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Abstract: The large data center electricity consumption is a growing global concern. To 8 

be environment-friendly and to enhance energy efficiency in operation, data center cooling 9 

systems adopt a variety of advanced cooling and renewable energy technologies such as 10 

free cooling. However, these free cooling systems are not optimally designed in field 11 

practices, and their energy efficiencies are much lower than that of the ideal case. In this 12 

study, optimal designs in water piping, pumps and equipment sequencing control are 13 

introduced to maximize the cooling efficiency of free cooling systems. It finds that the use 14 

of distribution headers around cooling towers and pumps, the maximization of the number 15 

of operating cooling towers, the minimization of the number of operating pumps and the 16 

mixed use of large and small single-speed pumps can reduce the system’s power 17 

consumption by 60% under certain operating conditions. The results also show that the 18 

designs can reduce the annual energy consumption by 3 to 15% depending on the climate 19 

conditions. 20 
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1. Introduction25 

The growing energy consumption of data centers has attracted lots of attention in recent 26 

years, and businesses have implemented various measures to reduce their energy cost. 27 

Shehabi et al. reported that data centers consume 1.8% of electricity generated in the U.S. 28 

in 2014, and their electricity consumption grew at 4% annually [1]. According to the 29 
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Natural Resources Defense Council (NRDC), the potential to reduce the energy cost of 30 

data centers in the U.S. in 2014 is around USD$3.8 billion [2]. Ascierto reported that the 31 

data center industry has reduced their average power usage effectiveness (PUE), an 32 

indicator of the efficiency of data centers, from 2.5 in 2007 to 1.65 in 2013, revealing 33 

significant improvement in the energy efficiency of data centers [3]. One major driver of 34 

the change is the research in data center cooling technologies. Since approximately 40% of 35 

data center energy consumption comes from their cooling systems [4] and energy use of 36 

data center cooling systems is the main cause of high PUEs in data centers [1], research for 37 

energy efficiency of data center cooling systems is growing rapidly to reduce the overall 38 

electricity consumption of data centers. New technologies such as underfloor air 39 

distribution, air containment, free cooling by economizer, variable-speed technologies, 40 

direct current power distribution, liquid-cooled information and communication 41 

technology (ICT) equipment and thermosyphon cooling have been developed to reduce 42 

energy use of data center cooling systems [5]–[9].  43 

While the energy saving potentials of the novel technologies have been widely 44 

investigated, the energy saving potentials in their interaction with other equipment in multi-45 

chiller systems are not. This type of studies was conducted with conventional cooling 46 

systems only. For example, Braun proposed the use of different sequencing controls for 47 

pumps and chillers enabled by alternative piping configurations to reduce energy use in 48 

multi-chiller systems [10]. Li and Wang studied how to mitigate pump oversizing issue by 49 

a probabilistic optimal design method to design the pumps in a multi-chiller system [11]. 50 

There is also other research that investigates various methods to optimize sequencing 51 

controls of chillers and cooling towers in conventional multi-chiller systems [12]–[16]. 52 

 However, for water-side free cooling systems in data center cooling systems, few 53 

research projects were conducted on its design to optimize the energy efficiency of systems 54 

with water-side free cooling systems. Lui has studied the capability of different piping 55 

configurations of indirect water-side free cooling systems in data center cooling systems 56 

with one economizer [17]. Griffin described how a data center cooling system with water-57 

side economizers conducted control sequencing of the equipment to optimize its cooling 58 

system by maintaining a constant temperature difference across water supply and return at 59 

all loads [18]. Taylor suggested the use of more cooling towers than necessary and higher 60 
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chilled water pump head for the operation of the water-side economizers [19]. Zhang et al. 61 

reviewed multiple literature that improved water-side free cooling system design using 62 

additional cooling source and solar cooling systems [20]. Little research has concerned 63 

with how designs of system configuration and component sizing are coordinated with 64 

multiple system sequencing and free cooling to maximize the overall energy efficiency of 65 

data center cooling systems under different climate and weather conditions. This leads to 66 

free cooling systems operating with lower energy efficiency than the ideal case in the field. 67 

This paper presents an optimized design of data center cooling system involving 68 

indirect free cooling systems and water-side economizers. It involves the design of piping, 69 

pump and equipment sequencing control configurations to optimize the energy saving 70 

potential of water-side economizers. The optimized design is identified by comparing the 71 

performance of a baseline design of a data center cooling system with four alternative 72 

energy-saving designs in a simulation case study. The comparison is followed by a 73 

discussion on why the design is optimal and ends with a study on how it performs in 74 

different climate zones. With the optimized design that is not found in previous studies, 75 

data center cooling systems with water-side economizers can be designed to optimize the 76 

energy saving potential of their water-side economizers and further enhance their energy 77 

efficiency than previously built data centers. 78 

2. Indirect free cooling system using water-side economizers 79 

Water-side economizers are important energy-saving technologies in water-cooled data 80 

center cooling systems [20], [21].  It is a type of renewable energy technology that uses 81 

evaporative cooling to absorb heat from the ICT equipment in data centers directly when 82 

the ambient temperature is cold. A schematic of a typical indirect water-side free cooling 83 

system is shown in Figure 1 [17].  84 
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 85 

Figure 1 Schematic of a water-cooled data center cooling system with a water-side 
economizer 

