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Abstract: The automation strategies currently used in HVAC systems do not control the system
temperature variables (supplied air, chilled, and condensation water temperatures) in an optimized
way. Normally, these temperatures are fixed in design conditions, or vary according to the weather
conditions. However, studies demonstrate that adequate control of these three temperatures can
provide significant reductions in the energy consumption of the air conditioner system. Therefore,
this work analyzes the benefits of individualized and integrated automation of these three variable
temperatures in different tropical and subtropical weather conditions through computer simulation
for a typical commercial building. The results of integrated automation show savings in consumption
between 5.03% and 19.68% compared to a fixed control, and between 3.22% and 8.21% compared to
a weather-based control alone, showing that the integrated strategies are better than both models
adopted as market benchmarks.

Keywords: commercial building air conditioning; energy efficiency; control optimization; integrated
strategies

1. Introduction

Energy consumption in buildings accounts for 32% of the global energy consump-
tion [1], reaching 40% in Europe [2] and in the USA [3]. In Brazil, the commercial sector
accounts for 15.7% of consumption [4]. Most of the consumption of a commercial building
is due to the HVAC system, representing 50% of the building consumption in the USA [2],
76% in Europe [5] and 47% in Brazil [6]. Therefore, ways of reducing the consumption of
this system must be investigated.

This work focuses on automation strategies in the chilled water plant of the HVAC
system to reduce the building consumption. The HVAC system removes the thermal load
from conditioned spaces by controlling three temperatures: supplied air temperature (Tas);
chilled water temperature at the outlet of the chiller (T, ); and water temperature at
the outlet of the cooling tower (Tcww). This control acts by varying three flow rates: air
supply flow; chilled water flow in the coil; and airflow in the cooling tower. Therefore,
automation acts on these flow parameters and controls the temperatures (Tas, Tehy, and
Tctw) as a function of the variation in the thermal load.

The simplest control strategy is to keep the three temperatures fixed to the design
condition (worst-case scenario), following the RTQ-C, which is the Brazilian regulation
on technical requirements and methods for classifying commercial buildings for energy
efficiency [7]. This strategy is very inefficient since this situation occurs only 1% of the
time and the system is oversized by 15% [8]. A more efficient strategy is to control the
three temperatures as a function of outside weather conditions, following ASHRAE 90.1 [8].
However, this strategy is not optimized, as it does not consider variations in thermal load
which is an important parameter according to [9].
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Several studies in the literature show significant savings in HVAC consumption
when optimized strategies of control are also based on thermal load variations. Using
computational simulation, Ahn and Mitchell [10] show the possibility to obtain an optimum
point for each one of three controllable temperatures in a specific condition. However,
operational conditions change over time and this optimum point needs to be readjusted.

Albieri et al. [11] showed the possibility of reducing energy consumption with an
isolated control of the Ty,,. The authors developed an algorithm to control Ty, in a chiller
with air condensation, which increased the seasonal efficiency of the chiller by 9.1%.

Concerning T,s optimal control, Wang and Song [12] obtained a reduction in HVAC
consumption with this strategy, with higher values for lower outside temperatures and
lower partial thermal loads. Similar behaviour was also observed by Ke and Mumma [13]:
an annual reduction of 6.2% in Pennsylvania, with higher values in the spring and fall.

Finally, for the isolated control of the Ty, Braun and Diderrich [14] observed that
there is an optimal point for the chiller-tower system. Additionally, Li et al. [3] showed
a change in the optimal point change with the variation in the thermal load and weather
conditions, indicating that Tt needs to be adjusted for each momentary condition. A
similar behaviour was observed for Liu and Chuah [15], who obtained an annual energy
consumption ranging from 4.1% to 5.9% for the chiller tower system.

By integrating two temperature controls, Parameshwaran et al. [16] simultaneously
optimized T,y and T,s and obtained a saving of 7.9% for an analysis of a dairy industry in
India. Lee and Cheng [17] optimized the Ty / Tetw pair and obtained reductions of 9.4%
in Taiwan in a summer week and 11.1% in a winter week.

