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Abstract 
Air conditioning and mechanical ventilation systems may be oversized in commercial 

buildings in the Tropics. Oversized cooling coils may lead to reduced dehumidifying 
performance, indoor air quality and thermal comfort and increased energy consumption. In 
this paper, an adaptable cooling coil design is assessed with a general-purpose coil selection 
software tool, in which the number of active rows changes as a function of the load. For a 
100% oversized coil, it is shown that the adaptable cooling coil is able to provide small but 
relevant improved humidity control down to 25% of the design load. This was obtained 
without affecting energy performance in typical variable air volume design and control. For 
specific applications, where variable air volume systems mainly control space humidity, there 
are also energy savings. The adaptable cooling coil could be seen as providing additional 
flexibility in the operation of HVAC systems, particularly in the tropics.  

 
Keywords: Oversized cooling coils, Part load operational issues, Adaptable cooling coil, 
Dehumidification performance, Energy Saving 

 
Nomenclature 

ACC Adaptable Cooling Coil  
AHU Air Handling Unit  
CAV Constant Air Volume 
DCV 
HVAC 
IAQ 

Demand Control Ventilation 
Heating Ventilating and Air-Conditioning 
Indoor Air Quality 

RR 
LVF 
HCV 

Reduced Rows 
Low Face Velocity 
High Coolant Velocity 
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COP 
DBT 

Coefficient of Performance 
Dry-Bulb Temperature 

SEER Seasonal Energy Efficiency Ratio 
SHR Sensible Heat Ratio 
SHRcc Sensible Heat Ratio of Cooling Coil 
SHRcz Sensible Heat Ratio of Cooling Zone 
VAV Variable Air Volume 
L100 
L75 
L50 
L25 
FEG 

Actual Peak Load 
75% of L100  
50% of L100  
25% of L100  
Fan Efficiency Grade  

 

1. Introduction  
1.1 Issues with oversized coil design 

1.1.1 Humidity issues 
HVAC systems in buildings are sized based on peak load conditions to provide 

comfortable indoor space for occupants under relatively extreme conditions. ASHRAE 90.1 
([1]) recommends oversizing the equipment capacities by 15% for cooling and 25% for 
heating. Nevertheless, in actual scenarios the building HVAC systems could be oversized by 
designers/contractors due to poor thumb rule calculations or to avoid customer complaints 
[2]. Studies show that 89% of designers in Hong-Kong [3] and 51% of designers in California 
use manufacturing software and 17% use rules of thumb (e.g., 28–32.5 m2 per ton for general 
office) and previous experiences to design HVAC systems [4]. Another study from northern 
California concluded that more than 40% of the commercial building HVAC systems are 
oversized with a degree more than 25% and about 10% are oversized with a degree more than 
50% [5]. 

These design considerations significantly reduce the ability of HVAC system to 
control humidity at part load, which could cause poor indoor air quality (IAQ) and likely 
consequence of mold growth and bad odor. This could further lead to adverse health and 
comfort related issues of occupants. Indoor air quality (IAQ) issues due to poor 
dehumidifying performance of an oversized coil is a serious concern for the Tropics where a 
high latent cooling demand prevails for most of the time [6]. The amount of cooling provided 
to a space is usually controlled based on dry-bulb temperature measured with a thermostat in 
the space. Nevertheless, the amount of dehumidification provided by the cooling system may 
not be enough to satisfy the latent load of the space without having to resort to overcooling. 
In smaller direct expansion air conditioning units, such as the window unit or the split system 
unit, the fan operates continuously and the compressor cycles on and off depending on the 
thermostat set points (sensible control). Therefore, in part-load conditions, the continuous fan 
operation with a shut compressor elevates the evaporator temperature. This scenario is 
created when the compressor is cycled to the shut-off stage until the thermostat triggers its 
operation as a result of the indoor temperature rising above the set point. This causes an 
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increased evaporation of moisture content with an increased temperature difference between 
coil surface and entering air wet-bulb temperature. This further leads to a higher humidity at 
zone level [7]. The source of this moisture content could be internal latent loads of the 
building and highly humid ventilation/infiltration air. The mixed air consisting of room air 
and ventilation air needs to go through the coil as part of the air-conditioning process and 
would encounter a coil with elevated evaporator temperature that would result in less 
dehumidification. Earlier studies related to on-site part-load scenarios have shown that the 
moisture removal capacity of a cooling coil decreases with a decrease in space-load [8]. This 
happens even in a case when the supply air fan operates uninterruptedly [9]. Therefore, 
varying the capacity of the cooling coil during part-load periods may not be sufficient to 
counter the moisture content in an indoor space.  

1.1.2 Ventilation issues 
In the VAV system, the amount of supply air varies from peak load to part load while 

off coil air temperature may remain constant if supply air temperature reset is not used. 
However, due to ventilation demand of space, the supply air volume cannot be reduced below 
a minimum requirement set by various standards (ASHRAE Standard 62.1, [10]; Singapore 
Standard 553, [11]). It is a common practice in office buildings in Singapore to size the air 
handling unit supply air fan to provide 8 to 10 L/s·m2 of air to the conditioned space at peak 
load. However, outdoor air only constitutes 10 to 20% of this supply air volume and it is a 
general practice to not reduce supply air volume below 50% of peak design during part load 
operation. This limit can be overcome with outdoor air damper control and modern VFD fan 
controls.  

1.1.3 Energy issues 
Other consequences of over sizing are increased capital cost of the equipment and, 

with time, additional maintenance and energy use costs [12]. A study had predicted 0.2% 
reduction in Sensible Energy Efficiency Ratio (SEER) value for every 1% over-sizing of an 
air conditioning unit. That is equal to an estimated energy saving of 10% for correcting an 
average over sizing of 50% [13]. However, correcting equipment-sizing problem with 
existing system is not a common practice and in most cases, replacing the whole system has 
been seen to overcome these issues [5]. VAV systems provide better humidity control at part 
load as compared to Constant Air Volume (CAV) systems as most of the air passes through 
the cooling coil. However, in existing commercial buildings in Singapore and elsewhere in 
the tropics, automatic outdoor air dampers are not commonly installed, and therefore, the 
VAV system is forced to operate like a CAV system at part load, which results in high indoor 
humidity. Therefore, overcooling may be necessary to bring the humidity level within an 
acceptable range, which requires additional energy to operate the system. VAV strategy is 
commonly used in large office spaces due to its superior efficiency, while CAV design has 
been chosen in some applications because of its simplicity and lower initial cost.  

Strategies aimed to boost energy-efficiency (e.g., window and wall insulation, 
external shading, etc.) may lead to reduced sensible load in a space without affecting the 
latent load. This may cause more challenging humidity control issues [14].       