The system in Figure 1 can operate in three different modes: 86 

• Mechanical cooling mode 87 

• Partial free cooling mode 88 

• Free cooling mode 89 

When the weather is hot and wet, the system runs in mechanical cooling mode. The 90 

chiller operates to absorb heat from the return chilled water so that the temperature of 91 

supply chilled water for data center cooling is maintained at its temperature setpoint. The 92 

chiller rejects heat to the cooling water, and the heat in the cooling water is dissipated to 93 

the ambient by evaporative cooling at the cooling tower. The cooling water from the 94 

cooling tower remains hotter than the return chilled water from the data center, and it does 95 

not enter the water-side economizer to avoid heating up the chilled water. When the 96 

weather becomes cooler and drier, the cooling water from the cooling tower becomes 97 

cooler than the return chilled water from the data center. The system operates in partial free 98 

cooling mode, and its water-side economizer operates to pre-cool the return chilled water 99 

before it enters the chiller. While the cooling water entering the water-side economizer is 100 

not cold enough to cool the return chilled water to the temperature setpoint of the supply 101 

chilled water, its pre-cooling of the return chilled water reduces the cooling load at the 102 

chiller and reduces the energy consumption of the system. When the weather becomes even 103 

cooler and drier, the cooling water coming out of the cooling tower becomes colder than 104 

the temperature setpoint of the supply chilled water. It is cold enough to lower the 105 
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temperature of the return chilled water temperature to the temperature setpoint of the 106 

supply chilled water. The system operates in free cooling mode and uses the water-side 107 

economizer to keep the supply chilled water temperature at its setpoint. Chiller operation 108 

is not needed, the chiller is switched off and the system energy consumption is further 109 

reduced. Hence the partial free cooling mode consumes less energy than the mechanical 110 

mode, and the free cooling mode consumes less energy than the other two modes. While 111 

the theory to switch operation modes for the operation of the water-side economizers is 112 

well understood, it is unknown what changes are needed at the other equipment to optimize 113 

the system if it has multiple chillers and water-side economizers. 114 

3. Designs with different system configurations for energy-efficient control 115 

This section describes a baseline design that represents a conventional data center 116 

cooling system with water-side economizers and four alternative energy-saving designs to 117 

study the effect of other designs on energy efficiency of data center cooling systems. 118 

3.1 Baseline Design 119 

The Baseline Design represents data center cooling systems that do not have special 120 

piping, pump and sequencing control configurations. Its schematic is shown in Figure 2,  121 

and the details of the cooling units in Figure 2 are shown in Figure 3. 122 

 123 

Figure 2 Schematic of a data center cooling system in the baseline scenario 
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 125 

Figure 3 Schematic of a cooling unit in the baseline scenario 

Each cooling unit consists of pumps and a cooling tower that are connected in series 126 

with a water-side economizer and a chiller. Its variable-speed cooling tower, its two-speed 127 

cooling water pump (CDP) and its variable-speed chilled water pump (CHP) must be 128 

switched on first before its water-side economizer or chiller can operate for data center 129 

cooling. If one of the pumps or the cooling tower fails, the water-side economizer and the 130 

chiller cannot operate. This connection implies that the chiller or water-side economizer in 131 

each cooling unit can only operate if its cooling towers, its chilled water pumps and cooling 132 

water pumps are normal. 133 

While the connection does not allow any of the pumps or the cooling tower to be 134 

switched off during operation, it permits the water-side economizer and the chiller to 135 

operate separately. There are distribution headers around the two equipment that the water 136 

flow to one of them can be stopped without obstructing the water flow to the other 137 

equipment. Having a chiller and water-side economizer that require similar cooling water 138 

flow rates, the cooling unit in Figure 3 uses a two-speed cooling water pump that supports 139 

the simultaneous operation of a chiller and a water-side economizer at its full speed and 140 

supports the operation of either one of them at a lower speed. The chilled water pump is 141 

designed to be variable-speed based on the conventional primary-pump-only cooling 142 

system [22]. The cooling tower also has a variable-speed drive to control the speed of its 143 

fan. Unlike the mechanical cooling mode and partial free cooling mode which the chilled 144 

water temperature at the supply is controlled by the chiller, the free cooling mode does not 145 

have any chiller to control the supply chilled water temperature. To ensure that the 146 

temperature remains at the setpoint and will not be too low for any condensation issue in 147 

the data centers, a variable-speed drive is used at the cooling tower to control the fan speed 148 

to control the water temperature at the main supply header. 149 
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The first alternative design is made based on ASHRAE (2016) [14] which contains 151 

distribution headers around all cooling towers in a data center cooling system as shown in 152 

Figure 4. This setting allows the number of operating cooling towers to be different from 153 

the number of operating chillers and the number of operating water-side economizers. This 154 

design permits the use of more cooling towers than chillers and water-side economizers 155 

than conventional systems. It increases heat rejection area in the evaporative cooling 156 

process at the cooling towers for higher efficiency of the data center cooling system.  157 

 158 

Figure 4 Schematic of Alternative Design 1 

In this design, the number of operating cooling towers is set by Equation (1). 159 

𝑁𝑁𝑜𝑜𝑜𝑜,𝑐𝑐𝑐𝑐 = max�max�𝑁𝑁𝑜𝑜𝑜𝑜,𝑐𝑐ℎ + 𝑁𝑁𝑜𝑜𝑜𝑜,ℎ𝑥𝑥� + 1,𝑁𝑁𝑐𝑐𝑐𝑐� (1) 

where Nop,ct is the number of operating cooling towers, Nop,ch is the number of operating 160 

chillers, Nop,hx is the number of operating water-side economizers, Nct is the number of 161 

cooling towers installed. 162 

Equation (1) controls the number of operating cooling towers so that it is larger than 163 

the number of operating chillers and water-side economizers. Theoretically, all cooling 164 

towers should be switched on to maximize the number of operating cooling towers and the 165 

heat rejection area. This may cause issues in the water level in the cooling towers or even 166 

lack of water in operating cooling towers, and thus the control in this study only increases 167 

the number of operating cooling towers slightly to avoid the issue. 168 

Water-side 
economizer

Chiller

Variable-
speed CHP

Two-speed 
CDP

Variable-speed 
cooling tower

Water-side 
economizer

Chiller

Variable-
speed CHP

Two-speed 
CDP

Variable-speed 
cooling tower

From 
chiller 
plant 
water 
return

To chiller 
plant 
chilled 
water 
supply

Water-side 
economizer

Chiller

Variable-
speed CHP

Two-speed 
CDP

Variable-speed 
cooling tower

.....