The studies presented and others show that an optimized control of the aforemen-
tioned temperatures (Tas, Tepw, and Tetw), both individually and combined in pairs, provide
an optimization of energy consumption in air conditioning operation. In this sense, there is
the possibility of increasing these gains with the full integration of the three temperature
controls, and the possibility of analyzing such gains in tropical and subtropical weather
conditions typical of countries such as Brazil, China, India, and others. Thus, by means of
computational simulation, this study analyzes the impact of temperature control strategies
(both isolated and integrated) in different Brazilian cities.

The results of this work indicate the benefits of both individualized and integrated
automation of these three variable temperatures for a typical commercial building, by the
reduction in energy consumption with a basically negligible cost in terms of return on in-
vestment since it involves the man-hour cost for reprogramming the control logic of existing
systems and eventually a readjustment/repositioning of some sensors and actuators.

2. Materials and Methods
2.1. Building Parameters

For the present study, a building with 10 floors and a 35 x 35 m quadratic plant is
shown in Figures 1 and 2. The core and the elevator hall are located in the centre of the
floor, and the office areas are located at the perimeter, which is maintained at 24 °C. The
floor has a height of 2.8 m plus a plenum of 1.15 m, totalling 3.95 m.

To analyze Brazilian weather, the Brazilian standard NBR 15220 [18] is used; it divides
the country into eight bioclimatic zones with similar weather conditions, as shown in
Figure 3. The study considered a representative city for each zone with its respective
weather file to extrapolate the results for the entire Brazilian territory, as indicated in
Table 1.

According to [8], the requirements for the building envelope for each bioclimatic zone
(global heat transfer coefficient U and solar heat gain coefficient SHGC) are presented in
Table 2, and a vertical glazing of 40% of the area of the walls is considered.
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Figure 1. 3-D view of the considered building.
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Figure 2. Building floor plan.

Table 1. Representative cities for the Brazilian bioclimatic zones [18,19].

Bioclimatic Zone Representative City Weather File
1 Curitiba BRA_PR_Curitiba.838420_INMET.epw
2 Santa Maria BRA_RS_Santa.Maria.839360_INMET.epw
3 Sao Paulo BRA_SP_Sao.Paulo.837810_INMET.epw
4 Brasilia BRA_DF_Brasilia.867150_INMET.epw
5 Macaé BRA_R]J_Macae.868910_INMET.epw
6 Goiania BRA_GO_Goiania.834230_INMET.epw
7 Teresina BRA_PI_Teresina.818320_INMET.epw

. . BRA_RJ_Rio.de.Janeiro-

8 Rio de Janeiro Vila.Militar.868790_INMET.cpw

Table 2. Values of U and SHGC for representative cities [8].

R irement Zones Zones Zones
equirements 12 3/4 5/6/7/8

Exterior walls 0.479 0.705 0.705

U[W/m2K] Exterior roofs 0.273 0.273 0.360
Vertical glazing 3.410 3.970 6.810

SHGC Vertical glazing 0.25 0.25 0.25
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Figure 3. Brazilian bioclimatic zones. Reprinted with permission from ref. [18]. Copyright 2005
Associagdo Brasileira de Normas Técnicas (ABNT).

A medium/high occupation density is adopted according to the standard NBR
16401 [20], which considers a 9.3 m? workplace and an equipment power density of
16.2 W/m?. The light power density follows [8], which determines 10.50 W/m? for offices,
7.1 W/m? for corridors, and 7.42 W /m? for the core (adopting the distribution of 30% for
restrooms, 30% for stairs, 20% for technical areas and 20% for lift and technical shafts). The
operation schedule used in the simulation follows the office building operation described
in [21].

Figure 4 shows the diagram of the HVAC system considered for this study, following
Appendix G of ASHRAE 90.1 [21]. It comprises an electric chiller with screw compressor
and water condensation, a cooling tower with a two-speed axial fan, a primary chilled
water circuit with constant flow and a secondary circuit with variable flow, interlocked
chilled and condensing water pumps for each chiller, and air distribution by VAV boxes
with electric coil for heating. To keep the primary loop water flow rate constant and the
secondary loop flow rate variable it is necessary to install a bypass valve between the two
loops to allow the difference in the flow between the secondary loop and the primary loop
to recirculate in the primary loop.

