mand. The total cooling demand is taken as the total heat rejected in the
building by measuring the total sensible and latent heat of the building
(equation (11)). At the beginning of the chiller operation, the total
cooling demand is expected to be high at around 98.5% due to the
starting up of the operation of the chillers to initially reduce the chilled
water temperature from ambient temperature to the desired cooling
temperature. After the desired cooling temperature has been achieved,
the total cooling demand is gradually declining until the time when the
weather temperature outside the building is relatively high, especially in
the early afternoon. The total cooling demand continues to increase until
achieving the maximum normalised percentage of cooling demand
which is at 100% at 15:00 h. After this hour, there is a slightly reducing
trend of the cooling demand profile because the total sensible and latent
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Fig. 4. The value for the intercept coefficient for each chiller over a time horizon.

heat are slightly reduced (Figs. 8 and 9) towards the end of the chiller-
AHU operation. According to equation (22), the total cooling demand
profile of the building in Fig. 7 should be the same as the cooling load of
the chillers.

The sensible heat and latent heat profiles for all AHUs in the building
are shown in Figs. 8 and 9, respectively. The sensible heat profile is
generally higher than the latent heat because the exchange of thermal
energy between mixed hot air and supply cold air is usually higher than
the heat released by the system during the constant-temperature pro-
cess. The profile trend for both sensible and latent heat shows a similar
trend to the total cooling demand profile.

Fig. 10 displays the power consumption comparison in the chiller-
AHU system. The total power consumption of the chiller-AHU system
consists of the power input of the chiller, chilled water pump, and

condenser water pump. The optimal chiller-AHU operation from the
results solution and the current chiller operation from the energy audit
report are compared. The percentage gap between the power con-
sumption of the optimal and the current chiller k1 and k2 are 3% and
1%, respectively. The same pattern is observed for the current and
optimal electricity cost for both chillers because electricity cost is
calculated by multiplying the power consumption with the fixed value of
the electricity tariff (Berhad, 2014).

Fig. 11 presents the optimal COP profile for each chiller throughout
the chiller-AHU operation. COP is the ratio of the cooling load and the
power consumption of the chiller. The high value of COP indicates
efficient chiller performance to produce maximum cooling load with the
minimum power consumption of the chiller and vice versa. The average
optimal COP for both chillers in the morning is about the same, with a



N.I Zulkafli et al.

Cleaner Engineering and Technology 14 (2023) 100643

Table 3
Air flow rate, air temperature, and humidity ratio for AHU.
AHU mz]lf;‘l?ply (kg/s) a]r_n.min Igo) a}"""“’( 9] (l}ft.min o) a;t.max o) a}nix.min a]l_nix.max ajs_h.min a;h.max
j1 8.612 21 22.1 14.8 20.4 0.011 0.012 0.008 0.010
j2 8.395 23 24.5 15.1 20.8 0.013 0.015 0.009 0.013
i3 4.373 24 25.6 17.8 21.0 0.015 0.017 0.011 0.015
j4 4.929 24 24.7 13.0 20.9 0.015 0.016 0.008 0.015
i5 4.130 23 25.9 15.6 22.4 0.014 0.018 0.009 0.013
j6 7.040 26 27.5 19.3 21.5 0.016 0.020 0.011 0.015
i7 7.040 24 26.0 13.3 21.3 0.014 0.017 0.007 0.014
i8 4.450 22 26.8 111 17.0 0.012 0.018 0.006 0.012
j9 6.044 25 28.8 11.6 21.2 0.014 0.019 0.007 0.014
j10 3.822 23 27.3 11.4 21.0 0.015 0.020 0.007 0.014
j11 3.703 23 25.6 14.4 21.6 0.015 0.019 0.009 0.015
j12 2.003 23 28.9 12.7 19.7 0.014 0.024 0.007 0.014
j13 3.185 24 26.1 17.0 21.4 0.015 0.018 0.010 0.015
jl4 9.262 25 27.4 9.9 20.2 0.014 0.016 0.006 0.013
j15 9.012 25 27.3 9.6 20.1 0.014 0.016 0.006 0.013
jl6 6.892 24 25.0 12.3 21.3 0.014 0.014 0.007 0.013
j17 8.823 25 25.8 12.1 21.1 0.014 0.015 0.007 0.013
6.00
5.50
o 5.00
= 4.50
©
= 4.00
g 3.50
© 3.00
= 2.50
£ 2.00
© 1.50
o
1.00 >
0.50
0.00
© O O ©O ©O ©O O O O O OO0 OO0 OO0 o oo oo oo O o o oo
2aaageqgdgeoeaNagaeqaIeeaAageoeqaTeNgTeoeqNTedNT
0 00 0 O O 6O ©O O O ™ ™ ™ N N N M O MO <~ T T OHLWLLWL O© © O© M~
T T T T T T T T T T T T T T OT O OT O™ O™ O™ O™ v o