1.2 Importance of the tube-fin interface temperature for dehumidification 
The term sensible heat ratio (SHR) is defined as the ratio between sensible and total cooling 
load or capacity. The SHRcc (SHR of the cooling coil) and SHRcz (SHR of the conditioned 
zone) are required to be compatible for an adequate humidity control under full load and part 
load scenarios. However, at part load conditions, when SHRcz decreases, the SHRcc increases. 
This mismatch has been evident for residential HVAC systems [15], [16] and [17]. Although 
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this mismatch has not been calculated and reported for commercial buildings, this heat and 
mass transfer principle will be applicable for all HVAC systems. Coils with higher SHR 
could reduce temperature too quickly for adequate moisture removal to occur, while coils 
with low SHR may dry out the air too much and indoor air may become too dry [18]. A 
simulation study by [6], found that operating a coil at half its design capacity (from 200 to 
100 kW) increases the SHRcc by 10%. This 10% increase in SHR can increase the indoor 
space humidity. 

1.2.1 Low Face Velocity/High Coolant Velocity  
An oversized coil can perform better in dehumidification at part loads with Low Face 

airflow Velocity (LFV) and High Coolant Velocity (HCV). When air approaches the cooling 
coil at a lower velocity, the ratio of latent heat exchange between moist air and chilled water 
across the coil increases, and hence SHRcc decreases. This LFV results in better moisture 
control due to a smaller external heat transfer coefficient (ho). Additionally, HCV improves 
the internal heat transfer coefficient (hi). The LFV along with HCV provides a coil-surface 
temperature as close as possible to the chilled water temperature. These phenomena can be 
seen through one-dimensional heat transfer analysis. The sensible heat transfer rate between 
air and water, Q, can be expressed as: 
Q =  ℎ0 ∙ 𝐴𝐴 ∙ (𝑇𝑇𝑎𝑎 − 𝑇𝑇𝑠𝑠)          (1) 

And  

Q =  ℎ𝑖𝑖 ∙ 𝐴𝐴 ∙ (𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑤𝑤)          (2) 

From Eq. (1) and Eq. (2) 

(𝑇𝑇𝑎𝑎 − 𝑇𝑇𝑠𝑠) =  ℎ𝑖𝑖
ℎ0

(𝑇𝑇𝑠𝑠 − 𝑇𝑇𝑤𝑤) =>   𝑇𝑇𝑠𝑠 −𝑇𝑇𝑤𝑤
𝑇𝑇𝑎𝑎 −𝑇𝑇𝑤𝑤

=  1

1+�ℎ𝑖𝑖ℎ0
�
       (3) 

Where, 
Ts - Coil interface temperature (°C) 
ho -  Heat transfer coefficients on the air side (W/m2K) 
hi -  Heat transfer coefficients on the chilled water side (W/m2K) 
Ta - Air temperature (°C) 
Tw -  Chilled water temperature (°C) 

 

The coil-surface temperature decreases as ℎ𝑖𝑖
ℎ0

  increases (See Eq. (3)). The difference between 
the dew-point temperature of the air and the surface temperature of the coil causes 
condensation. Hence, a low ho and a high hi can lower the coil-surface temperature which in 
turn provides a larger condensation for a given dew point temperature. A lower ho can be 
achieved through LFV and a higher hi can be obtained through HCV [19]. 
 

1.3 Adaptable coils 
This study assesses an adaptable cooling coil in which the number of active cooling 

rows varies as a function of the cooling load. This strategy is based on the work of ([20] and 
[6]). They found that changing the effective surface area of the coil could improve the SHRcc 
of cooling coil at part load [6]. They concluded that with reduction of coil rows from 6 to 3, 
there would be a significant decrease in SHRcc. This study aims to further develop the 
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proposed adaptable cooling coil concept by assessing its interaction with the VAV system 
design and control. This simulation has been performed for two oversized cooling coils (200 
kW and 150 kW) for two scenarios (Fixed/varying outdoor air percentage) and two possible 
cases (Fixed/Varying space absolute humidity). Simulation results have been assessed based 
on the ability to maintain indoor humidity levels and energy consumption.   

2. Methodology 

A three-step method is employed to assess the performance of the adaptable cooling 
coil. In the first step, two oversized coils have been designed. The design condition was 
arbitrarily assumed to be 100 kW. One coil was designed to be 100% oversized (200 kW), the 
other to 50% oversizing (150 kW). The extent of the oversize is an assumption based on 
anecdotal evidence where 50% oversizing is assumed to be quite typical of conventional 
designs in Singapore and 100% is an example of an extreme oversizing, both of which are not 
uncommon in existing buildings. High oversizing could result in existing buildings when 
energy conserving operational strategies are employed.  Oversized space cooling loads are 
126 kW and 95 kW for the oversized cooling coil of capacity 200 kW and 150 kW 
respectively, whereas, the “actual peak” cooling capacity is 100 kW (for an actual space load 
of 63 kW). The method by which actual space loads are obtained is described in Section 2.1 
of this paper.  
 

In the second step, a hydraulic system and sensors are proposed to be integrated with the 
oversized coils. This integration enables the control of active coil row numbers. Four active 
row configurations are assessed: 6 (base case), 4, 3 and 2. In the third step, performance 
assessment of adaptable cooling coil design is performed. For each coil size (150 kW and 200 
kW), two VAV controls strategies (dry-bulb control and absolute humidity control), two 
VAV configurations (with and without motorized outdoor damper) and four possible active 
rows (6, 4, 3 and 2) were simulated; 32 cases in total. Each case is simulated for four 
different part-load operations of oversized coil (100%, 75%, 50% and 25% of actual room 
load). So, a total of 128 (32x4) simulations were performed. 
 

2.1 Design of oversized coils (Base Designs) 
The oversized cooling coils (200 kW and 150 kW) are designed using a free access 

cooling coil selection software (SPC2000 version 8.2, by S & P Coil Products Limited, [21]). 
SPC2000 is a coil rating and selection program. This software has been selected as it was 
used previously in similar investigations to explore the performance of coils for different 
operational scenarios and provided good results [22]. It calculates the optimum specifications 
of a heat exchanger based on the design input data. The input/output data could include 
airside data, fluid side data and physical data related to the geometry of the heat exchanger. 
The configuration of this coil and its operational condition for Singapore climate were 
selected based on simulation data as done by [6]. The main operational design inputs for SPC 
are on-coil conditions and airflow rate.  
On-coil condition: the design indoor condition of space is considered as 24 °C and 63% RH. 
A slightly more stringent conditions than design day conditions outdoor parameters (32 °C 
and 75%) has been used in this study. Based on these constrains, on-coil condition of air has 
been obtained using psychrometric chart (“ASHRAE Psychrometric Chart No.1, [23] ”) 
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which is 25°C / 67% RH. It has been assumed that at full load, on-coil air is a mixture of hot 
and humid outdoor air (10%) and conditioned re-circulated indoor air (90%).  