.....
.....

Cooling water circuit Chilled water circuit

.....

.....



8 

3.3 Alternative Design 2 169 

The second alternative design is based on the piping configuration and the sequencing 170 

control algorithm in Braun [10]. The study found that the water flow rate required at the 171 

chillers is lower when a multi-chiller system is running at part-load conditions, and the 172 

multi-chiller system can become more efficient by reducing the number of operating pumps. 173 

To run a multi-chiller system with lower water flow rate, it suggested to install distribution 174 

headers around the pumps to reduce the number of operating pumps during part-load 175 

conditions. 176 

To use the method in a data center cooling system with water-side economizers, 177 

Alternative Design 2 contains distribution headers around the cooling water pumps in 178 

addition to the distribution headers in Alternative Design 1 as shown in Figure 5. In this 179 

design, distribution headers are installed around the two-speed cooling water pumps, and 180 

the system can run fewer cooling water pumps than the number of operating water-side 181 

economizers and chillers. When the total water flow rate required by the water-side 182 

economizers and chillers can be satisfied by fewer pumps, some pumps can be switched 183 

off to lower the energy use of the pumps.  184 

 185 

Figure 5 Schematic of Alternative Design 2 

3.4 Alternative Design 3 186 
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Alternative Design 3 is the replacement of cooling water pumps with smaller constant-187 

speed pumps. In the previous designs, the size of the pumps is designed to operate one 188 

chiller and one water-side economizers simultaneously. While this is necessary when the 189 

cooling water pumps are dedicated to separate chillers and water-side economizers in the 190 

Baseline Design, some pump capacity becomes redundant when the cooling water pumps 191 

are bounded by a pair of distribution headers. The data center cooling system is not 192 

designed to run all chillers and water-side economizers simultaneously, and the maximum 193 

total cooling water flow rate in the previous designs is much larger than the maximum 194 

cooling water flow required by the system. Thus the large variable-speed cooling water 195 

pumps can be replaced by smaller constant-speed cooling water pumps to avoid oversizing 196 

and the resultant inefficiency. By replacing the two-speed cooling water pumps in 197 

Alternative Design 2 with smaller constant-speed pumps, Alternative Design 3 is created 198 

as shown in Figure 6 [11], [23]. 199 

 200 

Figure 6 Schematic of Alternative Design 3 

Figure 6 shows that the two-speed cooling water pumps in Figure 5 are replaced by 201 

constant-speed pumps. These pumps are designed differently from the two-speed cooling 202 

water pumps that their rated water flow rate should be the same as the required flow rate 203 

of a water-side economizer or a chiller. They run more efficiently than the two-speed 204 

pumps at the rated flow rate of the constant-speed pumps. The number of operating cooling 205 

water pumps in this design is the same as the total number of operating water-side 206 
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economizers and chillers, or the cooling water flow rate will not be sufficient for the heat 207 

rejection of the data center cooling systems. 208 

3.5 Alternative Design 4 209 

In each of the previous designs, only one type of cooling water pump is used. While 210 

they work efficiently at their design conditions, the total flow rate of the cooling water 211 

circuit changes and there are always some operating conditions that they fail to run 212 

efficiently. Alternative Design 2 uses large two-speed cooling water pumps and is more 213 

efficient at large water flows, while Alternative Design 3 uses small constant-speed cooling 214 

water pumps and performs better at smaller flow rates. To gain the advantage of both 215 

designs, a new design to use constant-speed cooling water pumps of two different flow 216 

capacities is proposed in Figure 7.  217 

 218 

Figure 7 Schematic of Alternative Design 4 

In this design, half of the cooling water pumps are constant-speed pumps designed 219 

based on the smallest possible flow rate on the cooling water circuit, and the rest are 220 

constant-speed pumps designed at the total flow rate required by a water-side economizer 221 

and a chiller. All pumps are designed at the same pressure head to avoid water from flowing 222 

backwards into a pump. The sequencing control of the pumps is also specially designed to 223 

minimize the number of operating pumps to reduce the energy consumption of the data 224 

center.  225 
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4. Simulation case study 226 

To compare the performance of the Baseline Design with the alternative design and 227 

examine if the alternative designs improve system energy efficiency, the designs are used 228 

with a data center cooling system in a simulation case study. The simulation case study is 229 

built upon the specification of a real data center, control algorithms, mathematical models 230 

of the equipment and some environmental conditions. After simulating the operation of the 231 

data center systems under various designs and operating conditions as shown in Figure 8 232 

using TRNSYS 18 [24], the energy performance of the designs can be fairly compared. 233 

 234 

 235 

Figure 8 Flowchart to simulate the operation of a data center cooling system with a set of 
operating conditions 

4.1 Specification of the data center 236 

The case study involves a 16,800 kW data center cooling system with four 4,200 kW 237 

water-cooled chillers and four water-side economizers with design heat transfer rate at 238 

4,300 kW. The design water flow rates of both equipment are identical at 620,000 kg/h. 239 

The detailed specification of the data center cooling system is shown in Table 1. 240 

Table 1 Specification of the data center cooling system in the case study 
Equipment Design parameter Quantity 

Water-cooled chiller Design cooling capacity: 4200 kW 
Design chilled water outlet temperature: 13 °C 
Design chilled water flow rate: 544300 kg/h 
Design cooling water flow rate: 620000 kg/h 

4 

Water-side economizer Design heat transfer rate: 4300 kW 
Design water flow rate: 620000 kg/h 

