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Abstract 
In this thesis work, a comprehensive static data center model with raised floor design is developed with 
improvements based on previous master thesis work. Enhancement work focuses on IT virtualization 
technology, a general server model, more detailed chiller system and mechanical system, novel modeling 
methodology for power devices (PDU and UPS). Besides, the temperature of CRAH supply air, CRAH 
supply water, evaporator water inlet, condenser water outlet and cooling tower water inlet are also able to be 
calculated in the static model. The parameter configuration of the static model is tuned so as to meet 
ASHRAE standards. Two airflow control approaches, traditional air supply with distributed airflow control 
and with room level control, are implemented in the static model with results comparison and analysis. Three 
case studies are conducted with analysis followed in the static model, including data center expansion, 
cooling control strategies, virtualization and IT load shifting. The robustness, flexibility and functionality of 
the static model are demonstrated through these three case studies. 

Furthermore, a dynamic model with slab floor design for a small data center is presented, for the purpose of 
investigating how servers are cooled down efficiently with consideration of both CRAH supply air 
temperature and its flow rate. This model is further implemented with control algorithms by other colleagues 
and only the development of model itself is included in this thesis work. 

  



Sammanfattning 
I det här avhandlingsarbetet utvecklas en omfattande statisk datacentermodell med upphöjd golvdesign med 
förbättringar baserade på tidigare magisterarbete. Förbättringsarbetet fokuserar på IT-virtualiseringsteknik, 
en allmän seriemodell, mer detaljerat kylaggregat och mekaniskt system, ny modellmetodik för kraftenheter 
(PDU och UPS). Dessutom kan temperaturen på CRAH-tilluften, CRAH-tillförselvatten, förångarens 
vatteninlopp, kondensatorns vattenutlopp och kyltornets vatteninlopp också beräknas i den statiska 
modellen. Parameterkonfigurationen för den statiska modellen är inställd så att den uppfyller ASHRAE-
standarderna. Två luftflödeskontrollmetoder, traditionell lufttillförsel med distribuerad luftflödesreglering 
och rumsreglering, implementeras i den statiska modellen med jämförelse och analys av resultatet. Tre 
fallstudier genomförs med analys som följs i den statiska modellen, inklusive datacenterutvidgning, 
kylkontrollstrategier, virtualisering och IT-lastskiftning. Robustheten, flexibiliteten och funktionaliteten hos 
den statiska modellen demonstreras genom dessa tre fallstudier. 

Dessutom presenteras en dynamisk modell med plattformsdesign för ett litet datacenter för att undersöka 
hur servrarna kyls effektivt med hänsyn till både CRAH-tilluftstemperaturen och dess flödeshastighet. Denna 
modell implementeras vidare med kontrollalgoritmer av andra kollegor och endast utveckling av själva 
modellen ingår i detta uppsatsarbete.  
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1 Introduction 
In a world where almost everything is connected via Internet, a huge amount of data is produced and 
needs to be stored and processed. Data centers capable of cloud computing, cloud storage, 
telecommunication and other services play a pivotal role in handling data issues [1]. Based on a forecast by 
the International Data Corporation (IDC), the total number of all types of data centers in the world is 
expected to increase until the peak of 8.6 million in 2017. In spite of the decrease number of data centers 
after 2017, the total worldwide data centers' occupation area will still continue growing, as the mega data 
center with capacity over 20 MW emerges and spreads. [2]  

Modern data centers are characterized by large sizes, high energy consumption and complexity involving 
IT, power supply, ventilation and cooling. Data center energy efficiency is a major concern for data center 
design and operation. To improve data center energy efficiency through efficient cooling and ventilation, 
advanced process control and optimization, process models to describe the process power consumption 
are required. As it is illustrated in figure 1.1, IT facilities and cooling system are two main power 
consumption components in the data center, accounting for approximately 76% of total power 
consumption in the data center, which suggests potentials to reduce the power consumption and improve 
the energy efficiency of the data center. One approach is in cyber system level, for instance, replacing the 
servers with higher efficiency, or implementing job scheduling and resource management strategies with 
machine learning algorithm [3][4]. Another approach is in physical system level, for instance, optimizing 
cooling supply system or adopting free air cooling, or liquid cooling method [5].  

 
Figure 1.1. A breakdown of energy consumption by different components in a data center [6] 

In terms of modeling methodology, Computational Fluid Dynamics (CFD) is able to provide detailed 
three-dimensional thermal field with fluid flow and temperature distribution. However, the practical 
limitation of CFD method apparently exists at the same time, concerning computational intensity, 
especially for real-time control applications on such complex flow circumstances. An approximate model 
of air flow in data centers that only retains the basic flow mechanisms is developed [7].  

For the purpose of attempting the most generic modeling for the data center, with further implementation 
of real-time control strategies, the data center model built in this thesis work consists of IT system, 
cooling system (CRAH units, electric fans, pumps, chillers and cooling tower), and power devices (PDU 
and UPS), with focus on power consumption, and interactions among subsystems. The thermodynamics, 
fluid dynamics and heat transfer formulas are considered in the modeling process. 
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2 Data center  

2.1 Data center introduction 
Servers mounted in racks providing cloud storage, cloud computing and other services to various 
customers generates a large amount of heat, which requires an efficient cooling system to be able to 
evacuate the heat to the ambient environment. A typical subsystem layout of Data center with power and 
fluid flow is illustrated in Figure 2.1. The transformer receives high voltage AC power from the utility grid, 
and then transforms it to feed the uninterruptible power supply (UPS). The UPS is charged continuously 
as a backup power supply in case of utility grid black out and distributes the electricity to power 
distribution units (PDUs). PDUs adjust the voltage to match and power the IT equipment. In terms of 
cooling system loops, the heat generated in servers is initially extracted by cooling air supplied by 
computer room air handler (CRAH) outlet through under floor plenum. Then the hot exhaust air going 
back to CRAH units is cooled down again by transferring the heat to the chilled water loop, which is 
pumped to the chiller. The heat is exchanged between the chilled water loop and the cooling tower water 
loop. Cooling tower is the place where heat is eventually dissipated into the ambient environment through 
its water evaporation process. 

 
Figure 2.1.  Power and fluid flow in a typical data center 

2.2 Comparison between raised floor and slab floor 
Few decades ago, the raised floor design prevails in the data center planning. However, in the past five to 
ten years, the slab floor design has been gaining more and more attention because of some compelling 
advantages over the raised floor design. The slab floor has few issues with air leakage or air bypass, which 
exists in raised floor system. Besides, advantages of maintenance cost and equipment installation fall into 
slab floor. As for construction cost per square meter of data center, it is more or less the same for both 
sides. To conclude, the choice between raised floor and slab floor depends on business needs and market 
demands [9]. Since raised-floor is still the most common layout adopted in data centers and it is much 
easier to deploy pipes and ducts under floor than overhead design in slab floor case. Thus, raised floor 
design will be used in the static modeling work so that the developed model can be more generic, while in 
the dynamic modeling work, slab floor design is adopted. 

2.3 Data center subsystem 
The entire data center can be divided into four main subsystems, contributing to the proper operation of 
the whole infrastructure. IT facilities include servers and ancillary electronic devices on board. Cooling 
system consists of CRAH units, chiller, cooling tower, pumps, fans and etc. Power system comprises 
uninterruptible power supply (UPS), power distribution unit (PDU), switchgears, batteries and so on. 
Miscellaneous components include lighting system, humidifiers and fire protection system [5]. The 
detailed description of these four subsystems will be explained in the data center modeling section. 
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Figure 2.2.  Power transmission and heat transfer process happening among subsystems 

The power transmission and heat transfer process happening among subsystems in the data center is 
shown in Figure 2.2. The power comes from the grid, and then feeds subsystems through the transformer. 
The heat generated in each subsystem in the data center room and by pumps in the chilled water system is 
loaded on the chiller, and then the heat generated by the chiller and pumps in the condenser water is 
transported to the cooling tower. The heat load increases when it passes on to the next loop. Be aware 
that power consumption of pumps both in chilled water loop and condenser water loop remains constant, 
since they operates at constant speed. 

2.4 Distributed airflow control 
Distributed airflow control is introduced in the development of the static model, and implemented in the 
raised floor design data centers with certain adjustment. The data center is divided into zones with 
controllable ventilation. Zones are mutually independent, which means the supply air by each CRAH unit 
is constrained in zones, and air flow rate supplied by each CRAH unit is determined by the rack with 
highest heat load at the zone.   
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3 Data center modeling 
As it is discussed in the introduction part, the CFD method is able to describe the flow and temperature 
distribution in the data center. However, a tradeoff has to be made between accuracy and simplicity, 
because of its computational complexity. There are also many other papers focusing on certain 
component of the data center [8][17][19][22][29][30]. In this thesis work, a comprehensive static data 
center model comprising all the main subsystems with two airflow control approaches is developed on the 
basis of previous thesis work by Therese Lindberg. In addition to that, a tailored dynamic data center 
model with slab floor design is built for a module in data center used by RISE, Research Institute of 
Sweden. The static model is developed at the server level, but with control approaches at the zone level, 
which means the CRAH flow rate at one zone of racks with different CPU utilization is only determined 
by the rack with highest heat load at this zone. Other racks with lower heat load at this zone are supplied 
with the same amount of CRAH flow rate. There are two different airflow control approaches at the zone 
level applied to this static model. One is traditional air supply with room level control, in the case of 
which, all the zones in the data center are supplied with the same amount of CRAH flow rate which is 
based on the zone where the rack with highest heat load at the data center exists. The other one is 
traditional air supply with distributed airflow control, in the case of which, each zone is supplied with 
independent CRAH flow rate determined by the rack with highest heat load at each zone. 

3.1 Energy balance 
According to the first law of thermodynamics (the law of conservation of energy), the total energy of a 
system is conserved, which means the energy of a system can only change when energy crosses its 
boundaries. Energy can cross boundaries of a system in form of two: heat transfer and work, which results 
in the following expression for a closed system: 

 ∆𝐸#$$%$ = 𝑄 −𝑊 (3.1.1) 

Where ∆𝐸#$$%$ the total energy stored in the closed system, Q is is the net heat transferred to this system, 
and W stands for the work done by the system [10]. 

∆𝐸#$ denotes the change of thermal and mechanical energy stored in a control volume over time interval 
∆𝑡. 𝐸+, and 𝐸%-$ stand for energy entering and leaving the control volume respectively. Thermal energy 
generation inside the closed system is given as 𝐸. [10]. Then this can be written either with quantities or 
rate from with a dot over the term: 

 ∆𝐸#$ = 𝐸+, − 𝐸%-$ + 𝐸. (3.1.2) 

 𝐸#$ = 𝐸+, − 𝐸%-$ + 𝐸. (3.1.3) 

The total energy, 𝐸#$ , comprises kinetic energy, potential energy and internal energy. If it is under steady-
state condition and no thermal energy generation, then the equation can be written as: 

 𝑄+, + 𝑊+, + 𝑚(ℎ + 34

5
+ 𝑔𝑧)+, = 𝑄%-$ + 𝑊%-$ + 𝑚(ℎ + 34

5
+ 𝑔𝑧)%-$  (3.1.4) 

Where ℎ denotes enthalpy, 𝑚 is mass flow rate, 𝑣 is fluid flow speed, 𝑔 is the acceleration caused by 
gravity, and 𝑧 is the elevation of inlets and outlets of the system [10]. 

For an ideal gas or incompressible liquid, the change in enthalpy can be defined as: 

 ∆h = c<∆T (3.1.5) 

Where ∆𝑇 is the temperature difference of the flow entering and leaving the control volume, 𝑐@ represents 
specific heat at constant pressure [11]. 
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Eventually, the simplified steady-flow thermal energy equation is obtained, assuming steady-state 
conditions, no changes in latent energy, and no thermal energy generation: 

 q = ρVc<(TDEF − TGH) (3.1.6) 

3.2 Energy efficiency metrics 
First, one of the most widely adopted infrastructure efficiency metrics promoted by the Green Grid, 
power usage effectiveness (PUE) is introduced. The metric is the ratio of total energy consumed by a data 
center to the energy consumed by computing equipment [12]: 

 PUE = LDFMN	PMFM	QRHFRS	MHHEMN	RHRSTU
LDFMN	VL	MHHEMN	RHRSTU

=
WXY_[\]^_W`\\[abc_Wdef_Wegd_W[achiabc

WXY_[\]^
 (3.2.1) 

Where 𝑊jk_l%mn  denotes the total power consumption of IT equipment, 𝑊opq  and 𝑊pro  denote the 
power loss of uninterrupted power supply (UPS) and power distribution units (PDU) respectively, 
𝑊l+.s$+,. is the power consumed by lighting facilities, and 𝑊t%%l+,. denotes the power consumed by the 
overall cooling system, including total power consumption of server fans in the racks, fans in the CRAHs, 
pumps supplying building chilled water, compressor in the chiller and fans, pumps in the cooling tower. 
From above, the expression of  𝑊t%%l+,. is given: 

 WQDDNGHT = WSMQv + Wwxyz + W{wW +WQ|GNNRS + WwL (3.2.2)	

Other components of data center consume considerably less power comparing with those main 
components discussed above, and therefore other components are not included in the total data center 
power.  

Instead of taking the total facility energy consumption into consideration, partial power usage 
effectiveness (pPUE) defines a clear boundary for a specific section or container of a data center over time 
[12]: 

 pPUE = LDFMN	RHRSTU	GH~GPR	�DEHPMSU
LDFMN	VL	R�EG<�RHF	RHRSTU	GH~GPR	�DEHPMSU

=
WXY_[\]^_W`\\[abc

WXY_[\]^
 (3.2.3)	

The pPUE for all the subsystems including CRAH unites, chiller, UPS/PDU and so on in a data center 
can be calculated using the formula given above. However, only the pPUE for cooling system will be 
calculated as an example in this paper. 

It is also worth mentioning another energy efficiency metric, data center infrastructure efficiency (DCiE), 
which is defined as the inverse of PUE: 

 DCiE = �
���

 (3.2.4)	

The reason why DCiE is catering to engineers and data center operators is that the value of DCiE is 
always less than 1, which provides better understanding of energy balance in data center and less 
calculation burden. However, since PUE is commonly and widely adopted by researchers and other 
people working on the data center field, DCiE has phased out of data center energy balance [12]. 