 

 
Figure 1  On/off-coil and space conditions for oversized designed coils 

Airflow rate: While deciding airflow rate (m3/s) based on typical cooling load estimation and 
conventional operation of HVAC system, it has been assumed that the SHRcz of oversized 
space load is up to 80% and difference between zone and off-coil temperature (ΔT) is below 
12 °C. Based on these assumptions, numerous simulations have been performed to obtain an 
adequate design. The same has been verified using a psychrometric chart (See Figure 1) and 
Eq. (4) and (5). 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =  1.213 ∙ 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ∙ ∆𝑇𝑇        (4) 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 =  �𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿∙𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆
100

�       (5) 

(Where ∆𝑇𝑇 is the temperature difference of air between off-coil and space)  
In all the simulated scenarios, chilled water supply temperature or on-coil water 

temperature was fixed at 6 °C which is a typical value. The full circuiting (number of circuits 
is equal to the number of tubes in the height of the coil) has been chosen as circuiting 
scheme. This also determines the fin height. This implies that every tube in the first row of 
the coil that is most downstream in the airflow direction is supplied with chilled water at the 
supply temperature of 6 °C.  This is to ensure that a true counter flow arrangement of chilled 
water flow and airflow is achieved, which would lead to a uniform log-mean temperature 
difference in the heat and mass transfer process occurring in the cooling coil. 
Detailed information regarding other types of circuits e.g. half circuiting can be found in coil 
design handbooks and guidelines (ASHRAE, [24]). The sizes for fin height (H) and fin length 
(L) determine the face area of the coil, which is inversely correlated with the face velocity 
(Vf). The average air velocity passing through the coil is defined as the face velocity, which 
can be calculated as airflow rate (Q) divided by the face area of the coil (H·L).  
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Table 1 Configuration of the simulated cooling coil including geometrical specification and 
typical operational condition of coil in the tropics 

Coil parameter 
Value 

Unit 
200 kW 150 kW 

On-coil air temperature 25 25 °C 
On-coil air relative humidity 67 67 % 

On-coil water temperature 6 6 °C 
Fin material type Aluminium 0.15 rippled 

Tube diameter 16 16 mm 
Tubes high (no of tubes) 44 36 No. 

Finned height 1785 1461 mm 
Finned length 2500 2250 mm 

Fin density 9 9 FPI (fins per inch) 
Inlet/Outlet connection 76.2 76.2 mm 

Circulate type F - Full circuiting 

 

Table 2 Design parameters for 200 kW and 150 kW oversized coils 

Design parameters Values 
Coil Duty, (kW) 150 200 

Rows 6 6 

Airflow rate, m3/s 8.0 11.1 

Outdoor air % 10 10 

Face velocity, m/s 2.4 2.5 

SHRCC, % 59 59 

Air pressure drop, Pa 187.4 194.2 

Fluid on temperature, °C 6 6 

Fluid off temperature, °C 14.7 15.2 

Fluid flow rate, L/s 3.8 5.2 

Actual pressure drop (Pa) 8000 10900 

Air on DB, °C 25 25 

Air on RH, % 67 67 

Air off DB, °C 16.1 16.3 

Air off WB, °C 15.5 15.7 

Air off RH, % 94 94 

Supply Air temp, °C 16.2 16.2 

Supply Air humidity, % 93 93 
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SHRCZ, % 80 80 

Space absolute humidity, g/kg 11.7 11.7 

Space Load (kW) (Latent + Sensible) 94.7 131.4 

ΔT 7.8 7.8 

Zone DB, °C 24 24 

Zone RH, % 63 63 

A typical face velocity threshold of 2.5 m/s has been used [24]. In addition, fin 
material type of aluminum with ripple profile and density of 9 fins per inch (fpi) has been 
selected in these simulations, which is a common fin material and density supplied in 
Singapore.  

The details of selected coil geometry and information on airside and waterside of the 
coil are provided in Table 1 and other design parameters are provided in Table 2. The 
schematic of this full circuiting cooling coil including its design parameters are illustrated in 
(Figure 2a).  

 

2.2 Design and operative strategies for Adaptable Cooling Coil 
Two operational strategies are considered: a) control of coil rows and b) control of 

outdoor air supply.  

2.2.1 Control of coil rows 
A reduction in rows of coil may improve the SHRcc of cooling coil at part load. This 

improvement in coil SHRcc will further result in improvement of humidity at the zone level. 
The hydraulic system connection of chilled water flow to cooling coil is required to be 
redesigned in order to activate each part of the coil separately on demand. The schematics of 
hydraulic system design for the proposed adaptable cooling coil configuration are shown in 
Figure 2b. Three-way control valves and modulating valves would be installed at different 
parts of the hydraulic system to modify chilled water flow loop based on the cooling load. 
The on/off coil dry-bulb and wet-bulb temperatures could be measured and used to determine 
which water loops are to be opened or closed. Dry-bulb and wet-bulb temperatures could 
provide information regarding the real time SHRcz of the space and the necessary loops of 
water could then be deactivated to maintain the SHRcz in the acceptable range.  A hydraulic 
system can control the number of rows in operation. A detailed control strategy of hydraulic 
systems for the practical application is discussed in Section 4 of this paper. 

2.2.2 Control of outdoor air supply 
Some of the existing VAV systems in Singapore do not employ 
controllable/motorized/variable outdoor air damper that results in proportional reduction of 
outdoor air quantity with reducing fan speed. This is quite common in other places, such as 
the United States. This is the major reason that forces a VAV system to function like a CAV 
to maintain the minimum outdoor air requirement at part loads. In this study, both the cases 
of “without” and “with” outdoor air motorized damper (cases A and B) are assessed to 
evaluate the applicability of adaptable cooling coil in existing and new buildings. To maintain 
the absolute humidity level of the space at lowest possible airflow rate, the amount of outdoor 
air supply to AHU space is decreased from 0.52 m3/s to 0.08 m3/s. The minimum ventilation 
requirement for an office space in Singapore is 0.6 L/sm2 [11]. To maintain the balance 
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between outdoor air and re-circulated air with minimum airflow rate, an automated return air 
exhaust needs to be introduced.   

 
Figure 2 Configuration of a typical full circuiting cooling coil a) base design and b) adaptable 

design 

3.3 Performance assessment of Adaptable Coil  
The performance of the adaptable cooling coil has been assessed through simulation 

and psychrometric analysis for four possible part loads, i.e. 100%, 75%, 50% and 25%. 100% 
space load is actual peak load = 63 kW (L100), 75% space load is = 47.4 kW (L75), 50% space 
load is = 31.6 kW (L50) and 25% space load is = 15.8 kW (L25). The design space load was 
obtained using a psychrometric analysis as per Eq. (6). These part loads for space were 
obtained as a percentage of design coil duty using Eq. (7). 