A system with a capacity of less than 300TR was considered and an air renewal rate
of 27 m3/ person/hour was adopted [22], as it is more restrictive than ASHRAE 62.1, [23]
and [20]. The efficiencies of each piece of equipment used in the model (chiller, pumps,
cooling towers, and fan-coils) are defined by [8].
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Figure 4. HVAC system diagram.

2.2. Modelling of Automation Control Strategies

The modelling follows the equations of the EnergyPlus™ documentation [24]. The

Energy Management System (EMS) feature was used for implementing specific con-
trol strategies, which allows writing custom routines for EnergyPlus™ to describe the
control algorithms.

EnergyPlus™ EMS has many objects, for example:

- EMS:Sensor to read some variable;

- EMS:Program to create a program that the user wants to run;

- EMS:Subroutine to create subroutines that can be called by the EMS:Program;

- EMS:ProgramCallingManager to specify when a given program should be executed;
- EMS:Actuator to actuate in the EnergyPlus™ as a controller.

EMS:Program was used to create a program that calculates at each time step the
consumption of the equipment of HVAC for a temperature range (0.5 °C) of the three
temperatures studied. There was a program for each temperature (T, Tas, Tetw) that
calls a subroutine for each equipment consumption of the HVAC system. The temperature
is varied in steps of 0.1 °C within the range considered, after which the temperature is
adopted as the value that results in the lower HVAC energy consumption for the range.

For energy calculations, the EnergyPlus™ Simulate Building System was used. It is
divided into 3 loops (air loop, plant loop, and condenser loop) according to Figure 5. Each
loop has its own calculation, and for each loop calculation of the optimum temperature the
temperatures of the other loops are kept fixed.

First, the optimal chilled water temperature (T, ) is calculated in plant loop with
the other 2 temperatures fixed for the condition of the last timestep iteration. To avoid an
oscillating effect in the chilled water loop, an operational range was used, Typ and Tjqyy-
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Figure 5. EnergyPlus™ Simulate Building System.

After that, the optimum Ty is calculated in air loop keeping T, fixed due to the
limitation of the operational range of T¢,,,. The condenser loop does not affect the air loop,
50 Terw does not affect this calculation.

Lastly, the optimum Ty is calculated keeping the T,y fixed with the optimum value
previously calculated. The air loop does not affect the condenser loop, so Tas does not affect
this calculation.

These calculations are executed at each iteration of the simulation, which is every
10 min. Since it is a small timestep, the variation in the new optimum temperatures is not
great, normally less than 0.3 °C for each iteration.

2.2.1. Effect of Chilled Water Outlet Temperature Variation (T,,)

The increase in T, results in a reduction in the compression power of the chiller,
but also leads to an increase in the chilled water flow that increases the pumping energy
consumption. The impact of T, on chiller power consumption W, is evaluated by

the correction of the nominal performance curve Wy, = f(Qref, COP,) by the functions
CapFTemp (Equation (2)), EIRFTemp (Equation (3)), and EIRFPLR (Equation (4)).

Weh = (Qref/ COPyef)-CapFTemp-EIRFT-EIRPLR M

with
CapFTemp =a + bchhw +C (Tchw)z + d1TC,i +e (Tc,i)z + fchthc,i (2)
EIRFTemp = a5 + by Tene + €2(Tetw)” + d2Tep + €2(Tei)” + foTenwTei @)
EIRFPLR = a3 + bsPLRy, + c3(PLRy,)? )

Qref and COP,¢ are, respectively, the nominal cooling capacity of the chiller and
its coefficient of performance. CapFTemp is the cooling capacity factor as a function of
operating temperature, EIRFTemp is the cooling power consumption as a function of
operating temperature, and EIRFPLR is the cooling power consumption as a function of
part-load ratio. T, ; is the water temperature at the condenser inlet, PLR, is the part-load
ratio (relation between the chiller required capacity and the capacity available in the chiller;
the latter is affected by the CapFTemp curve), and the coefficients a; to f; are specific for
each chiller.