4 
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Design power for anti-freezing electrical heater: 60 kW 
 241 

The different specifications of cooling water pumps in the Baseline and Alternative 242 

Designs are listed in Table 2. 243 

Table 2 Cooling water pumps (CDPs) in different designs in the case study 
Design Design parameter 

Baseline, Alternative Design 1, 
Alternative Design 2 

4 two-speed 145 kW pumps with a design flow rate at 1240000 kg/h 
and a design pressure head at 350 kPa 

Alternative Design 3 4 constant-speed 84 kW pumps with a design flow rate at 620000 
kg/h and a design pressure head at 350 kPa 

Alternative Design 4 2 constant-speed 145 kW pumps with a design flow rate at 1240000 
kg/h and a design pressure head at 350 kPa, and 2 constant-speed 84 
kW pumps with a design flow rate at 620000 kg/h and a design 
pressure head at 350 kPa 

The first set of CDP design in Table 2 contains CDPs which can support the 244 

simultaneous operation of a water-side economizer and a chiller. If any of the chillers or 245 

water-side economizers shuts down and the water flow rate required becomes lower, the 246 

pumps run at their low-speed setting for a lower water flow rate. The second set of CDP 247 

design in Table 2 is smaller than the first set, and each of them can only run at one speed 248 

to provide a 620000 kg/h flow. The third set of CDP design consists of a combination of 249 

pumps. It can run a large pump to provide a large flow to support the operation of a chiller 250 

and a water-side economizer simultaneously and run a small pump to support the operation 251 

of either a chiller or a water-side economizer. 252 

4.2 Control algorithms 253 

The simulation case study also needs a set of control algorithms to simulate the control 254 

of operation modes, water temperature, number of operating equipment and speed of 255 

equipment in different designs of the data center cooling system. 256 

Operation mode 257 

Since the study investigates the energy saving potential of the designs, the operation 258 

mode control is assumed to be ideal. At each operating condition, the data center cooling 259 

system is simulated under all three operation modes (i.e. mechanical cooling, partial free 260 

cooling and free cooling), and the operation mode that can satisfy the cooling requirement 261 
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and gives the best performance is selected as the operation mode. The simulation procedure 262 

of the operation mode selection process is illustrated in Figure 9. 263 

 264 

Figure 9 Procedure to select an operation mode in the simulation result 

Supply chilled water temperature 265 

The supply water temperature is fixed at 13 °C. When the data center cooling system 266 

operates in mechanical cooling and partial free cooling mode, the supply water temperature 267 

is achieved by the control of the capacity of the chiller. However, in free cooling mode, the 268 

chillers are off, and the speed of the fans at the cooling towers is used to control the supply 269 

chilled water temperature at the outlet of the water-side economizer to be 13 °C. 270 

Number of operating chillers and water-side economizers 271 

The control of the number of operating chillers and water-side economizers depends 272 

on the operation mode and the cooling load. To satisfy the cooling load, the cooling 273 

capacity of all operating chillers and water-side economizers must be greater than or equal 274 

to the cooling load. Whether to operate chillers or water-side economizers is determined 275 

by the operation mode. Mechanical cooling mode operates the chillers but not the water-276 

side economizers, and vice versa in free cooling mode. The resultant ruleset to determine 277 

the number of operating chillers and water-side economizers is shown in Table 3. 278 

Table 3 Ruleset to determine the number of operating chiller and water-side economizers 
Operation 

mode 
Cooling load Number of operating 

chillers 
Number of operating 

water-side economizers 
Mechanical 
cooling 

Lower than 4200 kW 1 
0 Between 4200 kW and 

8400 kW 
2 

Simulate the operation of the cooling 
system under all three operation modes

Select the modes satisfy the 
cooling mode

Select the mode that consumes 
the lowest power consumption

Set the cooling load and ambient 
wet-bulb temperature
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Between 8400 kW and 
12600 kW 

3 

Higher than 12600 kW 4 
Partial free 
cooling 

Lower than 8500 kW 1 1 
Otherwise 2 2 

Free cooling Lower than 4300 kW 

0 

1 
Between 4300 kW and 
8600 kW 

2 

Between 8600 kW and 
12900 kW 

3 

Higher than 12900 kW 4 
 279 

Number of operating chilled water pumps 280 

The control of the number of operating chilled water pumps does not change between 281 

designs because the chilled water pump configuration is not changed in the study. The 282 

number of operating chilled water pumps in all designs equals to the maximum between 283 

the number of operating chillers and the number of operating economizers as shown in 284 

Equation (2). 285 

𝑁𝑁𝑜𝑜𝑜𝑜,𝑐𝑐ℎ𝑝𝑝 = max�𝑁𝑁𝑜𝑜𝑜𝑜,𝑐𝑐ℎ ,𝑁𝑁𝑜𝑜𝑜𝑜,ℎ𝑥𝑥� (2) 

where 𝑁𝑁𝑜𝑜𝑜𝑜,𝑐𝑐ℎ𝑝𝑝 is the number of operating chilled water pumps 286 

Number of operating cooling water pumps 287 

The control of the number of operating cooling water pumps differs between designs. 288 

When the cooling water pumps are not bounded by distribution headers (i.e. Baseline 289 

Design, Alternative Design 1), all cooling water pumps connected to operating chillers and 290 

water-side economizers must operate to support their operation. The number of operating 291 

cooling water pumps in these designs equals to the number of operating chilled water 292 

pumps calculated by Equation (2). 293 

When the cooling water pumps are bounded by distribution headers (i.e. Alternative 294 

Design 2, Alternative Design 3 and Alternative Design 4), the number of operating cooling 295 

water pumps is determined by the total required cooling water flow rate as shown in 296 