PLRi1

Time (hour)
PLR i2

dTil —dTi2

Fig. 5. Partial load ratio and chilled water temperature deviation for each chiller.

COP of around 4.7 to 4.9. In the early afternoon, COP for chiller k1 is
higher than the chiller k2 because the cooling load for k1 is generally
high relative to decreased power consumption (Fig. 6). The COP for
chiller k2 increased in the late afternoon with the average optimal COP
of 5.96 due to the same reason.

Table 4 presents the comparison of optimal and current average COP
for each chiller. The optimal COP is obtained from the optimal solution
of the optimisation modelling of the chiller-AHU system. The current
COP is calculated from the historical data collection of the cooling load
and power input of the chiller. In general, the optimal COP for both
chillers is higher than the current COP. The average optimal COP for k1
is 4.95 and for k2 is 5.21. According to the ASHRAE chiller plant effi-
ciency chart (Hartman, 2001), the COP above 4.8 indicates a
high-efficiency optimised chiller plant. The percentage difference for
chiller k1 and k2 are 7.3% and 10% improvement, respectively. This
percentage difference may represent a potential capability solution from
the optimisation modelling of the chiller-AHU system to increase the
efficiency of the actual chiller operation.

The proposed potential solution can be in terms of controlling the
percentage of valve opening of the chilled water flow rates from the
building management system (BMS) to regulate the chilled water tem-
perature and set the desired range value of the chilled water supply
temperature. The comparison of the optimal and current average chilled
water return and supply temperature is shown in Table 5 and Table 6,
respectively. The main parameter to observe is the chilled water

temperature deviation between the chilled water return and supply
temperature. The chilled water temperature deviation (dT) for chiller k1
and k2 for optimal operation is greater than that of the current chiller
operation. The higher value of temperature deviation means that the
cooling load of the chiller will be higher at specified chilled water mass
flow rates while maintaining the minimum power consumption of the
chiller. As a result, a high COP value is obtained according to Table 3.

As discussed previously, the optimal decision results are generated
and analysed to search for the potential capability of the system to
implement optimal decision solutions. The main objective of the
developed optimisation model of the chiller-AHU system is to minimise
electricity cost and obtain the maximum value of COP. If the actual
system is capable to follow the proposed optimal decision from the
model solutions, the potential of minimising the electricity bill in com-
parison to the previous chiller-AHU operation will be significantly
realised because the minimum benchmark of the optimised cost is
known from the model solutions. The next step is to set up an on-site
demonstration of the chiller-AHU system by testing potential parame-
ters in the BMS of the chiller-AHU system according to the optimised
results for a few weeks or months. The performance evaluation in terms
of electricity cost and COP calculation will be completed to analyse the
comparison of the current set point values with the optimal set point
values. Additionally, the site demonstration will be successful if the
minimum electricity bill can be established and a high value of COP can
be acquired (Kim et al., 2022).
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Table 4
COP comparison for the chiller-AHU system based on different cases of the
surrounding temperature.