Therefore, the total power consumption of three supportive subsystems of a data center, except for IT 
facilities, has to be minimized, in order to achieve higher energy efficiency. 
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3.3 A static model 

 
Figure 3.1. The air flow in a data center with raised floor design [13] 

As it is shown in Figure 3.1, the static model is built with typical raised floor design, CRAC units blow the 
cooling air into the under floor plenum and then the cooling air goes up through perforated tiles every 
second aisle, which is called the cold aisle. Cooling air flows through each server mounted in racks on 
both sides, taking away the heat generated from servers, and then enters the hot aisle. Eventually, the hot 
air is extracted overhead back to CRAC units, where the hot air is cooled down again.  

3.3.1 Assumptions 

Assuming a steady state server model, no changes in latent energy, and IT equipment temperature remains 
unchangeable in the server, generated heat by IT load is entirely extracted by air. 

Neglecting kinetic and potential energy changes. 

Considering the cooling air supplied by the CRAH bypasses the racks. 

Assuming that temperature of airflow rate remains the same between CRAH outlet and rack. 

Assuming there is no recirculation that hot air will not get back to the cold aisle. 

Assuming incompressible fluid. 

3.3.2 IT load 

The server power consumption is commonly modeled as a linear function of CPU utilization, which is a 
percentage value [8].  

 W~RS�RS = WGPNR + (W<RMv − WGPNR)U (3.3.1) 

Where 𝑊+nl�  is the power consumption of the server when it is in idle state, 𝑊@�m�  is the maximum 
power consumption of the server, and U denotes the server utilization, which is a percentage of the 
maximum server resources. 

However, this simple linear modeling method cannot represent the real working status of the server 
sufficiently since the operating principle of the server is much more complex than just varying with CPU 
utilization. With the wide application of virtualization technique on server, the virtualization server is 
independent of each other and each virtualization server is able to run its own operating system, which 
contributes to the decrease of physical servers through consolidation of workload. A new approach to 
model the server as several layers is proposed and adopted in this modeling work [14]. The first layer is 



-14- 
 
 

when the server is in standby mode without CPU utilization, leading to power consumption  𝑊#$m,n��. 
The second layer is when the hypervisor that manages the virtual machine (VM) is switched on but 
without VM running, leading to power consumption 𝑊s�@��3+#%�jn�l . The third layer is when VMs are 
running but without any application, resulting in power consumption 𝑊��+nl� . The last layer is the CPU 
utilization required by application, 𝑈mt$+3� . Only running VMs and applications on VMs require CPU 
utilization. From above, the expression for this linear multi-layer server model can be given: 

 W~RS�RS = W~FMHP�U + W|U<RS�G~DSVPNR + W��GPNR + aUMQFG�R (3.3.2) 

The active CPU utilization required by application can be calculated from the following equation: 

 UMQFG�R = UFDFMN − B×N�� (3.3.3) 

𝑊��+nl� can be defined as the power consumption per VM times the number of VM that is switched on: 

 W��GPNR = A×N�� (3.3.4) 

Now the final expression for this linear multi-layer model can be given: 

 W~RS�RS = W~FMHP�U + W|U<RS�G~DSVPNR + A×N�� + aUMQFG�R (3.3.5) 

Coefficient 𝐴	(W/VM) , 𝐵	(%CPU/VM)  and 𝑎	(𝑊/%𝐶𝑃𝑈)  can be obtained from analyzing the 
experimental data.  

Assuming that peak power of a server is reaches when there is only one virtual machine operating and 
total CPU utilization is equal to 100%. 

Referring to the white paper published by Schneider Electric [15], the heat output calculation of IT 
equipment is the same as total IT load power, which means the total IT load power is assumed to be 
converted entirely to heat. So the heat generated by one rack is: 

 𝑊�mt�_#��3�� = 𝑁#��3��#_@��_�mt�×𝑊#��3�� (3.3.6) 

 𝑄�mt� = 𝑊#��3��_$%$ml = 𝛿£%,�_�𝑁�mt�� 𝑊�mt�_#��3�� (3.3.7) 

Where 𝑁#��3��#_@��_�mt� denotes the number of servers in each rack, 𝑁�mt� is the number of racks and 
𝛿£%,�_� denotes the fraction of racks sharing the same utilization.  

3.3.3 CRAH units and racks 

There are many different cooling methods for data center, for instance, air cooling, free air cooling, liquid 
cooling, liquid immersion cooling and so on [16]. Traditional air cooling method is used by the majority of 
existing data center, so traditional air cooling with room level control is in comparison with traditional air 
cooling with distributed airflow control in this paper. 

Unlike the computer room air conditioner (CRAC) whose mechanism is exactly the same as the air 
conditioner with direct expansion refrigeration cycle, the computer room air handler (CRAH) works as a 
chilled water air handling unit. The hot air is cooled down when it is blown over the coil filled with chilled 
water supplied by building chilled water system. 

Heat exchanger 

The heat exchanger will be modeled based on a single-pass, cross-flow heat exchanger with both fluids 
unmixed.  

Since only inlet temperatures are known, and then it is preferable to adopt the approach of effectiveness-
NTU (or NTU) method. In this number of transfer units (NTU) method, the effectiveness of heat 
exchanger is defined as [10]: 
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 𝜀 = ¥t$-ml	s�m$	$�m,#¦��	�m$�
�m§+¨-¨	@%##+�l�	s�m$	$�m,#¦��	�m$�

= ©ª(kª,¬kª,®)
©¯¬°(kª,¬k±,¬)

 (3.3.15) 

Where the actual heat transfer rate can be obtained from either cold fluid side or from hot fluid side, and 
in this paper the actual transfer rate is always calculated from the hot fluid side. The maximum possible 
heat transfer rate is determined by the fluid that has lower heat capacity rate, which results in larger 
temperature change. 𝐶s denotes the heat capacity rate of hot fluid, and 𝐶¨+, denotes the minimum heat 
capacity rate of cold and hot fluid. 

For a single-pass, cross-flow heat exchanger with both fluids unmixed [10]: 

 𝜀 = 1 − exp	(µko
¶.44

©¸
(exp	(−𝐶�𝑁𝑇𝑈¹.º») − 1)) (3.3.16) 

In which: 

 𝑁𝑇𝑈 = o¥
©¯¬°

 (3.3.17) 

 𝐶� =
©¯¬°
©¯¼½

= (¨t¾)¯¬°

(¨t¾)¯¼½
 (3.3.18) 

Where 𝑈 denotes the overall heat transfer coefficient, 𝐴 is the heat transfer area, 𝐶¨+, and 𝐶¨m§ depends 
on the relative magnitudes of the hot and cold fluid heat capacity rates and 𝑐@ denotes the specific heat 
capacity.  

Mechanical components  

The main mechanical components working inside the CRAHs are heat exchanger and electric fans, while 
in servers the main operating mechanical component is fans. Other components which do not account for 
considerable power consumption in CRAHs or servers will not be modeled in this paper. Besides, there 
are pumps supplying energy for building chilled water and in cooling tower, electric fans help speed up 
water evaporation process so that heat can be dissipated to the environment as fast as possible. 

Generally there are two main methods to calculate the power consumption of fans and pumps. The first 
one is affinity law for pumps/fans with impeller diameter constant, assuming that pumps/fans remain 
constant efficiency. The flow rate is proportional to the shaft rotation speed, pressure or head is 
proportional to the square of shaft rotation speed and power is proportional to the cube of shaft rotation 
speed. Therefore, the required operating point can be obtained from reference point which can be taken 
from pumps/fans and system curve in product specification provided by manufacturers [13][17]. The 
other method is to calculate the pressure drops that pumps/fans need to overcome considering 
mechanical efficiency of pumps/fans at the same time [18][19]. The static model developed in this thesis 
work is expected to be as generic as possible and for affinity law method, performance curves vary with 
different pumps/fans models, while mechanical efficiency method tends to have more advantages in 
simplicity over the first method and also sufficient to interpret working conditions of pumps/fans. 
Eventually, mechanical efficiency method is chosen to resolve pumps/fans modeling issues. 

The mechanical efficiency of pumps/fans can be defined as [20]: 

 𝜂 = ��tsm,+tml	�,��.�	%-$@-$
��tsm,+tml	�,��.�	+,@-$

 (3.3.19) 

Assuming incompressible fluid, then the mechanical energy change of the fluid caused by pumps/fans can 
be expressed as [20]: 

 ∆𝐸¨�ts = 𝑚(∆p
À
+ 3®ÁÂ4 3¬°

4

5
+ 𝑔∆𝑧) (3.3.20) 

Where ∆𝑃 denotes the pressure difference of the fluid over pumps/fans. Neglecting kinetic and potential 
energy terms, the formula can be written as: 
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 𝑊 = ¨∆p
ÀÃ

= �∆p
Ã

 (3.3.21) 

Even though friction loss is neglected in this paper, there are still obstacles along the fluid path, causing 
pressure drops to the fluid. The fluid has to overcome the pressure drops in order to reach its destination 
and accomplish its mission. The pressure drops can be calculated as [21]: 

 ∆𝑃 = 𝐶Ä5𝑉5 (3.3.22) 

Where 𝐶Ä  denotes the pressure loss coefficient, varying with different flow resistance surface and 𝑉 
denotes the flow rate. 

Temperature variation with mixture fluids 

For an ideal fluid with constant specific heat, the change of internal energy can be written as [10]: 

 ∆𝑄 = 𝑐𝑚∆𝑇 = 𝑐𝜌𝑉∆𝑇 (3.3.23) 

The density of two same types of fluids with different temperature before the mixture remains the same. 
Then according to the energy balance, the heat transfers from the fluid with higher temperature to the 
fluid with lower temperature and eventually the mixture fluid reaches identical temperature. Following the 
conservation law of energy, the heat dissipated from the hot fluid is the same amount of heat absorbed by 
the cold fluid to reach the identical temperature level: 

 𝑐𝜌𝑉� 𝑇� − 𝑇+ = 𝑐𝜌𝑉5(𝑇+ − 𝑇5)  (3.3.24) 

Where 𝑇+ denotes the identical temperature after mixture, 𝑇� is the temperature of the hot fluid before 
mixture, and 𝑇5 is the temperature of the cold fluid before mixture. From above, the temperature of the 
mixture fluid can be attempted: 

 𝑇+ =
�ÇkÇ_�4k4
�Ç_�4

 (3.3.25) 

In this section, the pressure drops over CRAH units and racks and resulting power consumption, flow 
rate of CRAH unites and racks respectively and rack temperature are discussed with proper methodology.  

The way of calculating pressure drops over CRAH units flow loop is different from other components’ 
pressure drops, which comprising two parts, one for the CRAH unit itself, and the other one for the 
underfloor plenum and the perforated tiles. The pressure loss coefficient of the CRAH unit itself, 
𝐶Ä,©È¥É_+,$  is influenced by the tube, fin coils, turnings and etc. The magnitude of pressure drops 
resulting from flow through the underfloor plenum and the perforated tiles is smaller than the pressure 
drops over the CRAH unit itself [22]. The pressure drops of the CRAH units loop can be defined as: 

 ∆𝑃©È¥É = 𝐶Ä,©È¥É5 𝑉©È¥É_�5 = (𝐶Ä,©È¥É¬°Â(1 + 𝛽©È¥É))
5𝑉©È¥É_�5  (3.3.26) 

Where (1 + 𝛽©È¥É) is the multiplication factor to correct the pressure loss coefficient of CRAH, taking 
the underfloor plenum and the perforated tiles into consideration. 𝑉©È¥É_� is the flow rate of one CRAH 
unit. 

As for the pressure drop over the traditional racks, it is consisted of three parts: the pressure drops over 
the front door, ∆𝑃¦�%,$ , the server, ∆𝑃#��3�� , and the rear door, ∆𝑃��m�  [22]. Thus the equation to 
calculate the pressure drops over the server can be expressed as: 

                        ∆𝑃�mt� = ∆𝑃¦�%,$ + ∆𝑃#��3�� + ∆𝑃��m� 

 = (𝐶Ä,�mt�_¦�%,$5 + ©Ë,ÌÍ¸ÎÍ¸
4

µÌÍ¸ÎÍ¸Ì_¾Í¸_¸¼±Ï
4 + 𝐶Ä,�mt�_��m�5 )𝑉�mt�_�5  (3.3.27) 
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Where 𝐶Ä,�mt�_¦�%,$, 𝐶Ä,#��3�� and 𝐶Ä,�mt�_��m� are pressure loss coefficient of rack front door, a single 
server and rack rear door respectively. 

Airflow relationship between CRAH units and racks  

The static model is built at the server level, but the distributed airflow cooling control approach is at the 
zone level since one CRAH unit is only able to supply one identical cooling air with certain flow rate and 
temperature to all the racks in its responsible zone. As it is shown in Figure 3.2, one CRAH unit is 
responsible for cooling 16 racks at the zone. There are three different CPU utilization types, 0.65, 0.75, 
and 0.85, loaded in servers and it is assumed that all the servers mounted in the same rack are loaded with 
the same CPU utilization.   

 
Figure 3.2. One CRAH unit and its responsible racks at the zone with distributed airflow control 

In the static model, with distributed airflow control applied, the CRAH supply air flow rate is assumed to 
only depend on the rack with highest heat load in its zone for the purpose of cooling all the racks 
sufficiently, which is the server with utilization of 0.85 in Figure 3.2. However, this assumption also brings 
overcooling issues to other racks with lower heat load.  

The effectiveness-NTU equation is solved at the heat exchanger of the CRAH unit. Thus, the air flow rate 
relationship between CRAH units and racks needs to be given in order to solve the effectiveness-NTU 
equation, which is shown in Figure 3.3, with air flow distribution indicated in the raised floor case. One 
CRAH unit and one rack with highest heat load in the zone are taken into consideration in the case of 
distributed airflow control applied. The equation is derived as: 

 𝑉©È¥É_� =
µ¸¼±Ï�¸¼±Ï_Ð

µÑÒÓÔ(�ÕÖÍ¼Ï¼×Í)(�ÕØÐ¾¼ÌÌ)
 (3.3.28) 

Where 𝑁�mt�  and 𝑁©È¥É  denote the total number of racks and CRAH units respectively in the data 
center. 𝑉�mt�_#-@@l� denotes the flow rate of cooling air supply after the leakage with fraction of 𝛿l�m�m.� . 
𝑉�mt�_$%$ml is related to 𝑉�mt�_#-@@l� by a fraction of bypass, 𝛿��@m##. 𝑉�mt�_� is the flow rate of a rack 
with maximum heat load at the zone. 
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Figure 3.3. Cooling air flow for traditional racks 

Thus, racks flow rate with maximum heat load can be calculated as: 

 𝑉�mt�_� =
µÑÒÓÔ(�ÕÖÍ¼Ï¼×Í)(�ÕØÐ¾¼ÌÌ)�ÑÒÓÔ_Ð

µ¸¼±Ï
 (3.3.29) 

Other racks with equal or less heat load at the zone are supplied with the same amount of cooling air as 
the rack with highest heat load, 𝑉�mt�_�. 