In turn, the change in T, affects the power consumption of the pumps, as it causes a
variation in the chilled water flow rate because T, changes the temperature difference in
the plant loop, leading to a change in the water flow rate to meet the same thermal load. It
alters the part-load performance of the pumps (PLR;), defined as the relationship between
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the instantaneous water flow rate and the maximum water flow in the pump, affecting the
power consumption of the pumps (Wp) according to Equation (5):

AP, Quiwmax(as + baPLRy + ¢PLR;? + dyPLR;?)
Wp = : (5)
Mp Thm,p

In Equation (5), App is the pump nominal head pressure of the pump, pressure,
Qchw,max 1S the maximum volumetric water flow rate of the chilled water pump, 1, and
Nm,p are the pumping and motor efficiencies, and ay to d4 are the specific coefficients for
each pump.

A reduction in T, in a specific timestep implies that the chiller needs to remove
not only the thermal load of the building, but also needs to remove the heat of the mass
of water in the chilled water loop. This causes an overload of the chiller and increases its
consumption, particularly at the beginning of working hours.

To avoid this overload in the chiller, the variation in T, was limited as a function
of the actual chiller thermal load (CL,tya1), the reference thermal load (CL,), and the
minimum chilled water temperature obtained in the previous day (Tohwmin) (at peak
thermal load for the previous day)

However, the thermal load changes with timestep, and to avoid an oscillating effect
in this temperature an operational range for this temperature was adopted between the
upper (Typ) and the lower limits (Tjoy) of Tchw, given by Equations (6) and (7). In the
second equation a safety factor (SF) is used. Therefore, when the temperature of the last
timestep is between the upper and lower limits, this temperature is adopted as Ty,
avoiding oscillations.

CLch + CLactual

Tup= 6.7+ (Tmin — 6.7) " o
C. Te:

(6)
CLch + SF'CLactual
CLch + CLref

Before the peak, the chiller thermal load (CL,) in Equations (6) and (7) is adopted
as CL,f, the thermal load of the same period of the previous day. After the peak thermal
load and before the end of the business hours (18 h), T, is adopted as the minimum
temperature calculated in the actual day before 8 h, and it is not necessary to calculate the
limits. After the end of business hours, the peak thermal load of the actual day is adopted
as CLref. For the security factor, the adopted values are 1.5 before 8 h, 1.3 between 8 h and
11 h, 1.2 between 11 h and the peak thermal load, and the value of 1.1 after the end of the
business hours (18 h). Note that T, should not exceed 10 °C to avoid compromising the
air temperature outlet in the fan-coil (12.8 °C).

Tiow= 6.74(Tmin — 6.7) )

2.2.2. Effect of Changing the Supplied Air Temperature (Tas)

Increase in T,s implies an increase in the air supply flow rate to reach the same thermal
load, which increases the fan power consumption in the fan-coil. However, increasing Tas
allows the increase in Ty, reducing the chiller consumption. The change in T, alters the
fan consumption by the variation in the enthalpy in the cooling coil outlet of the fan-coil
(hout air), Which in turn changes the air supply mass flow (m,;;) required to meet the thermal
load, according to Equation (8).

1'.nair = Qcoil/ (hin,air - hout,air) (8)

where Qcoil is the rate of heat transfer in the cooling coil and hjy, ,i; is the enthalpy of
supplied air at the cooling coil inlet, which is a function of the enthalpy of the supplied air
outlet in the mixing box and the dissipated heat for the fan in the air loop.
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With the change in the air mass flow, the value of the fan-coil flow fraction (fg.) is af-
fected as regards the maximum mass flow in the fan-coil; that affects the fan’s consumption

(ch), according to Equation (9). However, these changes the dissipated heats for the fan in
the air loop, and consequently affect the enthalpy in the cooling coil inlet, which affects
Equation (8). Hence, the solution of the equations will be solved interactively.

ch = Wnom,fc (aS + b5ffc + C5f1%c + d5f?c + e5f?c) (9)

where Wnom,fC is the fan power at nominal conditions and as to e5 are the coefficients for a
given equipment.

The impact in the chilled water loop is related to the possibility of increasing Ty,
which is attached to Ty for Equation (10). As presented before, when Ty, changes, the
flow of the chilled water also changes. Therefore, the optimum T, is obtained considering
the change in the fans, chiller and pump consumptions.

Tehw= 6.7+ (Tas — 12.8) (10)

According to [22,25], the maximum relative humidity (when considering the setpoint
of 24 °C) is 65%. Therefore, the lower T,s limit is 15 °C, for which the maximum relative
humidity is approximately 60%.