Equation (4). 297 

𝑚̇𝑚𝑟𝑟𝑟𝑟𝑟𝑟,𝑐𝑐𝑐𝑐𝑐𝑐 = 𝑁𝑁𝑜𝑜𝑜𝑜,𝑐𝑐ℎ𝑚̇𝑚𝑑𝑑𝑑𝑑𝑑𝑑,𝑐𝑐𝑐𝑐𝑐𝑐,𝑐𝑐ℎ + 𝑁𝑁𝑜𝑜𝑜𝑜,ℎ𝑥𝑥𝑚̇𝑚𝑑𝑑𝑑𝑑𝑑𝑑,𝑐𝑐𝑐𝑐𝑐𝑐,ℎ𝑥𝑥 (3) 

where cdp is cooling water pump and cdw is cooling water flow 298 
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Based on the total required cooling water flow rate, the number of operating cooling 299 

water pumps can be determined based on the ruleset in Table 5 that is designed to minimize 300 

the number of operating cooling water pumps. 301 

Table 4 Ruleset to determine the number of operating cooling water pumps in Alternative 
Designs 2, 3 and 4 

Design Total required cooling water flow Number of operating cooling 
water pumps 

Alternative Design 2 Lower than 1240000 kg/h 1 
Between 1240000 kg/h and 2480000 kg/h 2 

Alternative Design 3 Lower than 620000 kg/h 1 
Between 620000 kg/h and 1240000 kg/h 2 
Between 1240000 kg/h and 1860000 kg/h 3 
Higher than 1860000 kg/h 4 

Alternative Design 4 Lower than 620000 kg/h 1 small pump 
Between 620000 kg/h and 1240000 kg/h 1 large pump 
Between 1240000 kg/h and 1860000 kg/h 1 large pump and 1 small pump 
Higher than 1860000 kg/h 2 large pumps 

 302 

Number of operating cooling towers 303 

The number of operating cooling towers is determined based on the number of 304 

operating chillers and water-side economizers and the presence of distribution headers 305 

around the cooling towers. In the Baseline Design, the cooling towers are not bounded by 306 

distribution headers. Each cooling tower connected to an operating chiller and water-side 307 

economizer must operate, and the number of operating cooling towers equals to the number 308 

of operating chilled water pumps calculated by Equation (2). In other alternative designs 309 

which the distribution headers are connected to both inlets and outlets of cooling towers, 310 

the number of operating cooling towers is determined by Equation (1). 311 

Speed of pumps 312 

The speed of chilled water pumps is controlled to reach the required total chilled water 313 

flow rate from Equation (5) within the speed limits of the pumps at 30 Hz and 50 Hz.  314 

𝑚̇𝑚𝑟𝑟𝑟𝑟𝑟𝑟,𝑐𝑐ℎ𝑤𝑤 = 𝑁𝑁𝑜𝑜𝑜𝑜,𝑐𝑐ℎ𝑚̇𝑚𝑑𝑑𝑑𝑑𝑑𝑑,𝑐𝑐ℎ𝑤𝑤,𝑐𝑐ℎ + 𝑁𝑁𝑜𝑜𝑜𝑜,ℎ𝑥𝑥𝑚̇𝑚𝑑𝑑𝑑𝑑𝑑𝑑,𝑐𝑐ℎ𝑤𝑤,ℎ𝑥𝑥 (4) 

where 𝑚̇𝑚𝑐𝑐ℎ𝑤𝑤 is the chilled water flow rate,  𝑚̇𝑚𝑑𝑑𝑑𝑑𝑑𝑑,𝑐𝑐ℎ is the design chilled water flow rate 315 

of the chiller and 𝑚̇𝑚𝑑𝑑𝑑𝑑𝑑𝑑,ℎ𝑥𝑥  is the design chilled water flow rate of the water-side economizer. 316 

The speed of the two-speed cooling water pumps is also controlled in a similar manner 317 

that it is controlled to reach the required total cooling water flow rate from Equation (4). 318 
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However, if the required speed is higher than the low-speed setting at the two-speed cooling 319 

water pumps, the pumps will be set to operate at 50 Hz instead of the required speed. 320 

The speed of constant-speed pumps always remains at 50 Hz. 321 

Speed of the variable-speed fans in the cooling towers 322 

The control of the speed of the variable-speed fans in the cooling towers is determined 323 

by the operation mode and the ambient wet-bulb temperature. In free cooling mode, the 324 

speed of the fans is controlled so that the supply chilled water temperature of the water-325 

side economizers reaches 13 °C. In partial free cooling mode and mechanical cooling mode, 326 

the supply chilled water temperature is controlled by the chiller, and the speed of the fans 327 

is used to maintain the cooling tower water outlet temperature at a setpoint given by 328 

Equation (6). 329 

𝑇𝑇𝑐𝑐𝑐𝑐,𝑐𝑐𝑐𝑐𝑐𝑐,𝑜𝑜𝑜𝑜𝑜𝑜,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = max�𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎,𝑤𝑤𝑤𝑤 + 5[℃], 18[℃]� (5) 

where 𝑇𝑇𝑐𝑐𝑐𝑐,𝑐𝑐𝑐𝑐𝑐𝑐,𝑜𝑜𝑜𝑜𝑜𝑜,𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  is the temperature setpoint at the cooling water outlet of the 330 

cooling towers, and 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎,𝑤𝑤𝑤𝑤 is the ambient wet-bulb temperature. 331 

Equation (6) is designed to ensure optimal performance of the fan and the chiller 332 

without very low condensing temperature at the chillers [22].  333 

4.3 Mathematical and computational models of the data center cooling system 334 

The operation of the data center cooling system is simulated in TRNSYS 18 [24], and 335 

most equipment is modeled by the built-in models in TRNSYS. Chillers were modeled by 336 