For traditional air supply with room level control, the airflow relationship is: 

 𝑉�mt�_¨m§ =
µÑÒÓÔ(�ÕÖÍ¼Ï¼×Í)(�ÕØÐ¾¼ÌÌ)�ÑÒÓÔ

µ¸¼±Ï
 (3.3.30) 

Where 𝑉�mt�_¨m§ is the flow rate of a rack with maximum heat load at the data center. Other racks with 
equal or less heat load at the data center are supplied with the same amount of cooling air as the rack with 
highest heat load, 𝑉�mt�_¨m§ . 

Traditional air supply with room level control 

In this case, all the CRAH units provide the same amount of cooling air, and the flow rate of all the 
CRAH units is only determined by the rack with highest heat load at the data center. 

In order to be able to calculate the power consumption of CRAH units, 𝑊©È¥É_$%$ml , and racks, 
𝑊�mt�_$%$ml , resulting from their fans, the flow rate of CRAH units, 𝑉©È¥É_�, and racks, 𝑉�mt�_� must be 
attempted first. 

 𝑉�mt�_¨m§ =
Ù¸¼±Ï_¯¼½

À¼¬¸t¾,¼¬¸(k¸¼±Ï_®ÁÂ_¯¼½/ÌÍÂk¸¼±Ï_¬°_¯¼½/ÌÍÂ)
 (3.3.31) 

𝑇©È¥É_m+�_+, = 𝛿��@m##𝑇�mt�_+,_¨m§/#�$ + (1 − 𝛿��@m##)𝑇�mt�_%-$_¨m§/#�$(3.3.32) 

The rack outlet temperature of the rack is set as the process variable.  

If 𝐶¨+, on the air side of the heat exchanger, the formula is: 

1 − exp
B¹.55V{wW
DVwxyz�.55 exp −DB¹.º»

Vwxyz¹.55

V{wW
− 1 	

 = ¥ÚÙ¸¼±Ï_¯¼½
(k¸¼±Ï_®ÁÂ_ÌÍÂkÑÒÓÔ_Û¼ÂÍ¸_¬°)�ÑÒÓÔÕØÐ¾¼ÌÌ¥Ù¸¼±Ï_¯¼½

 (3.3.33) 

 A = µ¸¼±Ï
À¼¬¸t¾,¼¬¸µÑÒÓÔ(�ÕÖÍ¼Ï¼×Í)(�ÕØÐ¾¼ÌÌ)

 (3.3.34) 

 𝐴Ú = 1 − 𝛿��@m## 𝐴 =
µ¸¼±Ï

À¼¬¸t¾,¼¬¸µÑÒÓÔ(�ÕÖÍ¼Ï¼×Í)
 (3.3.35) 

 𝐵 = (o¥)ÑÒÓÔ
À¼¬¸t¾,¼¬¸

 (3.3.36) 

 𝐷 =
À¼¬¸t¾,¼¬¸µÑÒÓÔ
ÀÛ¼ÂÍ¸t¾,Û¼ÂÍ¸

 (3.3.37) 

If 𝐶¨+, on the water side of the heat exchanger, then: 

1 − exp
𝐹¹.55𝐷𝑉©È¥É

𝑉Þ©ß�.55 exp −
𝐹¹.º»𝑉Þ©ß¹.55

𝐷𝑉©È¥É
− 1  

 = à�ÑÒÓÔÙ¸¼±Ï_¯¼½
�áÑâ((k¸¼±Ï_®ÁÂ_ÌÍÂkÑÒÓÔ_Û¼ÂÍ¸_¬°)�ÑÒÓÔÕØÐ¾¼ÌÌ¥Ù¸¼±Ï_¯¼½)

 (3.3.38) 
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 𝐸 =
À¼¬¸t¾,¼¬¸µÑÒÓÔ¥Ú
ÀÛ¼ÂÍ¸t¾,Û¼ÂÍ¸

 (3.3.39) 

 𝐹 = (o¥)ÑÒÓÔµÑÒÓÔ
ÀÛ¼ÂÍ¸t¾,Û¼ÂÍ¸

 (3.3.40) 

Therefore, the power consumption of CRAH units can be calculated with fans mechanical efficiency and 
pressure drops: 

 𝑊©È¥É_$%$ml = 𝑁©È¥É𝑊©È¥É = 𝑁©È¥É
(©Ë,ÑÒÓÔ¬°Â(�_ãÑÒÓÔ))

4�ÑÒÓÔ
ä

ÃÑÒÓÔ_å¼°
 (3.3.41) 

The CRAH outlet air temperature is equal to the rack inlet temperature: 

 𝑇©È¥É_m+�_%-$_¨m§ = 𝑇�mt�_+,_¨m§ = 𝑇�mt�_%-$_¨m§/#�$ −
Ù¸¼±Ï_¯¼½

À¼¬¸t¾,¼¬¸�¸¼±Ï_¯¼½
 (3.3.42) 

The maximum possible heat transfer rate of the heat exchanger inside the CRAH unit: 

 𝑞�Mç	 = 𝐶¨+,(𝑇©È¥É_m+�_+, − 𝑇©È¥É_èm$��_+,)  (3.3.43) 

The actual heat transfer rate of the heat exchanger inside the CRAH unit: 

 𝑞 = 𝜀𝑞�Mç	 (3.3.44) 

The CRAH outlet water temperature can be calculated: 

 𝑇©È¥É_èm$��_%-$_¨m§ = 𝑇©È¥É_èm$��_+, +
é

ÀÛ¼ÂÍ¸t¾,Û¼ÂÍ¸�ÑÒÓÔ_Û¼ÂÍ¸
 (3.3.45) 

As for other zones with lower heat load except for the zone with highest heat load, the amount of bypass 
air increases since the server fans only need to draw less cooling air to maintain the outlet temperature of 
racks constant. Therefore, the temperature of CRAH supply air is influenced as well, which can be 
expressed as: 

 𝑇©È¥É_m+�_+, =
�¸¼±Ï_Ðk¸¼±Ï_®ÁÂ_ÌÍÂ_(

êÑÒÓÔ ÇëìÖÍ¼Ï¼×Í
ê¸¼±Ï

�ÑÒÓÔ�¸¼±Ï_Ð)k¸¼±Ï_¬°_Ð

êÑÒÓÔ ÇëìÖÍ¼Ï¼×Í
ê¸¼±Ï

�ÑÒÓÔ

 (3.3.46) 

From the effectiveness equation, solving for 𝑇©È¥É_m+�_+,: 

 𝑇©È¥É_m+�_+,_� =
íÔî©¯¬°kÑÒÓÔ_Û¼ÂÍ¸_¬°©¼¬¸kÑÒÓÔ_¼¬¸_®ÁÂ_Ð

íÔî©¯¬°©¼¬¸
 (3.3.47) 

From these two equal expressions for 𝑇©È¥É_m+�_+,, the rack inlet temperature can be obtained: 

 𝑇©È¥É_m+�_%-$_� = 𝑇�mt�_+,_� =
jï�¸¼±Ï_Ðk¸¼±Ï_®ÁÂ_ÌÍÂ

�ï�¸¼±Ï_Ð_ð
 (3.3.48) 

 𝐼 = íÔî©¯¬°kÑÒÓÔ_Û¼ÂÍ¸_¬°
íÔî©¯¬°©¼¬¸

 (3.3.49) 

 𝐽 = µ¸¼±Ï
µÑÒÓÔ �ÕÖÍ¼Ï¼×Í �ÑÒÓÔ

 (3.3.50) 

 𝐾 = ©¼¬¸
íÔî©¯¬°©¼¬¸

 (3.3.51) 

The rack flow rate can be obtained by solving the following equation: 

 𝑉�mt�_� =
Ù¸¼±Ï_Ð(�ï�¸¼±Ï_Ð_ð)

À¼¬¸t¾,¼¬¸(k¸¼±Ï_®ÁÂ(�_ð)j)
 (3.3.52) 

The maximum possible heat transfer rate of the heat exchanger inside the CRAH unit: 

 𝑞�Mç	 _U	 = 𝐶¨+,(𝑇©È¥É_m+�_+,_� − 𝑇©È¥É_èm$��_+,)  (3.3.53) 
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The actual heat transfer rate of the heat exchanger inside the CRAH unit: 

 𝑞_𝑦 = 𝜀𝑞�Mç	 _U	 (3.3.54) 

In a data center where traditional air supply with room level control approach is applied, all the CRAH 
units share the same heat exchanger effectiveness, which is attempted from the rack with highest heat load 
at the data center. However, the temperature of CRAH supply air at each zone is different, which is 
regulated by varying the rack flow rate. Then, the temperature of cooling air going back to CRAH units at 
each zone is different, which leads to different maximum possible heat transfer rate at each zone and 
eventually the actual heat transfer rate at each zone is different. 

The CRAH outlet water temperature can be calculated: 

 𝑇©È¥É_èm$��_%-$_� = 𝑇©È¥É_èm$��_+, +
é_�

ÀÛ¼ÂÍ¸t¾,Û¼ÂÍ¸�ÑÒÓÔ_Û¼ÂÍ¸
 (3.3.55) 

From above, the total power consumption of server fan is: 

 𝑊#��3��_¦m,_$%$ml = 𝛿£%,�_�𝑁�mt�
(©Ë,¸¼±Ï_å¸®°Â

4 _
ÑË,ÌÍ¸ÎÍ¸
4

êÌÍ¸ÎÍ¸Ì_¾Í¸_¸¼±Ï
4 _©Ë,¸¼±Ï_¸Í¼¸

4 )�̧ ¼±Ï_Ð
ä

Ã¸¼±Ï_å¼°�
 (3.3.56) 

Traditional air supply with distributed airflow control 

In this case, each CRAH supply air flow rate is determined by the rack with highest heat load in their own 
responsible zone, instead of only depending on the zone with maximum heat load. The equations used to 
calculate flow rate of CRAH units are similar to equations used in case of traditional air supply with room 
level control. 

The rack outlet temperature of the rack as the process variable.  

If 𝐶¨+, on the air side of the heat exchanger, the formula is: 

1 − exp
𝐵¹.55𝑉Þ©ß
𝐷𝑉©È¥ÉÐ

�.55 exp −D𝐵¹.º»
𝑉©È¥ÉÐ
¹.55

𝑉Þ©ß
− 1  

 =
¥ÚÙ¸¼±Ï_Ð

(k¸¼±Ï_®ÁÂ_ÌÍÂkÑÒÓÔ_Û¼ÂÍ¸_¬°)�ÑÒÓÔ_ÐÕØÐ¾¼ÌÌ¥Ù¸¼±Ï_Ð
 (3.3.57) 

If 𝐶¨+, on the water side of the heat exchanger, then: 

1 − exp
𝐹¹.55𝐷𝑉©È¥ÉÐ

𝑉Þ©ß�.55 exp −
𝐹¹.º»𝑉Þ©ß¹.55

𝐷𝑉©È¥ÉÐ
− 1  

 =
à�ÑÒÓÔ_ÐÙ¸¼±Ï_Ð

�áÑâ((k¸¼±Ï_®ÁÂ_ÌÍÂkÑÒÓÔ_Û¼ÂÍ¸_¬°)�ÑÒÓÔ_ÐÕØÐ¾¼ÌÌ¥Ù¸¼±Ï_Ð)
 (3.3.58) 

The index y indicates the rack with highest heat load at each zone of type y. 

Then, the total power consumption of CRAH units is calculated by summing up power consumption of 
CRAH units belonging to each utilization zone: 

 𝑊©È¥É_$%$ml = 𝛿£%,�_�𝑁©È¥É
(©Ë,ÑÒÓÔ¬°Â(�_ãÑÒÓÔ))

4�ÑÒÓÔ_Ð
ä

ÃÑÒÓÔ_å¼°�  (3.3.59) 

Where 𝛿£%,�_� denotes the fraction of CRAH units in zone type y. 

The CRAH outlet air temperature is equal to the rack inlet temperature: 
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 𝑇©È¥É_m+�_%-$_� = 𝑇�mt�_+,_� = 𝑇�mt�_%-$_#�$ −
Ù¸¼±Ï_Ð

À¼¬¸t¾,¼¬¸�¸¼±Ï_Ð
 (3.3.60) 

The maximum possible heat transfer rate of the heat exchanger inside the CRAH unit: 

 𝑞�Mç	 _U	 = 𝐶¨+,(𝑇©È¥É_m+�_+,_� − 𝑇©È¥É_èm$��_+,)  (3.3.61) 

With 

 𝑇©È¥É_m+�_+,_� = 𝛿��@m##𝑇�mt�_+,_� + (1 − 𝛿��@m##)𝑇�mt�_%-$_#�$ (3.3.62) 

The actual heat transfer rate of the heat exchanger inside the CRAH unit: 

 𝑞_𝑦 = 𝜀𝑞�Mç	 _U	 (3.3.63) 

In a data center where traditional air supply with distributed airflow control approach is applied, the heat 
exchanger effectiveness is different for each CRAH unit at each zone, which is attempted from the rack 
with highest heat load at each zone respectively. Apparently, the actual heat transfer rate at each zone is 
different in this situation. 

The CRAH outlet water temperature can be calculated: 

 𝑇©È¥É_èm$��_%-$_� = 𝑇©È¥É_èm$��_+, +
é_�

ÀÛ¼ÂÍ¸t¾,Û¼ÂÍ¸�ÑÒÓÔ_Û¼ÂÍ¸
 (3.3.64) 

Similarly the total power consumption of server fan is the same way of calculation: 

 𝑊#��3��_¦m,_$%$ml = 𝛿£%,�_�𝑁�mt�
(©Ë,¸¼±Ï_å¸®°Â

4 _
ÑË,ÌÍ¸ÎÍ¸
4

êÌÍ¸ÎÍ¸Ì_¾Í¸_¸¼±Ï
4 _©Ë,¸¼±Ï_¸Í¼¸

4 )�̧ ¼±Ï_Ð
ä

Ã¸¼±Ï_å¼°�
 (3.3.65) 

Referring to the simulation work done in previous thesis work by Therese Lindberg, setting rack inlet 
temperature as the process variable leads to an unexpected results, the CRAH flow rate decreases when 
the utilization increases and then the rack outlet temperature increases, in which case, servers get hotter. 
Eventually IT equipment gets damaged [23]. Therefore, in this model, the rack outlet temperature is set as 
the process variable with constant value, 37 ℃. 