𝑅𝑅𝑅𝑅𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 =  1.184 ∙ 𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  ∙ (∆ℎ)       (6) 

𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙 =  𝑅𝑅𝑅𝑅𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂
𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

 ∙ % 𝑅𝑅𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝        (7) 

Where   
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𝑅𝑅𝑅𝑅𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂  : Space load for oversized coil 

𝑉𝑉𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  : Design airflow rate for oversized coil 

∆ℎ : Difference in enthalpy of on-coil and off-coil air (obtained from 
psychrometric chart) 

𝑅𝑅𝑅𝑅𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙  : Space load at part loads 

𝐶𝐶𝐶𝐶𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜  : Duty of oversized coil 

% 𝑅𝑅𝑅𝑅𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 : Space load as a percentage of actual peak 

 
The off-coil conditions and energy performance analysis for these part loads are done 

using the results of the SPC simulations. These simulations are performed for base coil 
design (6 rows in operation) as well as for adaptable coil design (4, 3, and 2 rows in 
operation). To obtain the on-coil conditions, which are one of the main inputs for SPC 
simulation, SHRcz of part-loads has been assumed to be 75, 70, 65 and 60 for L100, L75, L50 
and L25 respectively. These assumptions are based on a hypothesis that with decrease in space 
loads, predominantly the sensible loads, the SHRcz also decreases. Several simulations have 
been performed and the outcome of these simulations along with the psychrometric chart is 
used to obtain optimum space and on-coil conditions for various cases. These simulations 
have been performed for two oversized cooling coils (200 kW and 150 kW) for two cases and 
two possible scenarios for each case: 
Scenario A (VAVv - Variable outdoor air): the amount of outdoor air is reduced 
proportionally to the speed of the fan, therefore the minimum outdoor air may not be 
provided at low load conditions and this may cause IAQ problems. This is the operation of a 
VAV system that has a fixed position outdoor air damper. 
Scenario B (VAVf - Fixed outdoor air): The amount of outdoor air provided to the occupant 
is constant. This is the operation of a state of the art VAV system with variable outdoor air 
damper. In this case, the occupant always receives the design outdoor airflow rate. 
Both Scenarios A and B have been simulated for two different cases. So, a total of four 
scenarios have been simulated for each oversized cooling coil. The detailed steps for these 
simulations are discussed below. 
 

CASE 1: Fixed dry-bulb air temperature 
In this case, dry-bulb temperature of space is fixed at 24 °C (like design space condition) and 
absolute humidity is allowed to vary. This type of control is the most commonly used control 
in commercial and residential buildings. In this case, the airflow rate (m3/s) was obtained for 
various part loads as a proportion of oversized design load using Eq. (8). 

CASE 1A: Fixed dry-bulb air temperature and variable outdoor air flowrate (VAVv) 
This case represents an existing building without any advanced HVAC control for the 
outdoor air damper. This case only compares the dehumidification capacity of base and 
various adaptable coil configurations. Hence, adaptable coil here is the coil that gives off-coil 
condition closest to design condition (i.e. absolute humidity close to 11.7 g/kg). Secondly, the 
same airflow rate is used for the analysis of remaining coil configuration of the loads 
individually. Finally, optimum on-coil, off-coil and space conditions have been obtained 
using repetitive SPC simulations for various part loads. These simulations have been 
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performed along with psychrometric analysis where fixed SHRcz line is moved upward over 
the psychrometric chart and ∆𝑇𝑇 was fixed (See Figure 3a). 

𝑉𝑉𝑝𝑝𝑝𝑝 =  𝑉𝑉𝐷𝐷𝐷𝐷∙𝑃𝑃𝑃𝑃
𝐷𝐷𝐷𝐷𝑜𝑜

                        (8) 

Where, 
VPL  : Airflow rate at part load 
VDO  : Design airflow rate (Oversized) 
DLO : Design Load (Oversized) 
PL : Part Load 
 

CASE 1B: Fixed dry-bulb air temperature and fixed outdoor air flowrate  (VAVf) 
This case represents a new building with a state of the art VAV system employing outdoor air 
damper control. The steps of simulation and analysis are similar to CASE 1A.  
 

CASE 2: Fixed space absolute humidity  
In this case, absolute humidity (moisture content) of the space is fixed to be 11.7 g/kg (design 
space condition) and dry-bulb temperature (DBT) is allowed to vary. The variation in DBT is 
such that the space condition and off-coil condition lie on the same assumed SHRcz line on 
the corresponding psychrometric plots for any load. Fixed absolute humidity is representative 
of spaces where there is a need to control humidity like in some museums, part of libraries, 
operating theaters, etc. These types of building represent a relatively small fraction of the 
built environment.  

CASE 2A: Fixed space absolute humidity and variable outdoor air flowrate (VAVv) 
In this case firstly, a minimum airflow rate (m3/s) was obtained for the adaptable coil for 
various part loads. This has been done through Eq. 4. Here, adaptable coil is one, which gives 
an off-coil condition closest to design condition (i.e. DBT close to 24 °C). Secondly, the 
same airflow rate is used for the analysis of all coil configurations (6, 4, 3, 2 rows) at each 
load. Finally, optimum on-coil, off-coil and space conditions have been obtained using 
repetitive SPC simulations for various part loads. These simulations have been performed 
along with psychrometric analysis where fixed SHRcz line is moved laterally on the 
psychrometric chart and ∆𝑇𝑇 was fixed (See Figure 3b). In this case, base case and various 
adaptable coil configurations are compared for energy as well as dehumidification 
performances.  
Energy saving through adaptable coil operation 
Three types of energy consumption are considered for energy saving calculation a) Oe - 
Overcooling energy, b) Fe - Fan Energy (to regulate airflow) and c) Pe - Pump energy (to 
regulate chilled water supply). All energy uses are calculated in kWh. The energy savings are 
calculated using the adaptable cooling coil best configuration as reference point. This can be 
calculated using Eq. (9). 

𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇𝑇 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 = 𝑂𝑂𝑂𝑂 + 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝐹𝐹𝐹𝐹 + 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 𝑃𝑃𝑃𝑃     (9) 
Where, Additional Fe = Fce – Face                                                     (9a) 
and  Additional Pe = Pce – Pace                                                             (9b) 
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where, Fce & Pce are the fan and pump energy of that configuration for which this 
additional energy is calculated and Face & Pace are the fan and pump energy of adaptable 
cooling coil. 

To obtain the energy saving by adaptable coil configurations, additional set of 
simulations is performed to obtain coil duty where off-coil temperature is similar to the off-
coil temperature obtained for adaptable coil. Further, the difference between adaptable coil 
duty and the duty of the remaining coils is considered as an overcooling energy saving 
potential, which could be applied additionally to obtain desired space temperature. These 
savings in terms of percentages can be obtained through Eq. (10).  