TRNSYS model Type 142, water-side economizers were modeled by TRNSYS model 337 

Type 651, and cooling towers are modeled by TRNSYS model Type 162. These models 338 

were well validated by previous studies according to the TRNSYS 18 user manual [22] and 339 

additional modeling was not needed. The only equipment that was modeled by non-340 

TRNSYS models were the pumps.  341 

The pump model computes the pump flow rate based on the speed of the pump and a 342 

model of the pressure difference of the pipelines. The pressure difference of the pipeline is 343 

estimated by Equation  (7) which is a variation from the commonly used fan affinity law 344 

[14]. 345 
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Δ𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = Δ𝑃𝑃𝑑𝑑𝑑𝑑𝑑𝑑,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝

⎝

⎜
⎛ 𝑚̇𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑡𝑡𝑡𝑡𝑡𝑡

𝑚̇𝑚𝑑𝑑𝑑𝑑𝑑𝑑,𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 max ��𝑁𝑁𝑜𝑜𝑜𝑜,𝑐𝑐ℎ + 𝑁𝑁𝑜𝑜𝑜𝑜,ℎ𝑥𝑥�
2
� , 0.5�

⎠

⎟
⎞

2

 (6) 

where Δ𝑃𝑃 is the pressure difference and 𝑚̇𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,𝑡𝑡𝑡𝑡𝑡𝑡  is the total flow rate due to the 346 

operation of all operating pumps in its water circuit. 347 

Equation (7) estimates the pressure difference across the equipment in the cooling 348 

water circuit or the chilled water circuit based on the number of operating chillers and 349 

pumps. It contains two unknowns – the pressure difference across the circuit and the total 350 

flow rate of the pumps in a circuit. To solve for the unknowns, one more equation is needed. 351 

The equation is obtained by the relationship between pump speed, pump pressure 352 

difference and pump flow rate as shown in Equation (8) which was validated in [23]. 353 

Δ𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = 𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,0𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝2 + 𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,1𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑚̇𝑚𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
2  (7) 

where 𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,0 and 𝑐𝑐𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝,1 are parameters of the pump model, 𝑓𝑓𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the speed of 354 

the pump and Δ𝑃𝑃𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 is the pressure difference across the pumps. 355 

At steady state operation, the pressure differences of the pump and pipelines in a circuit 356 

should be equal. Thus, the pressure difference and the flow rate of the pump can be solved 357 

after getting the speed of the pump from the control algorithm. 358 

In addition to the pump model, because the study consists of cases with ambient 359 

temperature below freezing, an additional electricity heater model was introduced to the 360 

cooling tower models to simulate the operation of the heaters to cooling towers that were 361 

off under freezing conditions. 362 

Similar to Equation (8), all equipment models contain some empirical parameters that 363 

represent the operation characteristics of the equipment. In this study, they are estimated 364 

based on regression and the manufacturers’ specifications of the equipment in the real data 365 

center cooling system in Table 1. 366 

These equipment models are solved according to the simulation procedure in in 367 

TRNSYS to estimate the performance of the data center cooling system under a specific 368 

condition and operation mode as shown in Figure 10. 369 
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 370 

Figure 10 Flowchart to simulate the operation of a data center cooling system in 
TRNSYS under a specific condition and an operation mode 

The operation mode of the data center cooling system is determined by following the 371 

procedure in Figure 9. This repeats the simulation in Figure 10 in all three operation modes 372 

under the same cooling load and ambient wet-bulb temperature and selects the feasible 373 

mode that yields the lowest overall power consumption. 374 

4.4 Operating conditions 375 

To compare the performance of the designs under different weather conditions, the 376 

simulation case study is conducted with ambient wet-bulb temperature ranging from 5 °C 377 

to 30 °C at 1 K interval and cooling load ranging from 2000 kW and 16000 kW at 500 kW 378 

intervals. 379 

To examine the performance of the designs in more realistic situation, the simulation 380 

case study is also performed with typical meteorological year (TMY) weather files [26] 381 

under different climate zones in Asia as shown in Table 5. 382 

Table 5 Selected climate zones and cities in Asia 
Climate 
zone 

Description Representative city Climate 
zone 

Description Representative city 

0A Extremely hot 
and wet 

Bangkok, Thailand 4B Mixed and dry Turpan, China 

0B Extremely hot 
and dry 

Abu Dhabi, United 
Arab Emirates 

5A Cool and wet Sapporo, Japan 

Inputs

Ambient wet-bulb 
temperature

Operation 
mode

Cooling 
load

Control algorithm (except the operation mode control)

Chilled water pump and cooling water pump 
models

Temperature setpoint, number of operating 
equipment, fan and pump speed

Models of water-side economizers, chillers and 
cooling towers

Water flow rate

Outputs

Total power 
consumption

If the cooling load 
can be achieved
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1A Very hot and 
wet 

Hanoi, Vietnam 5B Cool and dry Hami, China 

1B Very hot and 
dry 

Kuwait International 
Airport, Kuwait 

6A Cold and wet Changchun, China 

2A Hot and wet Guangzhou, China 6B Cold and  Hohhot, China 
3A Warm and wet Wuhan, China 7 Very cold Semipalatinsk, 

Kazakhstan 
3B Warm and dry Tehran, Iran 8 Subarctic/arctic Chita, Russia 
4A Mixed and 

wet 
Ulsan, South Korea    

 383 

The climate zone coding and description follow that in ASHRAE Standard 169-2013 384 

[27], and the representative cities are chosen from the standard in the Asian region. The 385 

simulations are conducted with the hourly ambient temperature and humidity in the TMY 386 

file under four cooling loads: 4,000 kW, 8,000 kW, 12,000 kW and 16,000 kW separately 387 

to analyze the operation of the data center cooling systems with different designs under 388 

various climatic conditions. 389 

5. Results and Discussion 390 

The results of the simulation case study are analyzed in three aspects:  the optimal 391 

operation modes under different weather, the energy efficiency of the designs, and their 392 

operation under different climate zones. 393 

5.1 Optimal operation modes 394 

The optimal operation modes of the system under the Baseline Design and the 395 

alternative designs are shown in Figure 11. 396 
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 397 