3.3.4 Chiller system 

The chiller system consists of these functional components: a chiller, coils, pumps and pipes in chilled-
water distribution system, pumps and pipes in condenser water system, and the cooling tower. 

3.3.4.1 Chilled-water distribution system 

The power consumption in the chilled water distribution system is from installed pumps injecting 
mechanical energy into the fluid. The heat generated by pumps must be absorbed by the chiller and 
pumps are located at the chiller inlet so that the chiller is able to extract the heat generated by pumps 
directly instead of producing colder outlet water to compensate this amount of heat.  

The standard rating condition temperature of evaporator leaving water is 44℉ (6.7℃), according to ARI 
550/590 [24]. However, the evaporator temperature is allowed to be selected at non-standard points in 
practical engineering application. In our case, the evaporator leaving water temperature is tuned in order 
to comply with the temperature recommendation of air entering IT equipment in thermal guidelines for 
data processing environments.  

There are three basic pumping arrangements: constant flow, primary-secondary (decoupled) flow, and 
variable-primary flow (VPF) [25]. It is assumed that the total flow rate of the building chilled water, 𝑉Þ©ß 
is constant. Then the power consumption can be calculated with pumps’ mechanical efficiency and the 
pressure drops that pumps need to compensate. The equation is as follows: 
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 𝑊Þ©ß = �áÑâ∆páÑâ
ÃáÑâ

=
�áÑâ
ä ©Ë,áÑâ

4

ÃáÑâ
 (3.3.66) 

Where 𝜂Þ©ß denotes the mechanical efficiency of pumps in the building chilled water loop, and 𝐶Ä,Þ©ß 
denotes the pressure loss coefficient of the building chilled water loop. The relationship between total 
flow rate of the building chilled water, 𝑉Þ©ß and one CRAH unit water flow rate, 𝑉©È¥É_èm$�� is given as: 

 𝑉©È¥É_èm$�� =
�áÑâ
µÑÒÓÔ

 (3.3.67) 

In this model, the building chilled water is fixed with constant value, which contributes to a constant 
power consumption of pumps in the loop. Referring to the same thesis paper, the cooling power 
consumption varies with the flow rate of building chilled water, and there is a point on the curve where 
the minimum cooling power consumption is obtained. In the real operation case, the building chilled 
water flow rate should be selected in order to attempt this minimum point.  

3.3.4.2 Chiller 

The selection of a chiller model is an essential step in the modeling process for data centers. Models are 
generally divided into two classes: physical models and empirical models. Physical models such as 
ASHRAE Primary Toolkit Model and Gordon-Ng Universal Chiller Model, and empirical models such as 
DOE-2 Model, are discussed in this paper [26]. The first generation Gordon-Ng Universal Chiller Model 
capable of predicting chiller performance and superior in being linear in parameter is chosen for steady 
state operation in this static model. As shown in Figure 3.4, a simple thermodynamic model for 
reciprocating chillers comprises an evaporator, reciprocating compressor(s), condenser, and expansion 
device(s),  

 
Figure 3.4. Schematic for centrifugal chillers 

The motor is separated from the compressor and they are connected by a driven shaft. The evaporator 
load and the compressor work are rejected via the condenser, and the heat generated by the motor is 
dissipated to the ambient air. Coefficient of performance (COP) is the main index used for evaluating 
chillers and COP cannot be assumed constant since its value varies a lot with head load. In the first 
generation Gordon-Ng Universal Chiller Model, COP is expressed as a function of three parameters 
characterizing chiller irreversibility. These three parameters are heat load on the evaporator, condenser 
inlet temperature and evaporator outlet temperature [27]. 

 
�

©õp
= −1 + k±®°öÍ°ÌÍ¸_¬°

kÍÎ¼¾®¸¼Â®¸_®ÁÂ
+ ¥¶_¥Çk±®°öÍ°ÌÍ¸_¬°¥4(k±®°öÍ°ÌÍ¸_¬°/kÍÎ¼¾®¸¼Â®¸_®ÁÂ)

ÙÍÎ¼¾®¸¼Â®¸
 (3.3.68) 
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Where the coefficient 𝐴¹ , 𝐴� , and 𝐴5  depend on a particular chiller and experimental data for 30 
commercial chillers covering the majority of application are listed in the table [27]. 

The power consumption of the chiller can be expressed as: 

 𝑊ts+ll�� =
ÙÍÎ¼¾®¸¼Â®¸

©õp
 (3.3.69) 

Where 𝑄�3m@%�m$%�  denotes the heat load on the evaporator, which consists of all the heat sources 
mentioned above and 𝑊ts+ll�� represents the power consumption of the chiller. 

 𝑄�3m@%�m$%� = 𝛿£%,�_�𝑁©È¥É𝑞_𝑦�  (3.3.70) 

Heat generated by pumps in building chilled water system is neglected comparing with the heat load on 
the evaporator. 

The evaporator inlet temperature: 

 𝑇�3m@%�m$%�_+, = 𝑇�3m@%�m$%�_%-$ +
ÙÍÎ¼¾®¸¼Â®¸

ÀÛ¼ÂÍ¸t¾,Û¼ÂÍ¸�áÑâ
 (3.3.71) 

While 𝑇�3m@%�m$%�_%-$ is equal to 𝑇©È¥É_èm$��_+,, which is set as 44℉ (6.7℃). 

In terms of condenser water temperature control, the optimal value depends on both chiller load and 
other conditions, which are normally chosen by chiller system management software. A typical curve, 
overall power consumption by chilled-water plant versus set point for entering-condenser water 
temperature is illustrated in Figure 3.6.  

 
Figure 3.6. Chilled-water plant power consumption [25] 

In this paper, standard entering water temperature at water-cooled condenser is chosen as 85℉ (29.4℃), 
according to ARI 550/590 [24]. 

The condenser outlet temperature: 

 𝑇t%,n�,#��_%-$ = 𝑇t%,n�,#��_+, +
ÙÍÎ¼¾®¸¼Â®¸_ß±ª¬ÖÖÍ¸

ÀÛ¼ÂÍ¸t¾,Û¼ÂÍ¸�Ñâ
 (3.3.72) 

With 𝑇t%,n�,#��_+, is set as 85℉ (29.4℃). 
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3.3.4.3 Condenser water system and cooling tower 

Referring to Figure 3.7, when the chiller load is lower than 80%, the speed of condenser water pumps and 
cooling tower fans decreases in proportional to chiller load, then cooling tower fans speed continues 
decreasing while condenser water pumps speed remains constant after chiller load decreases to a certain 
value. 

 

 
Figure 3.7. Impact of chiller load on pumps in condenser water system and cooling tower fans [25] 

In order to choose pumps speed in condenser water system and cooling tower fans speed, chiller load is 
assumed to be more than 80% over the operating situation. Thus, the speed of condenser water pumps 
and cooling tower fans are constant.  

The same situation as in chilled-water distribution system, pumps in condenser water system should also 
be deployed at the cooling tower inlet. Therefore, the heat load on cooling tower 𝑄©k comprises the heat 
load on the evaporator 𝑄ts+ll�� , the power consumption of the chiller itself 𝑊ts+ll��  and the power 
consumption of the pumps installed in condenser water system 𝑊©ß_@-¨@: 

 𝑄©k = 𝑄ts+ll�� + 𝑊ts+ll�� + 𝑊©ß_@-¨@ (3.3.73) 

The condenser water system is considered as heat input of cooling tower while air loop is considered as 
heat dissipation process of cooling tower. In this model, pumps in the water loop and fans in the air loop 
are assumed to operate at constant speed. In the condenser water loop, the cooling tower inlet water 
temperature can be calculated: 

 𝑇©k_èm$��_+, = 𝑇©k_èm$��_%-$ +
ÙÑ÷

ÀÛ¼ÂÍ¸t¾,Û¼ÂÍ¸�Ñâ_¾Á¯¾
 (3.3.74) 

While 𝑇©k_èm$��_%-$ is equal to 𝑇t%,n�,#��_+,, which is set as 85℉ (29.4℃). 

The power consumption of pumps in the water loop is determined by pressure drops, water flow rate and 
pumps’ mechanical efficiency: 

 𝑊©ß_@-¨@ =
∆pÑâ_¾Á¯¾�Ñâ_¾Á¯¾

ÃÑâ_¾Á¯¾
=

�Ñâ_¾Á¯¾
ä ©Ë,Ñâ_¾Á¯¾

4

ÃÑâ_¾Á¯¾
 (3.3.75) 

In the air loop of dry cooling tower, fans keep blowing the ambient air at constant speed in order to cool 
down the heat input in water loop and then reject the heat to the atmosphere:  

 𝑄©k = 𝜌𝑉©k_¦m,𝑐@,©k_m+�(𝑇©k_m+�_%-$l�$ − 𝑇©k_m+�_m¨�+�,$)  (3.3.76) 

The same as the calculation of pumps’ power consumption above, power consumption of fans in air loop 
𝑊©k_¦m, is determined by pressure drops, air flow rate and fans’ mechanical efficiency: 
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 𝑊©k_¦m, =
∆pÑ÷_å¼°�Ñ÷_å¼°

ÃÑ÷_å¼°
=

�Ñ÷_å¼°
ä ©Ë,Ñ÷_å¼°

4

ÃÑ÷_å¼°
 (3.3.77) 

The total power consumption in condenser water system and cooling tower 𝑊©k  is the sum of both 
pumps’ and fans’ power consumption: 

 𝑊©k = 𝑊©ß_@-¨@ + 𝑊©k_¦m, (3.3.78) 

3.3.5 Power devices 

Power devices under discussion of this section include PDU and UPS, which causes considerable power 
losses at their idle state and loading state. UPS will provide emergency power supply if utility grid 
connection fails, while PDU distributes electric power to each server and CRAH with suitable voltages. 
The simply method to characterizing the power loss of UPS and PDU is to assume a constant efficiency 
value. However, this modeling method is not able to describe the real operating power system in data 
center. Three different types of internal power device losses are proposed by Neil Rasmussen from 
Schneider Electric. The first one is no-load loss which is constant and can be calculated from a percentage 
of full load rating of the equipment, the second one is proportional loss with constant loss percent, and 
the last one is square-law loss whose loss percent decrease with the load decreasing [28]. 

There are two loss fractions for the PDU: a constant no-load loss and a square-law loss, the loss 
coefficient is proportional to the square of the load power on PDU: 

 𝑊pro_l%## = 𝑊pro_+nl� + 𝛿pro_l%##(𝑁�mt�𝑊�mt�_#��3�� + 𝑊�mt�_¦m,#) (3.3.8) 

                𝑊pro_+nl� = 𝛿pro_+nl�l%##×𝑊pro_@�m�_l%mn 

                                 = 𝛿pro_+nl�l%##(𝑁�mt�𝑊�mt�_#��3��_@�m� + 𝑊�mt�_¦m,#_@�m�) (3.3.9) 

𝛿pro_l%## =
−𝛿�m§_pro_#é-m��_lmè_l%##

𝑊pro_@�m�
5 (𝑁�mt�𝑊�mt�_#��3�� + 𝑊�mt�_¦m,#)5 

             +
5Õø¼½_ùúû_ÌüÁ¼¸Í_Ö¼Û_Ö®ÌÌ

ßùúû_¾Í¼Ï
(𝑁�mt�𝑊�mt�_#��3�� + 𝑊�mt�_¦m,#) (3.3.10) 

Where 𝑊pro_l%## denotes the power loss of the PDU or the power consumed by the PDU. 	𝑊pro_+nl� is 
the constant no-load loss term, and 𝛿pro_+nl�l%##  represents the constant no-load loss coefficient and 
𝑊pro_@�m�_l%mn  denotes the peak load power on all the PDUs. 𝛿pro_l%##  denotes the square-law loss 
coefficient, 𝑊�mt�_#��3�� is the power consumption of all the servers installed in one rack, 𝑊�mt�_¦m,# is 
the total power consumption of fans installed inside all the servers. 

As for the UPS, there are also two loss fractions: a constant no-load loss and a proportional loss with a 
constant loss percentage. Then the expression can be given as: 

 𝑊opq_l%## = 𝑊opq_+nl� + 𝛿opq_l%##(𝑊pro + 𝑊©È¥É) (3.3.11) 

 𝑊pro = 𝑁�mt�𝑊�mt�_#��3�� + 𝑊�mt�_¦m,# + 𝑊pro_l%## (3.3.12) 

 𝑊opq_+nl� = 𝛿opq_+nl�l%##×𝑊opq_@�m�_l%mn = 𝛿opq_+nl�l%##(𝑊pro_@�m� + 𝑊©È¥É_@�m�) (3.3.13) 

 𝑊pro_@�m� = 𝑁�mt�𝑊�mt�_#��3��_@�m� + 𝑊�mt�_¦m,#_@�m� + 𝑊pro_l%##_@�m� (3.3.14) 

Where 𝑊opq_l%## denotes the power loss of UPS,  𝛿opq_l%## is the proportional loss coefficient, 𝑊©È¥É is 
the total power consumption of CRAH units. 𝛿opq_+nl�l%## represents the no-load loss coefficient, and 
𝑊opq_@�m�_l%mn denotes the peak load power on the UPS. 
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3.3.6 Miscellaneous components 

Lighting system is the only component of miscellaneous components under discussion in this thesis work. 
Lighting system is relatively simple system, comparing with other subsystems discussed above. The way 
how to estimate power consumption of lighting system adopted by many researchers is to give a 
percentage of total energy consumption in data center [29][30]. However, another approach of modeling 
lighting system is introduced here. The concept “power density for data center” is proposed in this paper 
with 30 kW lighting power for 30,000 𝑓𝑡5 data center floor area [31]. The method of calculating space 
area of data center based on the occupation area of racks is discussed in this paper and data center 
meeting the need of small enterprise is under consideration in this case [32]. Therefore, the lighting 
demand can be calculated. It is assumed that additional 50% of racks occupation area is reserved for 
power, cooling and ancillary systems, and another additional 40% on top of the previously mentioned 
areas is reserved for storage, egress, ramps and columns. Conclusively, the expression for lighting system 
power is given: 

 𝑊l+.s$+,. = 𝐴𝑟𝑒𝑎nm$mt�,$��×𝑃𝑜𝑤𝑒𝑟	𝑑𝑒𝑛𝑠𝑖𝑡𝑦l+.s$+,. (3.3.79) 

 𝐴𝑟𝑒𝑎nm$mt�,$�� = 1.4×1.5×𝑁�mt�×𝐴�mt� (3.3.80) 

3.3.7 A general server model with heat sink attached 

A general server model with heat sink attached is used when the CPU utilization changes. The variation of 
CPU utilization and CPU die temperature causes the dynamic variation of server power consumption and 
server fan power consumption. In the steady-state server model, total thermal resistance 𝑅$%$ consists of 
heat sink thermal resistance 𝑅s#  and CPU case thermal resistance 𝑅tm#� , and is calculated with the 
difference between CPU die temperature and server internal ambient temperature divided by heat 
generation in the server. The server internal ambient temperature is assumed to be close to the server inlet 
temperature. Coefficient 𝑐�~𝑐+ are obtained via measurement and curve fitting [33]. 