%  𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 =  �𝑃𝑃𝑃𝑃𝑉𝑉−𝑃𝑃𝑃𝑃𝑓𝑓 �
𝐿𝐿100𝐹𝐹 

∙ 100                    (10) 

Where 𝐿𝐿100𝐹𝐹  = Adaptable Coil duty at part load  

𝑃𝑃𝑃𝑃𝑣𝑣   = Coil duty at part load with varying DBT 

𝑃𝑃𝑃𝑃𝐹𝐹  = Coil duty at part load with fixed DBT (DBT like Adaptable Coil) 

Similarly, the airflow rate (Vf) and actual pressure drop (dP) obtained from simulation is used to 
calculate the Fan energy (Fe) using Eq. (11). Further, to calculate pump energy (Pe), fluid flow rate 
(q) in (l/s) obtained from simulation has been used with Eq. (12).  

𝐹𝐹𝑒𝑒(𝑘𝑘𝑘𝑘) = (𝑑𝑑𝑑𝑑 ∙ 𝑉𝑉𝑓𝑓)/𝜇𝜇          (11) 

𝑃𝑃𝑒𝑒 (𝑘𝑘𝑘𝑘) = 𝑞𝑞∙𝜌𝜌∙ℎ∙𝑔𝑔
3.6∙106 /𝜇𝜇           (12) 

Where, 

µ  : Fan efficiency/Pump efficiency (0.85 assumed in this study is within the range of the Fan 
Efficiency Grade (FEG) given in draft standard AMCA 205 (Movement, 2012) 

ρ : Fluid density (here fluid is water so density taken is 1gm/cm3) 

h : Differential head of pump (2 m is assumed in this case) and 

g : gravity (9.81 m/s2) 

 

CASE 2B: Fixed space absolute humidity and fixed outdoor air flow (VAVf) 
In this case, the absolute humidity is constant and the outdoor air flow rate is fixed. The steps 
of simulation are identical to CASE 2A.  
 
Overall, 16 scenarios of base coil design and 48 scenarios of adaptable design scenarios have 
been simulated for various part-loads using the coil selection software for 200 kW and 150 
kw coil individually. So, a total of 128 simulations have been performed. The summary of 
simulated scenario can be seen in Table 3. 
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Figure 3 Typical psychrometric analysis for Case 1 & Case 2.   
  

Table 3 Summary of simulated scenarios   

Sl. No 
(A) Control Design /Cases 

Operation 
Scenario 
(Absolute 
Humidity) 

Oversized Coils (B) Active 
 Rows 

(Maximum 
 4 cases) 

(°C) 

150kW design 200 kW design 

% of 
actual 
peak 

Airflow 
rate 

(m3/s) 

% of 
actual 
peak 

Airflow 
rate 

(m3/s) 

 VAV Base NA 150% 8.00 200% 11.1 6 

1 VAV + FOA RR / 2 Fixed 100% 5.20 100% 5.20 6, 4, 3, 2 

2 VAV + FOA RR / 2 Fixed 75% 3.60 75% 3.60 6, 4, 3, 2 

3 VAV + FOA RR / 2 Fixed 50% 2.00 50% 2.00 6, 4, 3, 2 

4 VAV + FOA RR / 2 Fixed 25% 0.80 25% 0.80 6, 4, 3, 2 

5 VAV + FOA RR / 1 Varying 100% 5.33 100% 5.33 6, 4, 3, 2 

6 VAV + FOA RR / 1 Varying 75% 4.00 75% 4.00 6, 4, 3, 2 

7 VAV + FOA RR / 1 Varying 50% 2.67 50% 2.67 6, 4, 3, 2 

8 VAV + FOA RR / 1 Varying 25% 1.33 25% 1.33 6, 4, 3, 2 

9 VAV + VOA RR / 2 Fixed 100% 4.80 100% 4.80 6, 4, 3, 2 

10 VAV + VOA RR / 2 Fixed 75% 3.20 75% 3.20 6, 4, 3, 2 

11 VAV + VOA RR / 2 Fixed 50% 1.56 50% 1.56 6, 4, 3, 2 

12 VAV + VOA RR / 2 Fixed 25% 0.62 25% 0.62 6, 4, 3, 2 

13 VAV + VOA RR / 1 Varying 100% 5.33 100% 5.33 6, 4, 3, 2 

14 VAV + VOA RR / 1 Varying 75% 4.00 75% 4.00 6, 4, 3, 2 
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15 VAV + VOA RR / 1 Varying 50% 2.67 50% 2.67 6, 4, 3, 2 

16 VAV + VOA RR / 1 Varying 25% 1.33 25% 1.33 6, 4, 3, 2 

Total Simulation = A x B x C = 16 x 2 x 4 128  

(RR- reduced rows adaptable design, FOA- Fixed outdoor air, VOA – Variable outdoor air) 
 

3. Results  
Out of 128 Simulation cases, 116 were successfully applicable to practical operation 
scenarios. However, in the remaining 12 cases, the coil was either unable to perform or the 
coil adaptation for that configuration was not required. This implies that, in some cases, 3 
rows configuration was sufficient to maintain space conditions and so the configuration of 2 
rows adaptation was not required. These results are also categorized in four groups based on 
four operational scenarios for 150 kW and 200 kW individually. The outcome of each case is 
discussed for dehumidification performance and energy saving potential in the subsequent 
sections.  
 

3.1 CASE 1 – fixed space dry-bulb temperature 
3.1.1 CASE 1A Fixed dry-bulb temperature and variable outdoor air flowrate (VAVv) 
Performance at all four loads has been studied for a system in which the supply air varies 
from peak load to part-loads, while the percentage of outdoor air out of supply air remains 
constant. The calculated airflow rate and corresponding chilled water flow rate is presented in 
Table 4. 
 
Table 4 CASE 1A: Airflow rate and fluid flow rate  

 L100  L75 L50 L25 

Coil 
Configuration Base Adaptable Base Adaptable Base Adaptable Base Adaptable 

Rows 6 3 6 2 6 2 6 2 

Coil 150 
F (l/s) 2.00 3.30 1.70 3.70 1.30 3.80 0.30 1.90 

Coil 200 
F (l/s) 2.10 3.50 1.82 4.20 0.90 3.47 0.30 1.97 

V (m3/s) 5.3 4.0 2.6 1.3 

Coil 150 
V% 67 50 33 17 

Coil 200 
V%  50 37 25 13 

V - Airflow rate, V% – Percentage of actual design, F – Fluid (chilled water) flow rate, Coil 150: 150 kW, Coil 
200: 200 kW. 