Figure 11 Operation modes of the system in the (a) Baseline Design, (b) Alternative 
Design 1, (c) Alternative Design 2, (d) Alternative Design 3 and (e) Alternative Design 4 

Figure 11 shows that both ambient wet-bulb temperature and cooling load are key 398 

factors that affect the operation modes of the system in different designs. As the ambient 399 

wet-blub temperature increases, the system operation transitions from free cooling mode 400 

to partial free cooling mode and from partial free cooling mode to mechanical cooling 401 

mode. Since the chiller plant water supply temperature is 13 °C, the system can only satisfy 402 

(a)

(b) (c)

(d) (e)



21 

the cooling load by mechanical cooling when the ambient wet-bulb temperature is above 403 

13 °C. The higher the cooling load, the lower the maximum ambient wet-bulb temperature 404 

that allow free cooling operation. At cooling load 4200 kW, the maximum ambient wet-405 

bulb temperature that allows free cooling is 11 °C. When the cooling load increases to 406 

16000 kW, the temperature drops to 8 °C. 407 

The most significant difference between the operation modes of the system in different 408 

designs can be found in the number of scenarios using free cooling mode in the Baseline 409 

Design case. The number of free cooling mode operations in the Baseline Design is much 410 

fewer than that in other alternative designs. The number of partial free cooling mode 411 

operations in the Baseline Design is also fewer than that in the other designs. The number 412 

and distribution of free cooling mode and partial free cooling mode in the other designs are 413 

similar to each other. This shows that the distribution headers around the cooling towers 414 

and the associated control algorithm are the main influential factors that increase the 415 

cooling capacity of the free cooling and the partial free cooling mode and hence affect their 416 

applicability under different operating modes. 417 

5.2 Energy Efficiency of System under Various Designs 418 

To examine which design yields the highest energy efficiency of the systems under 419 

various ambient wet-bulb temperature and cooling load, the percentage of power 420 

consumption reduction of each alternative design relative to Baseline Design is compared 421 

in Table 5 and Figure 12.  422 

Table 6 Average percentages of power consumption reduction of different alternative 
designs relative to the Baseline Design 

Design Percentages 

Alternative Design 1 2.79% 

Alternative Design 2 5.18% 

Alternative Design 3 5.78% 

Alternative Design 4 6.14% 

 423 

 424 
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 425 

Figure 12 Percentage of power consumption reduction relative to the Baseline Design 
under various operating condition by (a) Alternative Design 1, (b) Alternative Design 2, 

(c) Alternative Design 3 and (d) Alternative Design 4 

Table 5 shows that the system under all alternative designs use less electricity than the 426 

Baseline Design, and Figure 12 shows that the power consumption reduction mainly occurs 427 

when ambient wet-bulb temperature is between 9 °C and 13 °C. The maximum percentage 428 

of power consumption reduction in this range of wet-bulb temperature can reach 64% 429 

which is much larger than the percentages in other ranges of temperature. A comparison 430 

between Figure 11 and Figure 12 shows that the region with the largest power consumption 431 

reduction in Figure 12 coincides with the leftmost boundary of the mechanical cooling 432 

region in Figure 11(a). Under these operating conditions, while the system in the Baseline 433 

Design requires mechanical cooling, all alternative designs permit the system to use either 434 

partial free cooling operation or free cooling operation to support the cooling operation. 435 

The system under alternative designs can operate without chillers under these conditions, 436 

and their power consumption becomes much lower than that of the Baseline Design. Hence 437 

the distribution headers around the cooling tower and the control algorithm to increase the 438 

number of operating cooling towers can increase the energy efficiency of the data center 439 

cooling system using water-side economizers significantly. 440 

(a)

(c) (d)

(b)
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While Figure 12(a) does not show very different operation between the Baseline Design 441 

and the Alternative Design 1 other than the ambient wet-bulb temperature range between 442 

9 °C and 13 °C, the other designs show significant power consumption reduction at other 443 

ambient wet-bulb temperature when the cooling load is above 4200 kW. In these designs, 444 

when the cooling load is higher than 4200 kW, the system runs cooling water pumps with 445 

lower flow capacity than that of the Baseline Design and the Alternative Design 1. The 446 

cooling water pump in systems under Alternative Designs 2 to 4 consume less electricity 447 

than that of the Baseline Design and the Alternative Design 1. Hence Alternative Designs 448 

2, 3 and 4 manage to operate with lower power consumption at other ambient wet-bulb 449 

temperature when the cooling load is above 4200 kW. 450 

Below 4200 kW, only Alternative Designs 3 and 4 can operate with significantly lower 451 

power consumption than the Baseline Design. This is because they use smaller cooling 452 

water pumps to support the system cooling operation than systems under other designs. 453 

Hence Alternative Designs 3 and 4 can achieve better energy efficiency in general than 454 

other designs. Similar energy saving phenomenon can be found when the ambient wet-blub 455 

temperature is higher than 14 °C and the cooling load is between 8400 kW and 11200 kW. 456 

To further compare the energy efficiency of Alternative Designs 3 and 4, the coefficient 457 

of system performance (COSP) of various designs under various operating conditions are 458 

calculated by Equation (9).  459 

COSP =
𝑄𝑄

𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠
 (8) 

where 𝑄𝑄  is the cooling load in kilowatts and 𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  is the estimated power 460 

consumption of the data center cooling system, including pump power consumption, chiller 461 

power consumption, etc., in kilowatts 462 

The study can compare the performance of Alternative Designs 3 and 4 by comparing 463 

the average COSPs of the systems under all designs and simulated operating conditions in 464 