 𝑅$%$ =
kö¬Ík¼¯Ø
,-./0./

 (3.3.81) 

𝑇m¨� ≅ 𝑇#��3��,+, 

 𝑅$%$ = 𝑅tm#� + 𝑅s# = 𝑐� +
t4

(t2�ÌÍ¸ÎÍ¸)±ä
 (3.3.82) 

Then, the server outlet temperature is able to be calculated: 

 𝑇#��3��,%-$ = 𝑇#��3��,+, +
,-./0./

À¼¬¸t¾,¼¬¸�ÌÍ¸ÎÍ¸
 (3.3.83) 

3.4 Design of a dynamic model 
This additional dynamic model focuses on a specific core issue, the servers cooling with control of CRAH 
units supply air, and neglecting the local fans mounted on racks. The IT load is modeled as simple, linear 
function of CPU utilization and is given as an input variable of the model. The properties of CRAH units 
outlet air are its temperature and flow rate, which are set as input variables as well. The thermodynamics, 
fluid dynamics and heat transfer relationship with flowing time delay is considered in the process of 
modeling. 

The data center under discussion in this paper is relatively small-scale with slab or hard floor, as illustrated 
in Figure 3.8. The target data center is equipped with 2×5 racks (2 rows with 5 racks per row), 1 UPS with 
battery package and 4 CRAH units. There are 18 servers plus 1 top of rack switch per rack. 
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Figure 3.8. Data center with slab floor design (in mm) 

3.4.1 Assumption 

Assuming a steady state server model, no changes in latent energy, and IT equipment temperature remains 
unchangeable in the server, generated heat by IT load is entirely extracted by air. 

Neglecting kinetic and potential energy changes. 

Considering the cooling air supplied by the CRAH bypasses the racks with a fixed percentage. 

Neglecting pressure drops and temperature difference from CRAH unit outlet to rack inlet. 

Assuming there is no recirculation that hot air will not get back to the cold aisle. 

Assuming incompressible fluid. 

The velocity perpendicular to the same vertical cross section is the same. 

The impact area of each CRAH unit is the same, and symmetrical with respect to vertical plane 
perpendicular to the CRAH unit outlet front and contains the midpoint of the CRAH unit. 

3.4.2 IT load 

The server power consumption is modeled as a linear function of CPU utilization, which is a percentage 
value [8].  

 𝑊#��3�� = 𝑊+nl� + (𝑊@�m� − 𝑊+nl�)𝑈 (3.4.1) 
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Where 𝑊+nl�  is the power consumption of the server when it is in idle state, 𝑊@�m�  is the maximum 
power consumption of the server, and 𝑈  denotes the server utilization, which is a percentage of the 
maximum server resources. 

This linear modeling method has advantages in simplicity over other complex modeling method and it is 
sufficient for the model under discussion in this paper. Thus our model will be based on this linear 
modeling method. 

At time t, for the server j in rack i, the IT load is expressed as:  

 𝑝+,4(𝑡) = 𝑝+nl� + 𝑢+,4(𝑡)(𝑝@�m� − 𝑝+nl�)  (3.4.2) 

For all 𝑖 ∈ {1,… ,10} and j ∈ {1,… ,18}, the total IT load energy consumption is:  

 𝑃 𝑡 = 𝑝+,4(𝑡)�»
4=�

�¹
+=� = {𝑝+nl� + 𝑢+,4(𝑡)(𝑝@�m� − 𝑝+nl�)}�»

4=�
�¹
+=�  (3.4.3) 

Referring to the white paper published by Schneider Electric [15], the heat output calculation of IT 
equipment is the same as total IT load power, which means the total IT load power is assumed to be 
converted entirely into heat. 

3.4.3 Cooling system for racks 

At time t, the supply air temperature of CRAH unit k is 𝑇�,%-$ t , and the supply air flow rate is 𝑎v(𝑡), 
with 𝑘 ∈ {1,2,3,4}. 

The airflow rate from CRAH unit k, entering rack i at time t can be calculated as: 

 𝑎v,G 𝑡 = qÏ,¬
q
(1 − 𝛿)𝑎v(𝑡 − 𝜏�(𝑡))  (3.4.4) 

Where 𝑆 denotes the identical impact area of each CRAH unit, and 𝑆�,+  denotes the impact area that 
airflow from CRAH unit k enters rack i. 𝛿 is the proportion of airflow from the CRAH unit that passes by 
racks. 𝜏�(𝑡) denotes the time delay of the airflow from CRAH unit k to reach the impact area at time t. 

Then, the airflow entering server j in rack i can be calculated as well: 

 𝐴+,4 𝑡 = �
µ

𝑎v,G 𝑡+
�=�  (3.4.5) 

Where N denotes the number of servers in each rack. 

As it can be seen from Figure 3.4, some racks will only be influenced by one CRAH unit. As for the rack 
influenced by the cooling air blowing out from two CRAH units, the temperature of mixture fluid can be 
derived in the following part. 

For an ideal fluid with constant specific heat, the change of internal energy can be written as [10]: 

 ∆𝑄 = 𝑐𝑚∆𝑇 = 𝑐𝜌𝑉∆𝑇 (3.4.6) 

The density of two same types of fluids with different temperature before the mixture remains the same. 
Then according to the energy balance, the heat transfers from the fluid with higher temperature to the 
fluid with lower temperature and eventually the mixture fluid reaches identical temperature. Following the 
conservation law of energy, the heat dissipated from the hot fluid is the same amount of heat absorbed by 
the cold fluid to reach the identical temperature level: 

 𝑐𝜌𝑉� 𝑇� − 𝑇 = 𝑐𝜌𝑉5(T − 𝑇5)  (3.4.7) 

Where 𝑇 denotes the identical temperature after mixture, 𝑇� is the temperature of the hot fluid before 
mixture, and 𝑇5 is the temperature of the cold fluid before mixture. From above, the temperature of the 
mixture fluid can be attempted: 



-29- 
 
 

 𝑇 = �ÇkÇ_�4k4
�Ç_�4

 (3.4.8) 

The equation (3.4.8) can be generalized by induction: 

 𝑇 = �̄ k̄°
¯DÇ

�̄°
¯DÇ

 (3.4.9) 

Then, the inlet temperature of server j in rack i can be calculated as: 

 𝑇+,4,+, 𝑡 = mE,a $ kÏ,®ÁÂ $FÏ($)2
ÏDÇ

mE,a $2
ÏDÇ

 (3.4.10) 

Assuming the simplified steady-flow thermal energy equation, steady-state conditions, and no change in 
latent energy and it takes one unit of time for the cooling flow to go through the server. 

 𝑇+,4,%-$ 𝑡 + 1 = 𝑇+,4,+, 𝑡 +
@¬,G $

t¾,¼¬¸∗À¼¬¸∗¥¬,G $
 (3.4.11) 

This dynamic model is further developed by other colleagues, which is not included in this thesis work.  
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4 Simulation 
The dynamic model developed in the last chapter is further implemented with control algorithm in 
Simulink by another thesis student working in parallel with me, and will not be discussed in this thesis. 
The static model developed above will be simulated in MATLAB, coding in script files. The improvement 
of this static model is based on the model developed previously by Therese Lindberg [23].  

4.1 Parameters and constants 
There are many parameters included in the static model, and some parameters with high importance will 
be discussed in this section instead of being discussed one by one. 

Table 4.1. Control variables in the data center static model 

Control Variables Description Unit 

V_CRAH_air CRAH air flow rate 𝑚I/𝑠 

T_Evaporator_out               
(or T_CRAH_water_in) 

Evaporator leaving temperature (or 
CRAH inlet water temperature) 

℃ 

V_BCW Pumps speed in chilled water 
system 

𝑚I/𝑠 

V_CW_pump Pumps speed in condenser water 
system 

𝑚I/𝑠 

V_CT_fan Cooling tower fans speed 𝑚I/𝑠 

As illustrated in Table 4.1, there are five control variables in the static model influencing the performance 
of the data center, which could be taken into consideration in the system controller design. Other 
variables in the data center system model are directly or indirectly determined by these five control 
variables, for instance, CRAH outlet air temperature depending on CRAH flow rate, condenser inlet water 
temperature (or cooling tower outlet water temperature) depending on the fans speed in cooling tower 
and etc. The mass transfer process in the data center is marked with those relevant physical variables, and 
shown in Figure 4.1. 

 
Figure 4.1. The mass transfer process in the data center with physical variables indicated 

Besides, there are also some other parameters, such as the number of servers, the server power 
consumption and so on. They are system configurations with set values before the simulation is 
conducted, instead of being considered as control variables, since they normally change passively or with 
unexpected values in the actual operation situation of data centers. Therefore, these five control variables 
are of great importance for the further development stage of this static model when the controllers 
dynamically manipulate the data center and achieve optimized operation conditions. The static model at 
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current stage is only able to simulate predefined scenarios with given control variables. Thus, proper given 
values of control variables are discussed below. 

 
Figure 4.2. Chilled water system performance under part load [25] 

As it is shown in Figure 4.2, base flow conditions are 2.4 gpm/ton for chilled water, and 3.0 gpm/ton for 
condenser water. Low flow conditions are 1.5 gpm/ton for chilled water, and 2.0 gpm/ton for condenser 
water. Reducing chilled-water or condenser water flow rates is an effective way to decrease overall energy 
consumption in the chiller system. Therefore, these two variables, flow rates in chilled water system and 
condenser water system respectively should be selected as low as possible so as to improve overall energy 
efficiency.  

In terms of the rack inlet temperature, the American Society of Heating, Refrigerating and Air-
Conditioning Engineers, Inc. (ASHRAE) published the guidelines relating to the environmental envelopes 
of air entering IT equipment [34]. As shown in Figure 4.3, the recommended air temperatures from 18°C 
low end to 27 °C high end temperature. Thus, CRAH inlet water temperature and pumps speed in chilled 
water system need to be chosen judiciously so that CRAH outlet air temperature falls within the 
recommended range, 18°C to 27 °C.  

 
Figure 4.3. ASHRAE Environmental Classes for Data Centers [34] 

The values of other parameters and constants, not mentioned in this section, are set the same as those in 
the previous model [23]. 
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4.2 Data center in baseline scenario 
The modular room design is introduced in the data center layout. The baseline configuration of the data 
center in the static model is 64 racks with 4 CRAH units in each room module, so 16 racks per CRAH 
unit. A standard rack has 42 slot units, accommodating maximum 42 servers. However a rack is usually 
mounted with servers less than its full capacity. In the baseline configuration, there are 30 identical servers 
mounted in each rack and there are three room modules in total operating under three different IT load 
conditions. Assuring the heat load on CRAH units never exceeds its maximum capacity. 

Since all the servers are exactly the same and all the servers in the same rack are supplied with the same 
amount of cooling air depending on the server with the highest heat load. The heat load differences are 
only determined by the server utilization. As it is shown in Figure 4.4, two rows of racks run with 
maximum utilization of 0.85, one row of racks run with maximum utilization of 0.65, and one row of 
racks run with maximum utilization of 0.75 in the modular room one. Two rows of racks run with 
maximum utilization of 0.85, and two rows of racks run with maximum utilization of 0.75 in the modular 
room two. In modular room three, two rows of racks run with maximum utilization of 0.85, one row of 
racks run with maximum utilization of 0.95, and one row of racks run with maximum utilization of 0.75. It 
is empty in modular room four in the case of baseline. 

Two different cooling methods, traditional air cooling with room level control and traditional air cooling 
with distributed airflow control are implemented in the simulation and then compared with each other. 

 
Figure 4.4. The baseline scenario of the data center 
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The cooling power consumption of each subsystem and system in total is presented with graphs, and the 
inlet and outlet temperature of CRAH units, the chiller and the cooling tower is shown in tables as well, 
after the simulation for the baseline scenario. 

As it is shown in Table 4.2, the total server fan power consumption for traditional air supply with 
distributed airflow control is  slightly lower than traditional air supply with room level control while the 
CRAH power consumption in traditional air supply with distributed airflow control is significantly lower 
than that in traditional air supply with room level control, because distributed airflow control enables 
cooling suppy air at the zone level, which consumes less energy than the situation with room level control. 
The CRAH flow rate is determined by their own corresponding racks with different CPU utilization 
instead of only depending on the rack with highest heat load. Since the heat load on the chiller includes 
racks and CRAH units, the chiller power consumption is higher in traditional air supply with room level 
control. The total cooling power consumption consists of total server fan power consumption, total 
CRAH unit power consumption, chiller power consumption, pump power consumption in building 
chilled water system and condenser water system, fan power consumption in cooling tower. As discussed 
in previous section, all the pumps and fans are operating with constant speed, which results in the same 
amount of power consumption for both of two airflow control approaches. Therefore, the total cooling 
power consumption in traditional air supply with distributed airflow control is much lower than that in 
traditional air supply with room level control, which is within expectation. 

Table 4.2. The cooling power consumption of each subsystem and system in total for with and with room 
level control approaches 

 With room 
level control 

With 
distributed 

airflow control 

W_server_CPU_total  
(MW) 

2.34 2.34 

W_server_fan_total 
(kW) 

19.40 16.28 

W_CRAH_total 
(MW) 

1.76 0.98 

W_chiller (MW) 0.68 0.59 

W_total_cooling 
(MW) 

2.46 1.59 

PUE 2.18 1.79 

pPUE 2.05 1.68 

The pie charts shown in Figure 4.5, present the power breakdown and pPUE, PUE values for two airflow 
control approaches. In general, servers power consumption accounts for the largest share of the total 
power consumption, 56% for traditional air supply with room level control and 62% for traditional air 
supply with distributed airflow control. Next comes CRAH units power consumption and then the chiller 
power consumption, power devices consumption. Other subsystems power consumption only makes up 
less than 2%.  