2.2.3. Effect of the Variation in Cooling Tower Outlet Water Temperature (Tctw)

The reduction in Tey implies a reduction in the chiller compression power; however,
this also implies a higher consumption of the fans in the cooling tower. The impact on the
cooling tower is reflected in the change in condensing water temperature in the condenser
outlet (cooling tower inlet), which affects the fraction of time the cooling tower must operate
in high-fans speed (100% of the capacity) (Equation (11)), in low-fans speed (50% of the
capacity) (Equation (12)), or at free convection; that is, when the fans are turned off (for
such a condition, 10% of the capacity were adopted).

Fio0 = T TCfW,in — Tctw,out,low (11)

ctw,out,high — Tctw,out,low

Fso = TCtW,in - Tctw,out,off (12)

Tctw,out,low - Tctw,out,off
where Tt out high is the outlet temperature of the cooling tower if the fans are working
with 100% capacity, Tcqwoutlow iS the outlet temperature if the fans are working with 50%
capacity, and Ty out off i the outlet temperature if the cooling tower is working in free
convection. With Equations (11) and (12) it is possible to calculate the average power of the
cooling tower as a function of the condenser temperature, Equation (13):

. FlOOWct,high +(1- F100)Wetlow
Wct,avg = F SOWct,low (13)
0

where Wct,avg is the average power consumption of the cooling tower fans in a specific time

step in the simulation; Wct,high is the nominal cooling tower power at full capacity, and

Wetlow is the consumption when the cooling tower works at 50% capacity.

As mentioned before, the T, effect on chiller consumption can be evaluated by
Equations (2)—-(4). Since changes in chiller consumption change the temperature at the
condenser outlet, it is necessary to solve the problem interactively to obtain the Ty / Tetw
pair that optimizes the HVAC consumption.
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3. Results

The results of the control strategies developed in this study were compared with two
reference models. The first follows RTQ-C [7], which does not define any kind of control
for the three temperatures. In this model, the temperatures were kept fixed at design
conditions. The second model follows ASHRAE 90.1 [8], which defines that Ty, and Tetw
should be controlled as a function of the weather conditions but does not establish any
control of T, for the Brazilian weather conditions.

The results for the T, isolated control (Figure 6) show an annual reduction in
relation to the base model that varies between —3.59% and —6.76%; in relation to the
ASHRAE model (considering only the T, control), the annual reduction is between
—2.43% and —3.83%.

7%

6%

5%

4%

3%

2%

1%

HVAC Consumption Reduction

0%
1 2 3 4 5 6 7 8

Bioclimatic Zone
mRTQ-C model mASHRAE model

Figure 6. HVAC reduction for T, isolated optimisation control.

Regarding the isolated T, control (Figure 7), there is a more significant reduction
in relation to the RTQ-C model (ranging —1.77% to —11.58%). Compared to the ASHRAE
model (considering only the T control), the reductions vary between —0.23% and —2.42%.
Note that the minimum Ty that can be obtained depends directly on the wet bulb external
temperature; hence, the weather limits the gains that can be obtained.

12%

10%

8%

6%
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Bioclimatic Zone
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Figure 7. HVAC reduction for T isolated optimisation control.
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Taking into account the result for the isolated Tas control (Figure 8), only zones 1 to 3
have a reduction in energy consumption in relation to the RTQ-C model, with the highest
reduction (—6.26%) for cold weather (zone 1) and the lowest for zone 3 (—2.04%). For the
other zones (4 to 8), there is no significant reduction in consumption, which indicates that
the gains may be related to colder weather.

7%
6%

5%

4%

3%

2%

0% T T —— . Em —
1 2 3 4

5 6 7 8

HVCA Consumpotion Reduction

Bioclimatic Zone
® RTQ-C model

Figure 8. HVAC Reduction for Ty isolated optimization control.

Comparing the three isolated controls, it can be noted that T, control has the most
homogeneous behaviour for the different weather conditions when compared to the other
two isolated controls.

When two controls are integrated (Figures 9-11), there are greater reductions, as
pointed out in the literature [3,10-17], which shows that integration is important and must
be considered in control strategies. However, note that the reduction in integration is not
the sum of the isolated reduction because the controls are interrelated.