Case Morning Early Afternoon Late Afternoon Average
Current k1 4.49 4.67 4.65 4.61
Optimal k1 4.75 5.20 4.90 4.95
Current k2 4.71 4.75 4.75 4.74
Optimal k2 4.89 4.76 5.96 5.21

5. Conclusion

In developing an optimisation model for the chiller-AHU system, the
modelling interaction of each set of equipment must be considered in
representing the actual cooling process of a building under a wide range
of ambient temperatures. The whole chiller-AHU system, which is
composed of the cooling tower system, chiller network, and air handling
units were properly modelled in this study by accounting for different
ambient condition, which is in the morning, early afternoon, and late
afternoon. For realising optimal operation, correlation analysis of the

empirical data of power consumption and temperature deviation of
chilled water cycle under different weather conditions was investigated
to predict the chiller power consumption. An AHU model was developed
based on the mixed air temperature, which varied with ambient tem-
perature, and the cooling tower model accounted for the cooling tower’s
effectiveness under different ambient conditions.

This study showed that the performance of the current chiller-AHU
system in the building can be further improved by about 7-10%. To
achieve the optimal COP, the chilled water temperature for the chiller
and return air temperature for AHU can be set in the BMS or at the on-
site plant by following the optimal decisions. However, the pragmatic
approach to test whether the optimal decisions of the chiller-AHU model
is capable of reducing electricity bills is by implementing onsite
demonstration in the real chiller-AHU system of the building. Further
analysis of the performance evaluation is needed to prove that the
optimal decision from the solution of the chiller-AHU model is indeed
more efficient than the current practice. Nevertheless, this study can be a
baseline for obtaining a high energy star rating for the green building by
minimising energy consumption to ensure sustainable energy practices
in the building.

Table 5

Optimal and current chilled water return and supply temperature for chiller k1.
Case Morning (°C) Early Afternoon(°C) Late Afternoon (°C) Average(°C)
Current Tf,, 12.90 12.17 12.36 12.48
Current T, , 8.74 8.20 8.52 8.49
dT k1 4.16 3.97 3.84 3.99
Optimal T}, 12.23 12.42 12.16 12.27
Optimal Tﬁu) 7.42 7.14 8.12 7.56
dT k2 4.81 5.28 4.04 4.71

Table 6
Optimal and current chilled water return and supply temperature for chiller k2.

Case Morning (°C) Early Afternoon (°C) Late Afternoon (°C) Average(°C)
Current T, 12.77 12.34 12.84 12.65
Current Tziz.r) 8.41 7.79 8.13 8.11

dT k1 4.36 4.55 4.71 4.54
Optimal Tf, 12.34 12.34 12.68 12.45
Optimal T(}, 7.70 7.70 6.85 7.42

dT k2 4.64 4.64 5.83 5.03




N.I Zulkafli et al.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

Data will be made available on request.

NOMENCLATURE

Indices and Sets

Cleaner Engineering and Technology 14 (2023) 100643
Acknowledgment
This study is supported by the Universiti Teknikal Malaysia Melaka

for giving financial and research support through the Short Term
Research Grant (PJP/2021/FKM/S01809).

iel cooling tower

jeJ air handling unit

kekK chiller

teT time

Parameters

a}"'mi" minimum air mixed temperature (°C)

a}"‘m‘l" maximum air mixed temperature (°C)

a}"i"""‘” minimum mixed air moisture content

a}"i"'m" maximum mixed air moisture content

a;t""i" minimum supply air temperature (°C)

a;t‘m“x maximum supply air temperature (°C)

a;h’mi” minimum supply air humidity ratio

a;h‘""’x maximum supply air humidity ratio

a,'(’"’i" minimum chilled water return temperature (°C)
a,’(‘m‘”‘ maximum chilled water return temperature (°C)
ai""i" minimum chilled water supply temperature (°C)
" maximum chilled water supply temperature (°C)
By gradient coefficient of power consumption (kW/°C)
c]-SH specific heat of air (kJ/kg.K)

CJLH latent heat of vaporisation (kJ/kg)

Cw specific heat of water (kJ/kg.K)

Ok specific weight of water

Y (k) intercept coefficient of power consumption (kW)
edr heat transfer effectiveness of cooling tower

Rgirin enthalpy of air enters the cooling tower (kJ)
hfir‘"”t enthalpy of air leaves the cooling tower (kJ)

R @it enthalpy of saturation air based on temperature of water entering the cooling tower (kJ)
H™™  pumping head of chilled water pump (m)
H,id‘””"'p pumping head of condenser water pump (m)
rhz‘ii)”’"i" minimum air mass flow rate (kg/s)

m?ll)r M maximum air mass flow rate (kg/s)

m?,’:‘f) chilled water mass flowrate (kg/s)