The values of pPUE and PUE are highly important for the overall evaluation of the data center. Both 
PUE and pPUE for cooling system in traditional air supply with distributed airflow control is lower than 
the value of these two metrics in traditional air supply with room level control, which implies that energy 
is more efficiently utilized by IT equipment in the data center with distributed airflow control. 
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Figure 4.5. Data center power consumption breakdown and pPUE, PUE for with distributed airflow 

control and room level control approaches 

The temperature of some interesting ports in the cooling system is also calculated in the static model. As it 
is shown in Table 4.3 and Table 4.4 for traditional air supply with room level control and traditional air 
supply with distributed airflow control respectively, the temperature of CRAH air out, CRAH air in, 
CRAH water out, evaporator water in, condenser water out and cooling tower water in are under 
consideration with calculated values. The base, A, B and C refer to the type of zone with four different 
CPU utilizations. 

The temperature of CRAH air out in both of two control approaches falls within the range, 18°C to 27°C. 
The evaporator water inlet temperature is higher than the CRAH water outlet temperature, because of 
additional heat generated by racks and CRAH units, pumps in building chilled water system, power 
devices and lighting system. Similarly cooling tower water inlet temperature should be slightly higher than 
condenser water outlet temperature, which is cause by pumps in condenser water system. However the 
temperature difference between condenser water outlet and cooling tower water inlet is not visible in 
charts, because of rounding. Please note that all the temperature values are calculated in the static model 
and then rounded. 

Table 4.3. Traditional air supply with room level control 

 CRAH air 
out 

CRAH air 
in 

CRAH 
water out 

Evaporator 
water in 

Condenser 
water out 

Cooling 
tower 

water in 

Temperature_base 
(°C) 

21.7             32.1            24.7             38.2              51.2   51.2  

Temperature_A 
(°C) 

20.2              29.5             22.9 - - - 
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Temperature_B 
(°C) 

21.0             30.8            23.8 - - - 

Temperature_C 
(°C) 

22.4            33.4            25.6 - - - 

 

Table 4.4. Traditional air supply with distributed airflow control 

 CRAH air 
out 

CRAH air 
in 

CRAH 
water out 

Evaporator 
water in 

Condenser 
water out 

Cooling 
tower 

water in 

Temperature_base 
(°C) 

20.9             33.0            24.7             32.6              47.3   47.3   

Temperature_A 
(°C) 

18.0            32.3             22.9 - - - 

Temperature_B 
(°C) 

19.4            32.6            23.8 - - - 

Temperature_C 
(°C) 

22.4             33.4            25.6 - - - 

 

4.3 Case study and scenario 
The primary objective of conducting these three case studies is to demonstrate the robustness, flexibility 
and functionality of the static model, and analyze interaction among subsystems. Three case studies are 
performed with the static model developed above. The first case study represents the data center 
expansion situation, and then analyzes the potential impact on mainly cooling system and energy 
consumption. The second case study is cooling control strategies, in which there are three strategies: 
Constant CRAH water inlet temperature and IT load, variable building chilled water flow rate; Constant 
building chilled water flow rate and IT load, variable CRAH water inlet temperature; Variable IT load, 
variable building chilled water flow rate and CRAH water inlet temperature. In the last case study, two 
different IT load shifting strategies are under discussion and energy performance of the static model is 
represents after a specific IT load shifting strategy is applied. 

4.3.1 Data center expansion 

In the practical application cases, it is common that enterprises require additional data center capacities, so 
predicting the increased amount of cooling capacity and preventing the eventual criticality of cooling 
system, caused by data center expansion, is of great importance to data center managers. Generally, there 
are three approaches of expanding the data center: on-site expansion, co-location and cloud services. In 
this thesis work, on-site expansion approach is taken into consideration and will be simulated in the static 
model developed above. 

As it is shown in Figure 4.6, one more modular room, modular room four is added, in which one row of 
racks with maximum utilization of 0.85, one row of racks with maximum utilization of 0.65, one row of 
racks with maximum utilization of 0.75, one row of racks with maximum utilization of 0.95. Two different 
cooling methods, traditional air cooling with room level control and traditional air cooling with distributed 
airflow control are also implemented in the simulation and then compared with each other. 
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Figure 4.6. The layout and scenario of the data center after expansion 

However, if the values of building chilled water flow rate and CRAH units inlet water temperature are 
chosen the same as those in baseline scenario, then the effectiveness-NTU equation will not be solvable. 
Thus, the building chilled water flow rate should increase or the water inlet temperature in the CRAH 
units should decrease. The cooling capacity required by the data center after expansion exceeds the 
maximum amount of cooling capacity provided in baseline scenario. Calculating the amount of extra 
cooling demand caused by data center expansion is valuable for data center manager, which is able to be 
attempted using this static model.  

In the baseline scenario, CRAH flow rates for each server with different CPU utilization are obtained 
respectively by solving the effectiveness-NTU equation with given building chilled water flow rate, while 
in the expansion scenario, CRAH flow rates for each server with different CPU utilization are given as 
input of effectiveness-NTU equation, whose values are calculated in baseline scenario. Then attempting 
the new value of building chilled water flow rate in expansion scenario by solving effectiveness-NTU 
equation reversely. Eventually, the new value of building chilled water flow rate is given as input of 
effectiveness-NTU equation and running the simulation again. The flow chart of the whole simulation 
process for expansion scenario is illustrated in Figure 4.7. 
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Figure 4.7. The flow chart for simulating expansion scenario 

In the case of traditional air supply with room level control approach, the CRAH flow rate only depends 
on the rack with maximum heat load. Thus, there is only one value of building chilled water flow rate 
obtained by solving the effectiveness-NTU equation. However, in the case of traditional air supply with 
distributed airflow control approach, the CRAH flow rate depends on each rack with their own CPU 
utilization. There are four different CPU utilizations defined in the static model with four different CRAH 
flow rates. Therefore, there are four different values of building chilled water flow rate, corresponding 
with four different CPU utilizations, obtained by solving the same effectiveness-NTU equation. The 
maximum value of building chilled water out of five (four values from with control approach and one 
value from with room level control approach) is chosen as the new building chilled water after expansion, 
and then the simulation for expansion scenario is conducted again with the new building chilled water 
flow rate for both control approaches. 

The simulation results are shown in the Table 4.5. The power consumption of server fans, CRAH units, 
chillers and the total cooling system has increased, comparing with the power consumption results in 
baseline scenario. The building chilled water flow rate increases from 0.035 𝑚I/𝑠 to 0.046 𝑚I/𝑠, because 
of the increased number of servers and CRAH units. Similarly, the total cooling power consumption in 
traditional air supply with distributed airflow control is much lower than that in traditional air supply with 
room level control. 

Table 4.5. Comparison between baseline scenario and expansion scenario 

 With room level control With distributed airflow control 

Baseline Expansion Increment Baseline Expansion Increment 

W_server_CPU_total  
(MW) 

2.34 3.12 33% 2.34 3.12 33% 

W_server_fan_total 
(kW) 

19.40 27.07 40% 16.28 22.60 39% 
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W_CRAH_total 
(MW) 

1.76 2.48 41% 0.98 1.36 39% 

W_chiller (MW) 0.68 0.84 24% 0.59 0.72 22% 

W_total_cooling 
(MW) 

2.46 3.35 36% 1.59 2.11 33% 

Building chilled 
water flow rate 

(𝑚I/𝑠) 

0.035 0.046 31% 0.035 0.046 31% 

PUE 2.18 2.2 - 1.79 1.79 - 

pPUE 2.05 2.07 - 1.68 1.68 - 

The data center power consumption breakdown after expansion is shown in Figure 4.8 with PUE, pPUE 
value for the cooling system. The percentage of server power consumption remains almost the same as 
that in baseline scenario for both traditional air supply with distributed airflow control and traditional air 
supply with room level control. As the result of increased percentage of servers power consumption, the 
value of PUE and pPUE for cooling system increases slightly for traditional air supply with room level 
control but remains the same for traditional air supply with distributed airflow control, which implies that 
the data center after expansion utilizes the energy in almost the same level of efficiency as the data center 
does in the baseline scenario. 

 

 
Figure 4.8. Data center power consumption breakdown and pPUE, PUE for with and with room level 

control approaches after expansion 

The temperature of certain ports in the cooling system is calculated as well, as shown in Table 4.6 and 
Table 4.7 for traditional air supply with room level control and traditional air supply with distributed 
airflow control respectively. The temperature of CRAH air out, CRAH air in, CRAH water out, 
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evaporator water in, condenser water out and cooling tower water in slightly increases within expectation 
since servers power consumption increases. At the same time, pump speed in condenser water system and 
fan speed in cooling tower remain the same value as that in baseline scenario regardless of the server 
number, which further explains the phenomenon of temperature increase. 

Table 4.6. Traditional air supply with room level control after expansion 

 CRAH air out CRAH air in CRAH water 
out 

Evaporator 
water in 

Condenser 
water out 

Cooling 
tower water 

in 

Basel
ine 

Expa
nsion 

Baseli
ne 

Expa
nsion 

Base
line 

Expa
nsion 

Base
line 

Expa
nsion 

Base
line 

Expa
nsion 

Base
line 

Expa
nsion 

T_base 
(°C) 

21.7 21.9 32.06 32.12            24.7 24.9             38.2 39.3              51.2    58.7  51.2  58.7  

T_A 
(°C) 

20.2 20.4             29.46 29.51            22.9 23.1 - - - - - - 

T_B 
(°C) 

21.0 21.2             30.76 30.82            23.8 24.0 - - - - - - 

T_C 
(°C) 

22.4 22.7             33.36 33.42            25.6 25.8 - - - - - - 

 

Table 4.7. Traditional air supply with distributed airflow control after expansion 

 CRAH air out CRAH air in CRAH water 
out 

Evaporator 
water in 

Condenser 
water out 

Cooling 
tower water 

in 

Basel
ine 

Expa
nsion 

Baseli
ne 

Expa
nsion 

Base
line 

Expa
nsion 

Base
line 

Expa
nsion 

Base
line 

Expa
nsion 

Base
line 

Expa
nsion 

T_base 
(°C) 

20.9             21.1 32.97            33.03            24.7             24.9             32.6              33.2              47.3    53.2   47.3   53.2  

T_A 
(°C) 

18.0            18.2             32.25             32.29            22.9 23.1 - - - - - - 

T_B 
(°C) 

19.4            19.6             32.60            32.65            23.8 24.0 - - - - - - 

T_C 
(°C) 

22.4             22.7             33.36            33.42            25.6 25.8 - - - - - - 

Conclusively, the increased amount of building chilled water flow rate is obtained by solving the 
effectiveness-NTU equation reversely. Power consumption increase of racks, CRAH units, chillers and the 
total cooling system is also predicted by the static model. 

4.3.2 Cooling control strategies  

Simulating and analyzing predefined control strategies will give insight into the design of dynamic 
controller for optimizing data center operation. Another purpose of conducting this case study is to 
demonstrate the flexibility of the static model.  
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As it is shown in Figure 4.9, the simulation is performed in the static model with the baseline layout, but 
the maximum utilization at each zone is 0.85, with room level control approach.  

 
Figure 4.9. The layout and scenario of the data center with CRAH supply air flow rate control 

Strategy one: The rack inlet temperature is fixed as the process variable and CRAH water inlet 
temperature is set as 7 ℃, in the case of varying building chilled water flow rate. The IT load is constant 
and leads to constant heat generation. 

Results of varying building chilled water flow rate, from 0.030 𝑚I/𝑠 to 0.040 𝑚I/𝑠, are shown in Figure 
4.10. The CRAH flow rate rises with the increase of building chilled water, and the rack outlet temperature 
drops so as to dissipate the constant amount of heat generated by servers. The total power consumption 
of server fan, CRAH units and pumps in building chilled water increases, then there are more heat load on 
the chiller, which contributes to larger power consumption of the chiller. Therefore, the total cooling 
power increases with building chilled water flow rate. It is also illustrated that the CRAH supply air flow 
rate and total cooling power consumption increase but rack outlet temperature decreases, when rack inlet 
temperature increases from 18 ℃ to 22 ℃, with the same building chilled water flow rate provided. 
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Figure 4.10. Rack outlet temperature, CRAH flow rate, and total cooling power consumption for varying 

building chilled water flow rate 

Strategy two: The rack inlet temperature is fixed as the process variable and building chilled water flow 
rate is set as 0.035 𝑚I/𝑠, in the case of varying CRAH water inlet temperature. The IT load is constant 
and leads to constant heat generation. 

The CRAH water inlet temperature is assumed to be equal to the evaporator leaving temperature 
controlled by the chiller, neglecting the temperature difference in between. The results are illustrated in 
Figure 4.11, The CRAH supply air flow rate decreases while the rack outlet temperature increases with the 
increase of CRAH water inlet temperature. Lower CRAH supply air flow rate contributes to lower power 
consumption of CRAH units. Power consumption of pumps in chilled water system remains because of 
the constant pump speed. Consequently, the heat load on the chiller decreases, which results in lower 
power consumption of the chiller. Therefore, the total cooling power consumption drops with the 
increase of CRAH water inlet temperature. Figure 4.11 also shows that CRAH supply air flow rate and 
total cooling power consumption increase when the rack inlet temperature increases from 18 ℃ to 22 ℃, 
with the same CRAH water inlet temperature given. 
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Figure 4.11. Rack outlet temperature, CRAH flow rate, and total cooling power consumption for varying 

CRAH water inlet temperature 

It is concluded from these two strategies above that lower building chilled water flow rate could help 
reduce the total cooling power consumption, and higher CRAH water inlet temperature could help reduce 
total cooling power consumption in a constant flow pumping system, as long as rack outlet temperature is 
lower than the safeguarding criticality of IT equipment. 

 
Figure 4.12. The mass transfer process at the room level with physical variables indicated 

Strategy three: The only difference between strategy three and the previous two strategies is that IT load is 
not constant. The increase of CPU utilization requires more cooling demand, which is provided by CRAH 
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units. Therefore, the water loop side of CRAH units provides more cooling capacity by either decreasing 
CRAH water inlet temperature or increasing the building chilled water flow rate, as shown in Table 4.8. 
The purpose of conducting strategy three is to investigate two different cooling control strategies, varying 
building chilled water flow rate while keeping CRAH water inlet temperature constant, and varying CRAH 
water inlet temperature while keeping building chilled water flow rate constant. The rack inlet temperature 
is fixed and equal to 20 ℃ in both of two control strategies. The CPU die temperature is fixed as 75 ℃. 