 

Adaptable coil performance: Room conditions 
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In the base configuration (6-rows) of VAV operation at L100 and part-loads, the off-coil 
moisture content increases through a decrease in airflow rate. Although the zone level 
temperature is maintained, the zone level absolute humidity slightly increases (max increase 
is 1.5 g/kg (from 12.75 to 14.3 g/kg) that correspond to a 10% RH increase (from 67% to 
77%). We can conclude that in the extreme conditions selected in this simulation involving a 
VAV system without motorized damper, the humidity increases but not excessively. In all the 
cases, the adaptable coil slightly reduces the absolute humidity (maximum reduction is 1.9 
g/kg – from 13.8 to 11.9 g/kg). This corresponds to a 10% RH reduction (from 74 to 64%). 
The minimum variation with desired room condition is seen for L100 and the maximum 
variation is seen for L25. However, from Figure 4a, it can be seen that with increase in fluid 
flow rate and reduction in active coil rows, the zone level humidity improves. For L100, 
reduction of active coil rows up to 3 has been found to be adequate to maintain room 
conditions and for L75, L50 and L25, whereas the adaptable coil configuration is the operation 
of 2 coil rows. The adaptable coils for L100, L75 and L50 can maintain zonal absolute humidity 
as close as design (11.7 g/kg). However, for L25, although adaptable coil is able to provide 
better humidity control as compared to other configurations, the zonal absolute humidity is 
found to be slightly higher (13.1 g/kg). It is to be noted that the dehumidification capacity of 
adaptable coil configuration decreases with decrease in zone load and airflow rate. This result 
is clearly seen with psychrometric analysis as presented in Appendix A (Figure 9). 

Adaptable coil performance: Energy Savings 
The calculated amounts of pump energy by Eq. (12) shows insignificant additional energy 
required for operating the coil during adaptation as compared to base operation. For the 
various cases, the difference in energy use between cases is always less than 0.3% of overall 
energy required. It can, therefore, be concluded that the VAV system without outdoor damper 
has slightly increased absolute humidity when working in part-load conditions and that the 
adaptable coils can slightly reduce the absolute humidity in all load conditions without an 
energy penalty. 
 
3.2.2 CASE 1B Fixed dry-bulb temperature and fixed outdoor air flowrate (VAVf) 
This case investigates the performance of coils with fixed dry-bulb temperature. However, in 
this case, a fixed amount of outdoor air 0.8 m3/s and 1.1 m3/s (10% of design loads for Coil150 
and Coil200 respectively) is considered for all part-loads. This is the case of a properly 
designed VAV system. 
This case works for all part-loads as there is flexibility to operate at higher absolute humidity 
levels. Calculated airflow rate and corresponding simulated fluid flow rate for different part-
loads are presented in Table 5. 
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Figure 4 CASE 1A and 1B Results: Comparison of dehumidification performance of coil 

configurations at various part-loads 

Table 5 CASE 1B: Airflow rate and fluid flow rate  

 L100  L75 L50 L25 

Coil 
Configuration Base Adaptable Base Adaptable Base Adaptable Base Adaptable 

Rows 6 3 6 2 6 2 6 2 

Coil 150 
F (l/s) 2.2 3.8 1.75 3.8 1.5 3.8 0.7 3.1 

Coil 200 
F (l/s) 2.2 3.7 1.9 4 1.7 5.0 1.2 2.9 

V (m3/s) 5.30 4.00 2.67 1.30 

Coil 150 
V% 67 50 33 17 

Coil 200 
V%  50 37 25 13 

V -   Airflow rate, V% – Percentage of actual design, F – Fluid (chilled water) flow rate, Coil 150: 150kW, Coil 
200: 200kW. 

 
Adaptable coil performance: Room conditions 



Energy & Buildings, January 2018, Vol. 159, 148-163                                  17                                       http://10.1016/j.enbuild.2017.10.086 
  http://escholarship.org/uc/item/176977qw 

From Figure 4b, it can be easily seen that the off-coil humidity slightly increases with a 
decrease in airflow rate. The zone level absolute humidity increases by 1.9 g/kg (from 12.75 
to 14.6 g/kg) and 11 RH% (from 67% up to 78%). As seen in earlier cases, the minimum 
variation with desired room condition is seen for L100 and maximum is seen for L25. With an 
increase in fluid flow rate and reduction in active coil rows, the zone level absolute humidity 
slightly improves. The maximum reduction is 1.2 g/kg (from 13.5 to 12.3 g/kg), which 
corresponds to a maximum RH reduction of 5.5% (from 72 to 66.5%). The improvement is 
less than in the case with fix outdoor damper. Similar to Case 1A, for L100, reduction of active 
coil rows up to 3 has been found to be adequate to maintain room conditions and for L75, L50 
and L25, the adaptable coil configuration is the operation of 2 rows coil. In this case, the 
adaptable coil for L100 can maintain zonal absolute humidity as close as design (11.7 g/kg). 
The dehumidification capacity of adaptable coil configuration decreases with decrease in 
zone load and airflow rate. These results are presented in the form of psychrometric analysis 
as shown in (Appendix A, Figure 10). 

Adaptable coil performance: Energy Savings 
Like Case 1A, the energy saving potential is insignificant here. Overall, it can be concluded 
that for a state of the art VAV system with outdoor air damper control, there is a slight 
increase in absolute humidity when working in part-load and that the adaptable coil only 
marginally reduces the absolute humidity, in particular in part-load conditions. There is no 
energy benefit in using the adaptable coil.  
 

3.2 CASE 2 - Fixed room condition analysis 
3.2.1 CASE 2A Fixed space absolute humidity and variable outdoor air flowrate (VAVv) 
To maintain the zone level absolute humidity of 11.7 (g/kg) as per design load, the airflow 
rate is calculated using Eq. (4). Similarly, the airflow rate as a percentage of actual design is 
calculated using Eq. (13) for various part-loads. These calculated airflow rates and 
corresponding fluid (chilled water) flow rates for various part-loads are presented in Table 6.  
  
Table 6 CASE 2A: Airflow rate and fluid flow rate  

 L100  L75 L50 L25 

Coil 
Configuration Base Adaptable Base Adaptable Base Adaptable Base Adaptable 

Rows 6 3 6 2 6 2 6 2 

Coil 150 
F (l/s) 2.3 3.8 1.8 3.8 1.4 3.0 0.4 2.4 

Coil 200 
F (l/s) 2.5 3.5 1.8 3.5 1.3 3.3 0.4 2.2 

V (m3/s) 5.2 3.6 2 0.8 

Coil 150 
V% 65 45 25 10 

Coil 200 
V%  47 33 18 7 

V -   Airflow rate, V% – Percentage of actual design, F – Fluid (chilled water) flow rate, Coil 150: 150kW, Coil 
200: 200kW. 
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Adaptable coil performance: Room conditions 
Calculated airflow rate is used for SPC simulation to find the adaptable coil configuration 
with varying rows number (6, 4, 3 and 2). An adaptable coil configuration is identified as 
one, which provides the zone condition at part-loads closest to the design condition of full 
load. The outcomes of simulation for Coil150 and Coil200 are presented in Figure 5. Using the 
adaptable cooling coil slightly reduces the relative humidity (max reduction is 5%, from 68 to 
63%) and the temperature is increased (max increase is 1.4 °C from 22.7 to 24 °C). In the 
base case of VAV operation when 6 rows were active, the off-coil air condition gets cooler 
through reduction of airflow. The least variation with desired space condition is seen for L100 
and maximum variation is seen for L25. These results can be seen in the psychrometric 
analysis (Appendix A, Figure 11). 