Finally, when analyzing the reduction in consumption with the three integrated models
(Figure 12), the results vary in relation to the RTQ-C model between —5.03% and —19.68%,
and in relation to the ASHRAE model between —3.22% and —8.21%. The highest reductions
are for zones 1 to 3, due to the interaction with the T,s control.
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4%
) I i
(LS B __——_____1

1 2 3 4 5 6 7 8

Bioclimatic Zone

HVAC Consumption Reduction
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Figure 9. HVAC reduction for T, /Tas integrated optimisation control.
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HVAC Reduction for Tctw / Tas integrated optimization control.
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HVAC Reduction for T, / Tetw integrated optimization control.
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. HVAC Reduction for the three integrated optimization controls.
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4. Discussion

The results for the chilled water temperature control showed reductions in relation to
the RTQ-C model that varied between 3.59% and 6.76%, and in relation to the AHSRAE
model the reductions vary between 2.43% and 3.83%.

Note that Ty, control presented a more homogeneous behaviour between the different
climatic conditions when compared to the other controls considered in this work. When
analyzing the results of controlling the air supply temperature, only bioclimatic zones 1 to
3 showed reductions in consumption, with the largest reductions for the coldest climate
(6.26%) and the smallest for the bioclimatic zone 3 (2.04%). For the other bioclimatic zones
(4 to 8), there were no significant reductions in consumption. It is important to highlight
that even bringing gains for climates with colder temperatures (or mild for the conditions
in the USA and Europe), the ASHRAE 90.1 standard does not present a control for this
temperature, precisely because it considers these climates mild and not cold.

Analyzing the results from the condensing temperature control in relation to the RTQ-
C model, the gains obtained showed a more significant variation (from 1.77% to 11.58%),
showing the highest gains among the three controls isolated for bioclimatic zones 1 to 4.
For zones 5, 6 and 8 the gains were smaller, being close to the gains obtained with the
chilled water control, and only in zone 7 this control showed lower gains than the chilled
water temperature control. Compared to the ASHRAE model, the reductions range from
0.23% (also in zone 7) to 2.42%.

The RTQ-C model has much lower consumption in the cooling tower than the other
models (from 2 to 3 times lower), as this equipment operates most of the year in free flow
or with only 1 of the speeds due to the fixed control with a high value. However, this
overloads the chiller, which shows that it would be important to control this variable, since
the chiller is the element of the HVAC system that consumes the most energy.

Increasing the temperature of the condensation water directly affects two parameters
of the air conditioning system: the first is the chiller consumption when the condensing
temperature decreases, and the second is the cooling tower consumption when the air
flow increases.

As we integrate one or more controls the reductions become greater, showing that this
integration is important and must be considered. However, note that the reduction obtained
with the integration is lower than the sum of the isolated reductions, as the controls end up
interfering with each other.

For example, in a hypothetical situation in which it was possible to use the three
controls without mutual interference, the reductions in relation to the ASHRAE model for
bioclimatic zone 1 would have isolated gains of 2.52%, 6.26%, and 2.42%, respectively, for
the control of chilled water, supplied air, and condensation water temperature (totalling
11.20%). In the same situation, the reduction in the integrated model is 8.21%, lower than
the sum of the isolated models (11.2%).

Analyzing the reductions in the three integrated controls in relation to the RTQ-C
model, the results vary from 5.03% (zone 7) to 19.68% (zone 1), and for the ASHRAE model
the results vary from 3.22% (zone 7) to 8.21% (zone 1). Gains are greater for bioclimatic
zones 1, 2 and 3, as these zones show gains with control of the supplied air temperature,
which do not occur for the others.

Observe that the control that takes into account the external temperatures proposed
by ASHRAE presents better results than the RTQ-C model, and that the model proposed
herein, when also considering the variation in the thermal load, brings additional gains to
the model currently used as a reference for the market; this demonstrates the importance
of making a more precise control for each climatic condition, not only in function of the
external conditions but also of the thermal load of the building.

One last important aspect to highlight in relation to the results is that its implementa-
tion has a basically negligible cost in terms of return on investment, as it basically involves
the man-hour cost for reprogramming the control logic of existing systems and eventually
a readjustment/repositioning of some sensors and controls.
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