Table 4.8. The variation of CRAH water inlet temperature and building chilled water flow rate 

CPU 
utilization 

(%) 

Cooling 
load 

(MW) 

V_BCW=
0.037 
𝑚I/𝑠 

T_CRAH
_water_in 

(℃) 

V_BCW=
0.040 
𝑚I/𝑠 

T_CRAH
_water_in 

(℃) 

V_BCW=
0.043 
𝑚I/𝑠 

T_CRAH
_water_in 

(℃) 

T_CRAH
_water_in

=7℃ 

V_BCW 
(𝑚I/𝑠) 

T_CRAH
_water_in

=9℃ 

V_BCW 
(𝑚I/𝑠) 

T_CRAH
_water_in

=11℃ 

V_BCW 
(𝑚I/𝑠) 

55 2.01 15.0 15.4 15.8 0.017 0.020 0.023 

65 2.14 12.9 13.4 13.9 0.021 0.025 0.030 

75 2.27 10.8 11.4 12.0 0.026 0.031 0.038 

85 2.40 8.8 9.5 10.1 0.031 0.038 0.049 

95 2.53 7.2 7.9 8.4 0.036 0.047 0.063 

The simulation results are shown in Figure 4.13. The cooling load resulted from IT load is equal to total 
CPU power consumption in servers. If building chilled water flow rate is constant, the CRAH water inlet 
temperature will decrease with CPU utilization. The building chilled water flow rate will increase with 
CPU utilization if CRAH water inlet temperature is constant. As it is also illustrated in Figure 4.13, there 
are six different sets of building chilled water flow rate and CRAH water inlet temperature, providing the 
same cooling capacity for each CPU utilization. 
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Figure 4.13. The variation of CRAH water inlet temperature and building chilled water flow rate with the 

increase of CPU utilization and cooling load 

The variation of IT load leads to the variation of cooling load, which requires dynamic cooling capacity 
provided by the building chilled water. The static model is capable of simulating this situation with flexible 
CRAH water inlet temperature and building chilled water flow rate, demonstrated through strategy three. 

Table 4.9 shows the variation of COP with increase of CPU utilization and cooling load for six cooling 
strategies. 

Table 4.9. The COP of the chiller with variation of CRAH water inlet temperature 

CPU 
utilization 

(%) 

Cooling 
load 

(MW) 

COP 
(V_BCW
=0.037 
𝑚I/𝑠) 

COP 
(V_BCW
=0.040 
𝑚I/𝑠) 

COP 
(V_BCW
=0.043 
𝑚I/𝑠) 

COP 
(T_CRAH
_water_in

=7℃) 

COP 
(T_CRA

H_water_
in=9℃) 

COP 
(T_CRA

H_water_
in=11℃) 

55 2.01 2.6 2.6 2.6 2.8 2.8 2.7 

65 2.14 2.8 2.8 2.8 3.0 2.9 2.8 

75 2.27 3.0 3.0 2.9 3.1 3.0 3.0 

85 2.40 3.2 3.2 3.1 3.2 3.2 3.1 

95 2.53 3.4 3.3 3.3 3.4 3.3 3.2 

As it is illustrated more intuitively in Figure 4.14, the value of chiller’s COP increases with the increase of 
CPU utilization and cooling load. The slope of each curve varies with different cooling strategies. For each 
CPU utilization and cooling load, the cooling strategy with highest COP should be chosen. Among six 
curves for six control strategies, the curve with CRAH water inlet temperature fixed as 7 ℃ should be the 
best cooling strategy applied to the system, since the chiller’s COP is always the highest for the range of 
CPU utilization and cooling load. Certainly, more COP curves for other cooling strategies are able to be 
plotted with the static model developed in this thesis work, then possible better control strategy could be 
applied in the system.  
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Figure 4.14. The variation of chiller’s COP with the increase of CPU utilization and cooling load 

The static model improved through this thesis work is able to simulate data center operation with 
different control strategies applied, and help contribute to optimal cooling strategy referring to chiller’s 
COP, as one of key performance indicators. 

Furthermore, the functionality of calculating various physical variables at the data center room level is 
demonstrated in this case study. With either building chilled water flow rate or CRAH water inlet 
temperature as the input, CRAH supply air flow rate, rack flow rate and rack outlet temperature are able 
to be calculated in the static model. 

4.3.3 Virtualization and IT load shifting 

Virtualization technology is an undisputed advance in the data center sector, which enables consolidated 
and dynamic computing, lowers overall power consumption in the data center directly and indirectly. The 
objective of this case study is to analyze the predefined IT load shifting strategy and help optimize energy 
utilization in the data center.  

There are two different IT load shifting strategies under discussion of this thesis work, one is to uniformly 
distribute an average IT load on each server at each zone, for the purpose of eliminating hotspots and 
overcooling issues at the zone. The other one is physical consolidation for reducing power consumption 
in the data center, and introducing issues which must be solved, for instance, the increase of server 
criticality, dynamic hot spots and underloading of power and cooling systems [35]. In this case study, only 
the IT load shifting strategy-physical consolidation is applied to the static model.  

In baseline scenario, traditional air cooling with distributed airflow control approach is considered. 
Additionally, there are two other parameters given as inputs, percentage of servers capable of being 
virtualized and server consolidation ratio. Assuming that 50% of servers are capable of being virtualized 
and the server consolidation ratio is 10:1, which means maximum 10 virtual machines in one server. The 
IT load shifting strategy implemented in this case study is to distribute computing load in the row of racks 
with maximum utilization of 0.65 to the other rows, then shut down this row of racks with maximum 
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utilization of 0.65. As it is shown in Figure 4.15, there are one row of racks with maximum utilization of 
0.95, five rows of racks with maximum utilization of 0.9 and five rows of racks with maximum utilization 
of 0.85 after virtualization applied and IT load shifting strategy implemented. The previous row with 
maximum utilization of 0.65 is shut down. The rack power density increases with higher demands on 
power supply and cooling capacity. 

 
Figure 4.15. The layout and scenario of the data center after virtualization applied 

The flow chart of the whole simulation process for virtualization scenario is illustrated in Figure 4.16. If 
the value of N_Control is set to 0, then the model will run baseline scenario, and if the value of 
N_Control is set to 1, the model will run virtualization scenario. In the end, these two scenarios are 
compared with each other with analytic results. 
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Figure 4.16. The flow chart for simulating expansion scenario 

Simulation results from the static model are presented in Figure 4.17 and Table 4.10. The power 
consumption of all the servers decreases from 2.34 MW to 2.24 MW, total cooling power consumption 
decreases from 1.59 MW to 1.54 MW as well, while the total power consumption of data center drops 
from 4.20 MW to 4.03 MW, comparing with baseline scenario with distributed airflow control approach 
before virtualization. However, PUE gets worse after virtualization, increasing from previous 1.79 to 1.80, 
which indicates inefficient energy usage even though the overall power consumption decreases.  

Table 4.10. Comparison between baseline scenario and scenario after virtualization applied with 
distributed airflow control 

 Baseline Virtualization Energy Saving 

Total servers power 
consumption (MW) 

2.34 2.24 5% 

Total cooling power 
consumption (MW) 

1.59 1.54 3% 

Total power 
consumption in data 
center (MW) 

4.20 4.03 4% 

PUE 1.79 1.80 - 

pPUE for cooling 
system 

1.68 1.69 - 
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Figure 4.17. Data center power consumption breakdown and pPUE, PUE for with distributed airflow 
control approaches after virtualization 

Consolidated IT load requires fewer servers and reduces power consumption by supportive cooling 
system, which explains the reason why the power consumption of both servers and the whole data center 
decrease after virtualization applied. Referring to the white paper published by Schneider Electric, PUE 
worsens after virtualization because of the inefficiency of underloading power and cooling system with 
oversizing capacities [35]. The possible solution to this issue is to downsize the supportive power and 
cooling system by reducing the fixed losses in physical infrastructure. For instance, upgrading the existing 
PDUs and UPSs with more efficient ones, or replacing the constant speed fans and pumps with variable 
speed drive ones. Moreover, it can also be concluded from this case study that PUE is not sufficient 
enough to indicate the performance of data centers. 
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5 Limitations 
In this thesis work, several limitations mentioned in previous thesis work by Therese Lindberg have 
already been solved, for instance, the COP of the chiller is not constant anymore, instead, it changes with 
the heat load on the chiller. The servers are modeled with the implementation of virtualization technology. 
The power devices are characterized with different types of internal power device losses, etc. However, 
some other limitations in both model itself and simulation process remain and need to be improved in the 
future work. 

At current stage, the static model is only valid when the distributed airflow control and room level control 
are applied. 

Even though the static model is developed towards the more generic modeling capability, some 
parameters used in the simulation process of this static model are determined by specific equipment, for 
instance, mechanical efficiency of pumps and fans, pressure drop coefficient, COP curve of chillers and 
etc. Values of these parameters will change accordingly if some components are replaced with other types 
of equipment.  

The static model is not able to simulate the situation when certain CRAH unit is out of function, since the 
whole data center system is modeled at zone level, there is no explicit correspondence between CRAH 
units and racks. CFD is supposed to solve this problem, but is not under discussion in this thesis work. 

With the application of virtualization, hot spots could appear dynamically anywhere and anytime, which is 
not able to be handled by the developed static model. A further dynamic model with row-based cooling 
method could be proposed to solve the hot spots issue. To improve post-virtualization PUE, scalable 
power and cooling capacities needs to be achieved by some sort of capacity management tools.  
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6 Conclusions 
In this thesis work, an improved comprehensive data center static model with raised floor design, covering 
IT system (virtualization), cooling system (CRAH units, chillers and cooling tower), mechanical system 
(electric fans and pumps) and power devices (PDU and UPS), is developed based on the previous data 
center model built by Therese Lindberg over her thesis work. Enhancement in IT system, chiller system, 
mechanical system and power devices has been made. The building chilled water flow rate and CRAH 
water inlet temperature is fixed with given input values in previous static model, which only provides 
constant cooling capacity regardless of the variation of IT load. In the improved static model, CRAH 
supply air flow rate is obtained through the general server model with heat sink and changes accordingly 
with the dynamic IT load. Then the cooling capacity provided by building chilled water and CRAH water 
inlet temperature is able to be predicted as outputs via effectiveness-NTU equation. Moreover, two 
airflow control approaches, traditional air supply with distributed airflow control and with room level 
control, are implemented in the static model with results comparison and analysis. Three case studies are 
conducted in order to demonstrate the robustness, flexibility and functionality of analyzing interaction 
among subsystems of this static model. 

In the baseline scenario with the same configuration, traditional air supply with distributed airflow control 
approach surpasses traditional air supply with room level control approach. With distributed airflow 
control applied, the data center could reduce cooling power consumption. Besides, traditional air supply 
with distributed airflow control approach achieves lower value in PUE and pPUE, which means higher 
utilization efficiency of data centers input power. The temperature of CRAH supply air, CRAH supply 
water, evaporator water inlet, condenser water outlet and cooling tower water inlet is also calculated in the 
static model. 

In the case study of data center expansion, the modular room concept is introduced. The effectiveness 
NTU equation is able to be solved reversely with CRAH flow rate as input, obtaining new value of 
building chilled water flow rate for the data center after adding one more modular room. Successfully 
solving the effectiveness NTU equation reversely with predictive increased amount of cooling capacity 
demonstrates the robustness and flexibility of this static model. The temperature of CRAH air out, CRAH 
air in, CRAH water out, evaporator water in, condenser water out and cooling tower water in slightly 
increases within expectation since servers power consumption increases while pump speed in condenser 
water system and fan speed in cooling tower remain the same value as that in baseline scenario. 

The case study, cooling control strategies, is to firstly investigate the impact of varying either building 
chilled water flow rate or CRAH inlet water temperature while keeping IT load constant. Results indicate 
that reducing building chilled water flow rate or increasing CRAH water inlet temperature could help 
reduce total cooling power consumption in a constant flow pumping system. Secondly, the dynamic 
cooling capacity provided by building chilled water is able to be predicted while varying IT load, and 
chiller’s COP, as a key performance indicator is employed to help select the optimal cooling strategy for 
the data center operation. Moreover, the flexibility of being able to calculate physical variables forward 
and inversely is demonstrated in this case study. 

In the case study of virtualization and IT load shifting, power consumption of servers, total cooling 
system is less. With physical consolidation strategy applied, the data center could reduce up to 4% of total 
energy consumption before physical consolidation strategy applied, but PUE gets worse after 
virtualization, which is caused by the inefficiency of underloading power and cooling system with 
oversizing capacities. Furthermore, it can also be concluded from this case study that PUE is not able to 
fully represent the energy performance of data centers. 
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Additionally, a streamlined dynamic data center model with slab floor design is developed for the purpose 
of investigating the most core issue in the data center, cooling servers with control of CRAH supply air 
flow and its temperature. 

In conclusion, the static model at current stage is able to simulate raised floor design data centers with 
distributed air flow control and room level control, then present power consumption breakdown of 
subsystems and energy efficiency metrics (PUE and pPUE). The temperature of CRAH supply air, CRAH 
supply water, evaporator water inlet, condenser water outlet and cooling tower water inlet is also 
calculated for thermal awareness. 

The static model shows its multiple functionalities through three case studies. The static model is capable 
of providing data center manager with predictive increased amount of cooling capacity in the case of data 
center expansion, so the data center manager could check if cooling capacity exceeds the maximum and 
then install possibly more cooling equipment. The model is able to investigate interactions among 
subsystems, characterized by robustness, flexibility and data center application to multi-physics modeling 
cases in the data center. Furthermore, the static model is able to simulate data centers with 
implementation of predefined cooling strategies and IT load shifting strategies, which could contribute to 
optimal strategies for the data center operation. 
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7 Future work 
There are several further improvements which could be done in the next stage of development.  

First of all, any measurement in the data center is highly confidential and there is no access to actual 
operation data to validate this static model or to compare with the simulation results at current stage. 
Even so, the model must be calibrated by measured data acquired from a real data center case in the next 
step. 