;P Y supply air flow rate from AHU to room (kg/s)

e T"™  chilled water pump efficiency

%™ condenser water pump efficiency

pdle electricity prices ($/kW)

de"ahy penalty cost ($/kW)

tﬁf;“’”mde degree of changes of the ambient temperature (°C)
qei maximum cooling capacity of chiller (kW)

V,C(W volume flow rate of chilled water (m3/s)

V,C(d volume flow rate of condenser water (m>/s)

12
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Decision Variables

LHjy latent heat of AHU (kW)
M'(ll"t) mass flowrate of air enters the cooling tower (kg/s)
MG humidity ratio of mixed air
My Y humidity ratio of supply air
PLR(,  partial load ratio
QZ'ftiédi"g total heat rejection capacity in the building (kW)
Qi power consumption of the chiller (kW)
fo{) heat transfer of the condenser (kW)

ff 9 heat rejection capacity of cooling tower (kW)
inf[) cooling load of the evaporator in the chiller (kW)
Qf,‘:f’[’)”mp power consumption of chilled water pump (kW)
Qf,‘fﬂ')’"lp power consumption of condenser water pump (kW)
SHjy sensible heat of AHU (kW)
T’G‘g air mixed temperature (°C)
T‘z]l.f‘t’)pb' air supply temperature (°C)
T(’,f“) chilled water return temperature (°C)
T(‘it) chilled water supply temperature (°C)
W, penalty value due to insufficient cooling load (kW)
Appendix

A. Data for chilled water mass flow rate, mf,f‘;) (kg/s) for each chiller unit
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Time period (t) Chiller k1 Chiller k2
8:00:00 25.8568 32.19596
8:10:00 26.34833 31.98258
8:20:00 26.29524 31.43965
8:30:00 27.1729 30.28384
8:40:00 26.55408 29.71061
8:50:00 26.55922 28.95051
9:00:00 25.69266 28.50581
9:10:00 25.44458 28.59495
9:20:00 25.30525 28.53561
9:30:00 25.62921 27.97323
9:40:00 25.09253 27.91389
9:50:00 24.47216 27.77929
10:00:00 25.9019 27.34293
10:10:00 24.38572 27.15051
10:20:00 23.51356 27.02929
10:30:00 24.44489 27.01187
10:40:00 23.66474 26.83838
10:50:00 24.34029 26.63965
11:00:00 23.65722 26.64722
11:10:00 24.351 26.78788
11:20:00 24.31667 26.94141
11:30:00 23.79748 26.66591
11:40:00 23.84851 26.85328
11:50:00 23.8956 27.08434
12:00:00 24.12821 27.20934
12:10:00 24.12445 26.97801
12:20:00 24.57625 26.81759
12:30:00 23.99387 26.89005
12:40:00 24.08828 27.1963

12:50:00 23.88563 27.14398
13:00:00 24.1458 27.15202
13:10:00 24.57742 27.19722
13:20:00 24.43706 27.0197

13:30:00 24.33317 26.96465
13:40:00 24.16067 26.89874
13:50:00 24.72648 26.96869
14:00:00 24.27432 26.90429
14:10:00 23.74466 27.15581
14:20:00 24.81633 27.19672
14:30:00 24.50114 27.15429
14:40:00 24.01397 27.16465