For L100, reduction of active coil rows up to 3 rows has been found to be adequate to maintain 
room conditions for both Coil150 and Coil200. So, there is no need to explore 2 row coil 
operation here. However, for L75, L50 and L25, the adaptable coil is a configuration of 2 rows. 
It is to be noted that the required amount of fluid flow rate varies as per the variation in 
airflow rate for both the coils.  
Adaptable coil performance: Energy Savings 
The energy saving potential by adaptable coil can be seen from Figure 5. Between 1.5-11.8% 
and 7-18% of energy saving has been calculated for Coil150 and Coil200. The performance of 
these adaptation strategies (reduction is coil rows) in terms of energy saving is seen higher 
for the higher oversized coil (Coil200). However, the energy saving potential by adaptable coil 
configuration decreases with decrease in zone load (highest energy saving at L100 and lowest 
at L25). For Coil150 and Coil200, highest energy saving possible are 12 and 18% and the lowest 
are 1.5 and 2%.  
Overall, we can conclude that in this specific application, where absolute humidity has to stay 
constant (e.g., conservation of art pieces), the adaptable coil is able to slightly reduce the 
relative humidity and increase the dry-bulb temperature, leading to up to 18% energy savings. 
 
3.2.2 CASE 2B Fixed space absolute humidity and fixed outdoor air flow (VAVf) 
This case investigates the performance of coils with fixed space absolute humidity and 
variable outdoor air damper control that leads to fixed outdoor airflow rate at part-load 
conditions. The variable OA damper control allows for a fixed amount of outdoor air 0.8 m3/s 
and 1.1 m3/s (10% of design loads for Coil150 and Coil200 respectively) for all part-load 
operation. So, the percentage of outdoor air to supply air changes with the ventilation 
requirement for spaces. The results of this case are presented in Figure 6. 
The first noticeable outcome is that the coils studied need outdoor air percentage (ratio of 
outdoor air to airflow rate) more than 100% to maintain the absolute humidity at L25, which is 
practically impossible. This is due to fixed and higher outdoor air supply at L25. In the case of 
L25, the required airflow rate is 0.62 m3/s and much lower than the fixed outdoor air supply 
amount of 0.80 m3/s. So, these coils are unable to maintain absolute humidity for L25 even in 
case of 100% outdoor air for ventilation. These are the cases when excess overcooling could 
be seen in the real operation of HVAC systems with an increased airflow rate.  
In this case, airflow rate and fluid flow rates are obtained like Case-1A for various part-loads 
and presented in Table 7. Like Case-1A, it can be seen from (Appendix A, Figure 12) that the 
off-coil air condition gets cooler through reduction of airflow. From Figure 6, a minimum 
variation is noticed between desired zonal DBT and absolute humidity for various part-loads. 
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However, there is a slight decrease in zonal temperature up to 0.9 °C and an increase in RH% 
up to 5% is noticed for L100 and L75.  
 

 

Figure 5 CASE 2A Results: Comparison of energy and dehumidification performance of coil 
configurations at various part-loads 

Table 7 CASE 2B: Airflow rate and fluid flow rate  

 L100  L75 L50 L25 

Coil 
Configuration Base Adaptable Base Adaptable Base Adaptable 

Unable 
to 

operate  

Rows 6 3 6 3 6 3 

Coil 150 
F (l/s) 2.5 3.8 2.0 3.1 1.7 2.4 

Coil 200 
F (l/s) 2.3 3.4 2.0 3.2 1.8 2.4 

V (m3/s) 4.8 3.2 1.56 

Coil 150 
V% 60 40 20 

Coil 200 
V%  43 29 14 

V -   Airflow rate, V% – Percentage of actual design, F – Fluid (chilled water) flow rate, Coil 150: 150kW, Coil 
200: 200kW. 
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Figure 6 CASE 2B Results: Comparison of energy and dehumidification performance of coil 

configurations at various part-loads 

 
Adaptable coil performance: Room conditions 
From Figure 6, it can be easily seen that with increase in fluid flow rate and reduction in 
active coil rows, the zone level temperature and relative humidity slightly improves. For L100 
and L75, reduction of active coil rows up to 3 has been found to be adequate to maintain room 
conditions for both the coils and so there is no need for 2-row coil operation here. However, 
it has been seen that at L50, adaptation does not give any better zone condition than actual 
base design of 6-Row coil operation. This occurs as the off-coil air condition reaches the 
saturation line for all cases (6, 4 and 3 rows in operation). This can be easily seen from the 
psychrometric analysis as presented in (Appendix A, Figure 12). 

Adaptable coil performance: Energy Savings 
The potential of energy saving using adaptation for Coil150 and Coil200 is seen to be between 
2-5.2% and 5.5-8.8% for L100 and L75. Like Case-1, the energy saving potential by adaptable 
coil configuration decreases with decrease in zone load. Highest energy saving potential 
through adaptable coil is seen in the case of L100 and lowest is seen for L75 for both Coil150 
and Coil200. 
Adaptation is found insignificant for L50 for both cases of enhancing the room condition as 
well as for saving energy. So, it can be concluded that with fixed amount of outdoor air 
supply, the percentage of outdoor to supply air increases with decrease in space load. With 
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this increase in ratio of outdoor to supply air, the performance of adaptation decreases and 
vice versa in case of airflow rate. 
 