More generic model of mechanical cooling system with valves and pumps mounted in both chilled water 
system and condenser water system should be given. The energy consumption of chiller system is not 
optimized in the current static model, since current model is only able to run single scenario, instead of 
judiciously choose pumps speed or liquid temperature, in order to optimize the overall energy 
consumption.  

Low humidity in data centers could result in accumulation of static electricity, and then possible 
electrostatic discharge (ESD) will damage electronic equipment. Therefore, a generic humidifier model 
should be added to the static model. 

For the purpose of a more generic and comprehensive data center model, the static model with raised 
floor design and the dynamic model with slab floor design with various cooling approaches should be 
merged into one model, which is able to not only analyze a predefined scenario but also conduct real-time 
simulation. Furthermore, a hierarchical control and monitoring platform incorporating IT load 
management, cooling system, local power generation (mainly renewable energy sources), energy storage 
and waster heat utilization could be developed ultimately. 
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Appendix I Derivation of formulas 

CRAH flow rate 
In CRAH heat exchanger, the effectiveness is expressed as: 

𝜀Éà =
𝐶m+�(𝑇©È¥É_m+�_+, − 𝑇©È¥É_m+�_%-$)
𝐶¨+,(𝑇©È¥É_m+�_+, − 𝑇©È¥É_èm$��_+,)

 

With the assumption that the outlet temperature of CRAH units is equal to the inlet temperature of racks, 
equation becomes: 

𝜀Éà =
𝐶m+�(𝛿��@m##𝑇�mt�_+,_¨m§/#�$ + (1 − 𝛿��@m##)𝑇�mt�_%-$_¨m§/#�$ − 𝑇�mt�_+,_¨m§/#�$)
𝐶¨+,(𝛿��@m##𝑇�mt�_+,_¨m§/#�$ + (1 − 𝛿��@m##)𝑇�mt�_%-$_¨m§/#�$ − 𝑇©È¥É_èm$��_+,)

 

If 𝐶¨+, is on the air side of the heat exchanger, then: 

𝜀Éà =
(1 − 𝛿��@m##)(𝑇�mt�_%-$_¨m§/#�$ − 𝑇�mt�_+,_¨m§/#�$)

𝛿��@m##𝑇�mt�_+,_¨m§/#�$ + (1 − 𝛿��@m##)𝑇�mt�_%-$_¨m§/#�$ − 𝑇©È¥É_èm$��_+,
 

𝜀Éà = 1 − exp	(
𝐵¹.55𝑉Þ©ß
𝐷𝑉©È¥É_¨m§�.55 (exp	(−D𝐵¹.º»

𝑉©È¥É_¨m§¹.55

𝑉Þ©ß
) − 1)) 

𝐵 =
(𝑈𝐴)©È¥É
𝜌m+�𝑐@,m+�

 

𝐷 =
𝜌m+�𝑐@,m+�𝑁©È¥É
𝜌èm$��𝑐@,èm$��

 

If 𝐶¨+, is on the water side of the heat exchanger, then: 

𝜀Éà =
𝐶m+�(1 − 𝛿��@m##)(𝑇�mt�_%-$_¨m§/#�$ − 𝑇�mt�_+,_¨m§/#�$)

𝐶èm$��(𝛿��@m##𝑇�mt�_+,_¨m§/#�$ + (1 − 𝛿��@m##)𝑇�mt�_%-$_¨m§/#�$ − 𝑇©È¥É_èm$��_+,)
 

𝜀Éà = 1 − exp	(
𝐹¹.55𝐷𝑉©È¥É_¨m§

𝑉Þ©ß�.55 (exp	(−
𝐹¹.º»𝑉Þ©ß¹.55

𝐷𝑉©È¥É_¨m§
) − 1)) 

𝐹 =
(𝑈𝐴)©È¥É𝑁©È¥É
𝜌èm$��𝑐@,èm$��

 

If inlet temperature of the rack is set as the process variable, then: 

𝑇�mt�_%-$_¨m§ = 𝑇�mt�_+,_#�$ +
𝑄�mt�_¨m§

𝜌m+�𝑐@,m+�𝑉�mt�_¨m§

= 𝑇�mt�_+,_#�$ +
𝑄�mt�_¨m§𝑁�mt�

𝜌m+�𝑐@,m+�𝑁©È¥É(1 − 𝛿l�m�m.�)(1 − 𝛿��@m##)𝑉©È¥É

= 𝑇�mt�_+,_#�$ + 𝐴
𝑄�mt�_¨m§
𝑉©È¥É

 

A =
𝑁�mt�

𝜌m+�𝑐@,m+�𝑁©È¥É(1 − 𝛿l�m�m.�)(1 − 𝛿��@m##)
 

𝐶¨+, is on the air side of the heat exchanger, then: 
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𝜀Éà =
(1 − 𝛿��@m##)𝐴

𝑄�mt�_¨m§
𝑉©È¥É

𝛿��@m##𝑇�mt�_+,_#�$ + (1 − 𝛿��@m##)(𝑇�mt�_+,_#�$ + 𝐴
𝑄�mt�_¨m§
𝑉©È¥É

) − 𝑇©È¥É_èm$��_+,

=
(1 − 𝛿��@m##)𝐴𝑄�mt�_¨m§

(𝑇�mt�_+,_#�$ − 𝑇©È¥É_èm$��_+,)𝑉©È¥É + (1 − 𝛿��@m##)𝐴𝑄�mt�_¨m§

=
𝐴′𝑄�mt�_¨m§

(𝑇�mt�_+,_#�$ − 𝑇©È¥É_èm$��_+,)𝑉©È¥É + 𝐴′𝑄�mt�_¨m§
 

𝐴Ú = 1 − 𝛿��@m## 𝐴 =
𝑁�mt�

𝜌m+�𝑐@,m+�𝑁©È¥É(1 − 𝛿l�m�m.�)
 

1 − exp
𝐵¹.55𝑉Þ©ß
𝐷𝑉©È¥É�.55 exp −D𝐵¹.º»

𝑉©È¥É¹.55

𝑉Þ©ß
− 1

=
𝐴′𝑄�mt�_¨m§

(𝑇�mt�_+,_#�$ − 𝑇©È¥É_èm$��_+,)𝑉©È¥É + 𝐴′𝑄�mt�_¨m§
 

𝐶¨+, is on the water side of the heat exchanger, then: 

𝜀Éà =
𝐶m+�𝐴′𝑄�mt�_¨m§

𝐶èm$��((𝑇�mt�_+,_#�$ − 𝑇©È¥É_èm$��_+,)𝑉©È¥É + 𝐴′𝑄�mt�_¨m§)

=
𝜌m+�𝑐@,m+�𝑉©È¥É𝐴′𝑄�mt�_¨m§

𝜌èm$��𝑐@,èm$��
𝑉Þ©ß
𝑁©È¥É

((𝑇�mt�_+,_#�$ − 𝑇©È¥É_èm$��_+,)𝑉©È¥É + 𝐴′𝑄�mt�_¨m§)

=
𝐸𝑉©È¥É𝑄�mt�_¨m§

𝑉Þ©ß((𝑇�mt�_+,_#�$ − 𝑇©È¥É_èm$��_+,)𝑉©È¥É + 𝐴′𝑄�mt�_¨m§)
 

𝐸 =
𝜌m+�𝑐@,m+�𝑁©È¥É𝐴′
𝜌èm$��𝑐@,èm$��

 

1 − exp
𝐹¹.55𝐷𝑉©È¥É

𝑉Þ©ß�.55 exp −
𝐹¹.º»𝑉Þ©ß¹.55

𝐷𝑉©È¥É
− 1

=
𝐸𝑉©È¥É𝑄�mt�_¨m§

𝑉Þ©ß((𝑇�mt�_+,_#�$ − 𝑇©È¥É_èm$��_+,)𝑉©È¥É + 𝐴′𝑄�mt�_¨m§)
 

If outlet temperature of the rack is set as the process variable, then: 

𝑇�mt�_+,_¨m§ = 𝑇�mt�_%-$_#�$ −
𝑄�mt�_¨m§

𝜌m+�𝑐@,m+�𝑉�mt�_¨m§

= 𝑇�mt�_%-$_#�$ −
𝑄�mt�_¨m§𝑁�mt�

𝜌m+�𝑐@,m+�𝑁©È¥É(1 − 𝛿l�m�m.�)(1 − 𝛿��@m##)𝑉©È¥É

= 𝑇�mt�_%-$_#�$ − 𝐴
𝑄�mt�_¨m§
𝑉©È¥É

 

𝐶¨+, is on the air side of the heat exchanger, then: 
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𝜀Éà =
(1 − 𝛿��@m##)𝐴

𝑄�mt�_¨m§
𝑉©È¥É

𝛿��@m##(𝑇�mt�_%-$_#�$ − 𝐴
𝑄�mt�_¨m§
𝑉©È¥É

) + (1 − 𝛿��@m##)𝑇�mt�_%-$_#�$ − 𝑇©È¥É_èm$��_+,

=
𝐴′𝑄�mt�_¨m§

(𝑇�mt�_%-$_#�$ − 𝑇©È¥É_èm$��_+,)𝑉©È¥É − 𝛿��@m##𝐴𝑄�mt�_¨m§
 

1 − exp
𝐵¹.55𝑉Þ©ß
𝐷𝑉©È¥É�.55 exp −D𝐵¹.º»

𝑉©È¥É¹.55

𝑉Þ©ß
− 1

=
𝐴′𝑄�mt�_¨m§

(𝑇�mt�_%-$_#�$ − 𝑇©È¥É_èm$��_+,)𝑉©È¥É − 𝛿��@m##𝐴𝑄�mt�_¨m§
 

𝐶¨+, is on the water side of the heat exchanger, then: 

𝜀Éà =
𝐶m+�𝐴′𝑄�mt�_¨m§

𝐶èm$��((𝑇�mt�_%-$_#�$ − 𝑇©È¥É_èm$��_+,)𝑉©È¥É − 𝛿��@m##𝐴𝑄�mt�_¨m§)

=
𝜌m+�𝑐@,m+�𝑉©È¥É𝐴′𝑄�mt�_¨m§

𝜌èm$��𝑐@,èm$��
𝑉Þ©ß
𝑁©È¥É

((𝑇�mt�_%-$_#�$ − 𝑇©È¥É_èm$��_+,)𝑉©È¥É − 𝛿��@m##𝐴𝑄�mt�_¨m§)

=
𝐸𝑉©È¥É𝑄�mt�_¨m§

𝑉Þ©ß((𝑇�mt�_%-$_#�$ − 𝑇©È¥É_èm$��_+,)𝑉©È¥É − 𝛿��@m##𝐴𝑄�mt�_¨m§)
 

1 − exp
𝐹¹.55𝐷𝑉©È¥É

𝑉Þ©ß�.55 exp −
𝐹¹.º»𝑉Þ©ß¹.55

𝐷𝑉©È¥É
− 1

=
𝐸𝑉©È¥É𝑄�mt�_¨m§

𝑉Þ©ß((𝑇�mt�_%-$_#�$ − 𝑇©È¥É_èm$��_+,)𝑉©È¥É − 𝛿��@m##𝐴𝑄�mt�_¨m§)
 

Rack flow rate 

𝜀Éà =
𝐶m+�(𝑇©È¥É_m+�_+,_� − 𝑇©È¥É_m+�_%-$_�)
𝐶¨+,(𝑇©È¥É_m+�_+,_� − 𝑇©È¥É_èm$��_+,)

 

From above, 𝑇©È¥É_m+�_+,_� can be expressed as: 

𝑇©È¥É_m+�_+,_� =
𝜀Éà𝐶¨+,𝑇©È¥É_èm$��_+, − 𝐶m+�𝑇©È¥É_m+�_%-$_�

𝜀Éà𝐶¨+, − 𝐶m+�
 

Replacing 𝑇©È¥É_m+�_%-$_� with 𝑇�mt�_+,_�: 

𝑉�mt�_�𝑇�mt�_%-$_#�$ + (
𝑁©È¥É 1 − 𝛿l�m�m.�

𝑁�mt�
𝑉©È¥É − 𝑉�mt�_�)𝑇�mt�_+,_�

𝑁©È¥É 1 − 𝛿l�m�m.�
𝑁�mt�

𝑉©È¥É

=
𝜀Éà𝐶¨+,𝑇©È¥É_èm$��_+, − 𝐶m+�𝑇�mt�_+,_�

𝜀Éà𝐶¨+, − 𝐶m+�
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𝑇�mt�_+,_� =

𝜀Éà𝐶¨+,𝑇©È¥É_èm$��_+,
𝜀Éà𝐶¨+, − 𝐶m+�

−
𝑁�mt�𝑉�mt�_�𝑇�mt�_%-$_#�$
𝑁©È¥É 1 − 𝛿l�m�m.� 𝑉©È¥É

𝑁©È¥É 1 − 𝛿l�m�m.� 𝑉©È¥É − 𝑁�mt�𝑉�mt�_�
𝑁©È¥É 1 − 𝛿l�m�m.� 𝑉©È¥É

+ 𝐶m+�
𝜀Éà𝐶¨+, − 𝐶m+�

=
𝐼 − 𝐽𝑉�mt�_�𝑇�mt�_%-$_#�$

1 − 𝐽𝑉�mt�_� + 𝐾
 

𝐼 =
𝜀Éà𝐶¨+,𝑇©È¥É_èm$��_+,

𝜀Éà𝐶¨+, − 𝐶m+�
 

𝐽 =
𝑁�mt�

𝑁©È¥É 1 − 𝛿l�m�m.� 𝑉©È¥É
 

𝐾 =
𝐶m+�

𝜀Éà𝐶¨+, − 𝐶m+�
 

In the rack energy balance, the server fans operate on the purpose of keeping the outlet temperature at the 
set point. 

𝑉�mt�_� =
𝑄�mt�_�

𝜌m+�𝑐@,m+�(𝑇�mt�_%-$_#�$ − 𝑇�mt�_+,_�)
 

𝑉�mt�_� =
𝑄�mt�_�

𝜌m+�𝑐@,m+�(𝑇�mt�_%-$_#�$ −
𝐼 − 𝐽𝑉�mt�_�𝑇�mt�_%-$_#�$

1 − 𝐽𝑉�mt�_� + 𝐾
)
=

𝑄�mt�_�(1 − 𝐽𝑉�mt�_� + 𝐾)
𝜌m+�𝑐@,m+�(𝑇�mt�_%-$(1 + 𝐾) − 𝐼)
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Appendix II Calculation part for the dynamic model 
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Appendix III Variable list 
 

 