13
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(continued)
Time period (t) Chiller k1 Chiller k2
14:50:00 24.11524 27.18258
15:00:00 23.9207 27.21818
15:10:00 23.92861 27.25
15:20:00 24.01432 27.32323
15:30:00 24.14836 27.50707
15:40:00 24.14575 27.46995
15:50:00 24.30999 27.46465
16:00:00 24.76669 27.4053
16:10:00 24.32691 27.44773
16:20:00 24.47221 27.46136
16:30:00 24.65094 27.48131
17:00:00 24.85903 27.39242
B. The value for the gradient coefficient, B ,) (kW/°C) for each chiller over a time horizon
Time period (t) Chiller k1 Chiller k2
8:00:00 23.114 28.677
8:10:00 23.114 28.677
8:20:00 23.114 28.677
8:30:00 23.114 28.677
8:40:00 23.114 28.677
8:50:00 23.114 28.677
9:00:00 23.114 28.677
9:10:00 23.114 28.677
9:20:00 23.114 28.677
9:30:00 23.114 28.677
9:40:00 23.114 34.918
9:50:00 23.114 34.918
10:00:00 23.114 34.918
10:10:00 23.114 34.918
10:20:00 23.114 34.918
10:30:00 23.114 34.918
10:40:00 23.114 34.918
10:50:00 23.114 34.918
11:00:00 23.114 34.918
11:10:00 23.114 34.918
11:20:00 23.114 34.918
11:30:00 23.114 34.918
11:40:00 23.114 34.918
11:50:00 23.114 34.918
12:00:00 3.8923 34.918
12:10:00 3.8923 34.918
12:20:00 3.8923 6.7076
12:30:00 3.8923 6.7076
12:40:00 3.8923 6.7076
12:50:00 3.8923 6.7076
13:00:00 3.8923 6.7076
13:10:00 3.8923 6.7076
13:20:00 3.8923 6.7076
13:30:00 3.8923 6.7076
13:40:00 3.8923 6.7076
13:50:00 3.8923 6.7076
14:00:00 25 6.7076
14:10:00 25 6.7076
14:20:00 25 6.7076
14:30:00 25 6.7076
14:40:00 25 6.7076
14:50:00 25 —3.2812
15:00:00 25 —3.2812
15:10:00 25 ~3.2812
15:20:00 25 —3.2812
15:30:00 25 —3.2812
15:40:00 25 ~3.2812
15:50:00 25 —3.2812
16:00:00 25 —3.2812
16:10:00 25 -3.2812
16:20:00 25 —3.2812
16:30:00 25 —3.2812
16:40:00 25 —3.2812
16:50:00 25 —3.2812
17:00:00 25 —3.2812
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C. The value for the intercept coefficient, y,, (kW) for each chiller over a time horizon

Time period (t) Chiller k1 Chiller k2
8:00:00 -1.7307 —-16.577
8:10:00 —1.7307 —-16.577
8:20:00 -1.7307 -16.577
8:30:00 -1.7307 —-16.577
8:40:00 —1.7307 —-16.577
8:50:00 —1.7307 —-16.577
9:00:00 -1.7307 -16.577
9:10:00 -1.7307 —16.577
9:20:00 —1.7307 —-16.577
9:30:00 -1.7307 -16.577
9:40:00 -1.7307 —46.999
9:50:00 —-1.7307 —46.999
10:00:00 -1.7307 —46.999
10:10:00 -1.7307 —46.999
10:20:00 -1.7307 —46.999
10:30:00 -1.7307 —46.999
10:40:00 -1.7307 —46.999
10:50:00 -1.7307 —46.999
11:00:00 -1.7307 —46.999
11:10:00 -1.7307 —46.999
11:20:00 -1.7307 —46.999
11:30:00 —1.7307 —46.999
11:40:00 -1.7307 —46.999
11:50:00 -1.7307 —46.999
12:00:00 82.509 —46.999
12:10:00 82.509 —46.999
12:20:00 82.509 78.012
12:30:00 82.509 78.012
12:40:00 82.509 78.012
12:50:00 82.509 78.012
13:00:00 82.509 78.012
13:10:00 82.509 78.012
13:20:00 82.509 78.012
13:30:00 82.509 78.012
13:40:00 82.509 78.012
13:50:00 82.509 78.012
14:00:00 -17.3 78.012
14:10:00 -17.3 78.012
14:20:00 -17.3 78.012
14:30:00 -17.3 78.012
14:40:00 -17.3 78.012
14:50:00 -17.3 129.34
15:00:00 -17.3 129.34
15:10:00 -17.3 129.34
15:20:00 -17.3 129.34
15:30:00 -17.3 129.34
15:40:00 -17.3 129.34
15:50:00 -17.3 129.34
16:00:00 -17.3 129.34
16:10:00 -17.3 129.34
16:20:00 -17.3 129.34
16:30:00 -17.3 129.34
16:40:00 -17.3 129.34
16:50:00 -17.3 129.34
17:00:00 -17.3 129.34
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