Table 7. 465 

Table 7 Average COSP of different designs under different operating conditions 

Designs 

All 
operating 
conditions 

Cooling 
load above 
12600 kW 

Cooling load 
between 8400 kW 

and 12600 kW 

Cooling load 
between 8400 
kW and 12600 

kW 

Cooling 
load below 
4200 kW 
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Baseline Design 7.701 8.087 7.855 7.504 7.123 

Alternative Design 1 8.054 8.304 8.232 7.881 7.608 

Alternative Design 2 8.340 8.726 8.393 8.353 7.608 

Alternative Design 3 8.405 8.607 8.611 8.230 7.986 

Alternative Design 4 8.449 8.664 8.655 8.292 7.986 

 466 

Table 7 shows that the Alternative Design 4 is more efficient than Alternative Design 467 

3 and yields higher COSP on average. While their COSPs are the same at cooling load 468 

below 4200 kW, the COSP of Alternative Design 4 is higher when the cooling load is above 469 

4200 kW. At higher cooling load, Alternative Design 4 uses at least 1 large cooling water 470 

pump and uses fewer cooling water pumps than Alternative Design 3. The use of both large 471 

and small constant-speed pumps in Alternative Design 4 improves the energy efficiency of 472 

the system under both low-load and high-load conditions.  473 

5.3 Energy Efficiency of System under Various Climate Zones 474 

To examine the performance of a data center cooling system in realistic situations, the 475 

energy efficiency of the systems simulated under different climate zones according to 476 

Table 5 is calculated using Equation (9). 477 

Average COSP =
∑𝑄𝑄 (𝑡𝑡𝑖𝑖)

∑𝑊𝑊𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠(𝑡𝑡𝑖𝑖)
 (9) 

where 𝑡𝑡𝑖𝑖 is the ith simulation time stamp in a simulation result 478 

The results are summarized in Figure 13. 479 
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 480 

Figure 13 Average COSP of systems in different climate zones with cooling load at (a) 
4000 kW, (b) 8000 kW, (c) 12000 kW and (d) 16000 kW 

Figure 13 shows consistent results with the previous analyses. A system can operate 481 

with higher average COSP under climates that are colder and drier. One anomaly is that 482 

the average COSP in climate zone 3B is as high as that in climate zones 5A and 5B. The 483 

reason can be found in the operation time of the mechanical cooling mode in different 484 

climate zones under different load in Figure 14. 485 

(a)

(c) (d)

(b)
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 486 

Figure 14 Operation time of different designs in different climate zones with cooling load 
at (a) 4000 kW, (b) 8000kW, (c) 12000 kW and (d) 16000 kW 

Figure 14 shows that  the temperature and humidity in climate zone 3B allow the system 487 

to run in mechanical cooling mode for around 30% of a year only. The time the system 488 

spent in mechanical cooling mode in climate zone 3B is similar that of ones in climate 489 

zones 5A and 5B. This explains why the system can consume less energy in climate zone 490 

3B than that in climate zones 5A and 5B. 491 

To examine which design should be used to replace the Baseline Design under different 492 

climate zones, the reduction of annual electricity consumption due to the replacement of 493 

the Baseline Design by an alternative design is plotted in Figure 15. 494 

  495 

(a)

(c) (d)

(b)
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 496 

Figure 15 Reduction of annual electricity consumption from the Baseline Design with 
cooling load at (a) 4000 kW, (b) 8000kW, (c) 12000 kW and (d) 16000 kW 

Figure 15 shows that Alternative Design 4 can lead to better energy efficiency 497 

improvement than other designs in most situations. It can reduce system energy use by 2.6% 498 

to 15%. Although Alternative Design 2 can reduce the data center energy consumption a 499 

little more than Alternative Design 4 in some situation, its energy saving can at most leads 500 

that of Alternative Design 4 by 0.67% only. In cases which Alternative Design 2 501 

underperforms that of Alternative Design 4, the energy saving of Alternative Design 2 can 502 

be lower than that of Alternative Design 4 by 3.89%. Hence Alternative Design 4 is the 503 

best design. 504 

 505 

(d)

(b)(a)

(c)
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 506 

6. Conclusions 507 

This study evaluates different piping and pump designs and optimal control algorithms 508 

to suggest an optimized design of free cooling systems in data centers. Using a steady-state 509 

model of a realistic data center cooling system, the study compares the energy efficiency 510 

of five different data center cooling system designs at different ambient wet-bulb 511 

temperature and cooling load. The results show that an optimal design of a free cooling 512 

system should contain the following three features: 513 

1) Distribution headers around cooling towers and a control algorithm to operate more 514 

cooling towers than necessary; 515 

2) Distribution headers around pumps and a control algorithm to minimize the number 516 

of operating pumps; 517 

3) A mix of large and small pumps and an appropriate pump sequencing control 518 

algorithm. 519 

Based on the simulations under different operating conditions and climate zones, the 520 

study shows that these designs can reduce the energy consumption of a data center cooling 521 

system with water-side economizers by 3 to 15% annually and as much as 60% under some 522 

specific conditions. This verifies that the designs can improve the energy efficiency of data 523 

centers significantly. 524 
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Nomenclature 530 

Roman  

c Empirical parameter [unit varies] 

COSP Coefficient of system performance 
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𝑚̇𝑚 Mass flow rate [kg/h] 

N Number of equipment 

P Pressure [kPa] 

Q Cooling load [kW] 

T Temperature [°C] 

W Power consumption [kW] 

Greek  

Δ Difference 

Subscript  

ch Chiller 

chp Chilled water pump 

chw Chilled water 

ct Cooling tower 

des Design 

hx Water-side economizer 

op Operating 

pipe Pipeline 

pump Pump 

req Required 

setpt Setpoint 

system Data center cooling system 

tot Total 
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