4. Adaptable coil control strategy for the practical 
application 

The control strategy of an adaptable coil would be based on the continuous 
measurement of ΔTchw (Temperature difference between on-coil chilled water and off-coil 
chilled water) and  Qchw [Fluid (water) flow rate ( l

s
 ) inside the coil]. From Eq. (13), 

𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 (Coil load) would be measured. Further, the measured 𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 and Figure 7 (sample graph) 
would be used together to identify the required adaptation in the coil configuration for the 
various part loads. For illustration, the graph in Figure 7 is prepared from the simulation 
outcomes of 200 kW coil and Case 2A. In the case of the 200-kW coil which is 100% 
oversized, if the actual or measured 𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 is in the range of A (100% of coil load) and B (50% 
of coil load), there is no adaptation required and the coil will function normally with 6-rows 
in operation. However, at coil load B, which also corresponds with the actual room load in 
this study, a change in coil configuration is preferred. A key criterion in the A-B stage of a 6-
row coil operation would be the association of the coil load with both  Qchw  and ΔTchw and 
it is important to ensure that  Qchw does not go below a stipulated (or pre-determined) 
minimum flow rate. Between B and C, adaptation is made from 6-rows to 4-rows and this is 
accompanied by an increase of  Qchw at the start of the 4-row coil operation, which is 
desirable from the perspective of enhancing dehumidification. During this operation of B-C, 
the adapted coil functions as a 4-row coil with  Qchw progressively being modulated or 
reduced with decreasing coil load. Again, the criterion adopted for further adaptation would 
be further reduction of coil loads associated with reducing  Qchw and  ΔTchw.  A change-over 
to a 3-row coil would be made if Qchw falls below minimum stipulated flow rate during the 
B-C stage.  The adapted coil functions as a 3-row coil during the C-D stage of operation.  
Following similar logic, a further adaptation is made from 3-rows to 2-rows at the change-
over point of D. The scenario described above is for scenarios corresponding to decreasing 
loads.  In the reverse scenario of increasing loads, the adaptation would move from 2-rows to 
3-rows to 4-rows to 6-rows.  At every change-over point, a control band of ± 5% of Qcoil is to 
be considered to prevent cycling and determine a clear “change-over” or adaptation from one 
coil configuration to another. A similar control strategy can be adopted for 150 kW (50% 
oversized) coil and other operational scenarios. This control strategy of coil provides 
adaptation at various parts loads and also gives the flexibility of harnessing the full potential 
of the coil performance, including that of future expansion in terms of room/space loads. 

𝑄𝑄𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =   𝑄𝑄𝑐𝑐ℎ𝑤𝑤 × 𝛥𝛥𝛥𝛥𝑐𝑐ℎ𝑤𝑤        (13) 
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Figure 7  Adaptable coil control strategy - Desirable coil configurations at extended and various part 

loads for Case 2A 

 

5. Limitations of the study 
The cooling coil operational scenarios have been simulated under steady state 

scenarios where input data on air and water sides of coil do not change over time. However, 
in real conditions, chilled water supply temperature or on-coil air condition may change or 
fluctuate over time. The humidity buffer effect of building material was not considered. 
Another limitation of this study is to consider a certain value for operational conditions of the 
cooling coil investigated. These assumptions have been made based on typical design 
conditions of cooling coils for the tropical climate of Singapore but there was not much 
measured data, therefore several assumptions (intensity of the oversize, SHR and how they 
change in part load, etc.) were based on our professional judgment.  We did not explore how 
the active row control would look like and how it should be implemented.  

 

6. Discussion and conclusions 
The outcomes of simulations revealed that in part-load conditions, there is a small 

increase in absolute humidity (max 1.9 g/kg – from 12.7 to 14.6 g/kg, 11% RH – from 67 to 
78%) when we have a heavily oversized cooling coil (50 and 100% oversize and room load 
conditions are at 25%). This is not a large increase but if the starting conditions were already 
in the high humidity range, then the value could be a concern. One possible approach would 
be to design for lower humidity targets to start from and a better-sized coil. Another approach 
is the one proposed in this paper. Using the adaptable coil would slightly reduce the absolute 
humidity (max reduction 0.9 g/kg) but its effectiveness is reduced at lower part-load 
conditions where is most needed. For illustration, L50 (lower part-load condition) is 
represented over a Psychrometric chart for different cases (see Figure 8). It can be easily seen 
that the adaptation is effective for all cases except for the case of fixed absolute humidity 
with fixed outdoor airflow. This happens as the performance of adaptation decreases with an 
increase in ratio of outdoor to supply air. In typical applications (temperature control) there is 
no energy benefit of using the adaptable coil but in special applications (absolute humidity 
control) there is a substantial energy benefit (up to 18%). All the conditions are summarized 
below (see Table 8). 
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Table 8 Adaptable Coil Impact Matrix: 

 CASE 1A CASE 1B CASE 2A CASE 2B 

 
INDOOR - Fixed DBT, 

Varying Absolute Humidity;  

OUTDOOR AIR % - Fixed 

INDOOR - Fixed DBT, Varying 
Absolute Humidity;  

OUTDOOR AIR % - Variable with 
damper control 

INDOOR - Fixed Absolute 
Humidity, Varying DBT;  

OUTDOOR AIR % - Fixed 

INDOOR - Fixed 
Absolute Humidity, 

Varying DBT;  

OUTDOOR AIR % - 
Variable with damper 

control 

Load (%) 100 75 50 25 100 75 50 25 100 75 50 25 100 75 50 25 

Adaptability (Active 
coil rows) 3 2 2 2 3 2 2 2 3 2 2 2 3 3 3 NA 

Energy 
saving 

(%) 

OS 
(50%) Ins Ins Ins Ins Ins Ins Ins Ins 5.5 12 9.7 9.3 3 5.3 0 NA 

OS 
(100%) Ins Ins Ins Ins Ins Ins Ins Ins 15 18 12.3 9.2 8.8 5.5 0 NA 

Absolute 
humidity 
reduction 

(g/kg) 

& 

RH% 
Reduction 

OS 
(50%) 

1 1.2 1.9 1.2 1 1.2 0.9 0.7 NA NA NA NA NA NA NA NA 

4% 5% 10% 7% 3.5% 5.5% 5.5% 3.3% 4% 5% 5% 4.8% 3% 5% 0% NA 

OS 
(100%) 

 

1 1.2 0.9 0.7 1 1.2 0.9 0.7 NA NA NA NA NA NA NA NA 

4% 5% 10% 7% 3.5% 5.5% 5.5% 3.3% 4% 5% 5% 4.8% 3% 5% 0 NA 

*Ins – Insignificant, NA – Not Applicable, OS – Oversized 
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Figure 8 Comparison between various cases for L50 using psychrometric analysis  
 

It is apparent from this study that the reduction of active coil surface area could be an 
attractive option for the designer and operator to deal with an oversized coil.  Although an 
evaluation of the cost-effectiveness is not presented in this paper and was beyond the scope 
of this study, it is envisaged that the capital cost premium would not be high.  It is also 
further envisaged that manufacturer adoption could be quite reasonable, as the strategy does 
not have significant drawbacks.  
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Appendix A 

 

 

Figure 9 Psychrometric analysis for CASE 1A 
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Figure 10 Psychrometric analysis for CASE 1B 
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Figure 11 Psychrometric analysis for CASE 2A 
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Figure 12 Psychrometric analysis for CASE 2B 
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