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Summary 

Fresh air cooling is a novel method of cooling the IT equipment of data centres. It promises to be 

a very energy efficient method by using the outside air directly as cooling air, but simultaneously 

outside contaminants are drawn into the data centre increasing. This apparent trade-off between 

reduced energy costs and the increased likelihood of IT equipment failures causes slow adoption by 

the industry. 

By means of quasi-steady state simulations, this study predicts the energy efficiency and particle 

contamination of fresh air cooling systems to get insight into the trade-off and come with design 

recommendations.  

From literature four fresh air cooling system models were constructed which differ only in the 

arrangement of their components, and cover the fresh air cooling concept. A traditional vapour-

compression cooling system model was constructed along for reference as the current cooling 

practice. A fictive medium-sized 36kW data centre located in Eindhoven is used as context.  

 Although the constructed models are not experimentally validated, the crude results do give 

insight into the performance of fresh air cooling systems versus a traditional vapour-compression 

cooling system. With this insight it can be seen that fresh air cooling is not a trade-off between 

energy efficiency and particle contamination. It concludes that the concept of fresh air cooling is far 

superior than vapour-compression cooling system in terms of energy efficiency, and that the particle 

contamination induced by the fresh air cooling can very effectively be reduced by the use of high-

class fresh air filters without comprise of that energy efficiency. The energy efficiency of the fresh 

air cooling concept ranges from 14-80, and particle contamination from 0,1-2,7mg/kWh. 

Its potential energy efficiency is mainly determined by the specific humidity set point and 

paradoxically not by the temperature set point, regardless of its location within the Netherlands. 

Further improvement of the fresh air cooling system lies in the reduction of the average system 

pressure by placing the high-resistive components outside the supply airflow. The best results were 

found in the system where the evaporator is removed from the airflow when not needed. 

Also, design and maintenance efforts are best focussed on the fresh air filters, flow resistance of 

the evaporator and the fan efficiency. The former because of filter leakages easily lead to very 

inferior performances in terms of contamination. 
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Introduction 

1.1 Background of data centre cooling methods 

Data centres 

Digital information is used on an everyday basis in almost any type of industry, by any type of 

organisation, and for any type of process. Moreover, the data is mission critical – it is absolutely 

critical for the processes using it. For example without the availability of data, administration, 

communication and virtualization services cannot be used. During the past decade a rising trend is 

seen in the centralisation of the equipment handling the data in specialised facilities called data 

centres. Moreover, it is predicted that more and more of data centre floor space will be built and 

simultaneously a rising trend in the IT equipment’s power is expected (Figure 1  and Figure 2). 

Data centre cooling 

The IT equipment offers organisations critical functionality round-the-clock, but on the other 

hand produces lots of excess heat. To prevent soaring temperatures causing equipment failures or 

loss of data [Kumar, Dolev, and Pecht 2010], the heat is removed by a cooling system. In 

conventional data centres the cooling system consists of mechanical cooling machines removing the 

heat from the air and recirculating it as cooling air to the IT equipment – recycling the same air over 

and over again. The advantage of such a closed-loop air circuit is that it satisfies the cooling demand 

with high reliability and simplicity. 
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Figure 1: Almost a linear growth of total data centre floor area is predicted, which means an increasing amount 

of IT racks and IT equipment being installed across 17 Western European countries [BroadGroup 2012].This 

hints at an increasing amount of required cooling capacity. 

 

 

 
Figure 2: A rising trend of power density of data centre IT equipment (commonly storage servers, or higher) is 

expected [ASHRAE 2005]. Please note the logarithmic scale of the vertical axis. 

 

 

Table 1: The energy efficiency of various cooling methods applied by Dutch data centres [Sijpheer 2008]. 

Cooling method SEER [-] 

Vapour-compression cooling + dry cooling 1-3 

Vapour-compression cooling + wet cooling 2-4 

Vapour-compression cooling + free cooling 3-7 

Underground heat storage + free cooling 6-7 

Rotary heat exchanger 7+ 
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This method of removing the excess heat also has its downside: the removal of heat requires 

much energy. According to [Lawrence Berkeley National Laboratory 2009], on average this energy 

takes up ~30% of the total energy consumption of the data centre. In more detail, Table 1 lists the 

energy efficiency of the current Dutch data centre cooling methods as their energy consumption 

versus the energy consumption of the actual IT equipment [Sijpheer 2008]. This shows that vapour-

compression cooling – the most applied method – typically consumes half of the amount of energy 

already consumed by the IT equipment itself. More energy efficient cooling methods are already 

available, but growing concerns by data centre stakeholders about the economic implications of their 

energy consumption have shifted their attention to potentially even more energy efficient cooling 

methods. 

Fresh air cooling 

A novel cooling concept is fresh air cooling and is different to the cooling methods mentioned 

above in the way that it transforms the cooling system into an open circuit. This method draws 

‘fresh’ outside air straight into the data centre and uses it as the cooling air, and so benefiting from 

dry and cool outside air.  

From an energy consumption point of view, cooling systems can be seen as a chain of successive 

individual processes or steps. In the light of such a chain, the two dominant steps of a traditional 

vapour-compression cooling system are the delivery of the cooling air to the IT equipment and the 

removal of the excess heat from that air. The fresh air cooling method promises large energy savings 

over closed-loop methods since the energy consuming step of mechanically removing excess heat is 

skipped – a fresh air cooling system in an ideal fresh air cooling climate consists of only the delivery 

step. The study of [Harvey, Patterson, and Bean 2012] estimates that Dutch weather allows for at 

least 8000 hours of possible fresh air cooling annually (Figure 3); this hints at a potentially superior 

energy efficiency of fresh air cooling over closed-loop cooling methods. 

 

 

 

Figure 3: Weather analysis indicates that, on average, at least 8000 fresh air cooling hours annually (>91%) 

can be achieved in the Netherlands conform ASHRAE’s ‘recommended’ class requirements [Harvey, Patterson, 

and Bean 2012].Only parts of Britain, Ireland and Scandinavia offer a better climate for fresh air cooling. 
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At the same time the American Society of Heating, Refrigerating and Air Conditioning Engineers 

(ASHRAE) expresses its concerns about IT equipment failures caused by poor air quality factors 

such as temperature, humidity, composition, and cleanliness – clogging, corrosion and thermal stress 

are some of the most well-known examples [ASHRAE TC 9.9 2011] [ASHRAE TC 9.9 2012]. In the 

case of fresh air cooling, these air quality factors directly depend on the uncontrollable and 

sometimes unpredictable outside air. This illustrates that the fresh air cooling method essentially is a 

trade-off between energy efficiency and air quality.  

1.2 Problem statement 

It may be clear that for engineers, owners and operators the choice on cooling method depends on 

its energy efficiency and IT equipment failures induced by the cooling. Although experiments with 

the fresh air cooling method have been conducted and fresh air cooling systems are already applied 

in some data centres, so far very limited results on energy efficiency, equipment failure and air 

quality are available in literature. [Dell 2012] reports that after over 12 months of testing the failure 

rates due to high temperature and humidity cooling air conditions are “statistically insignificant” and 

at low temperature and humidity conditions even “negligible”. But what type of failures did occur, 

what did cause them and at which point in time is not released. Also the energy efficiency of the 

cooling system was not published. This leaves that the fresh air cooling method is still surrounded by 

uncertainty, and herewith, the implementation of the fresh air cooling might not be based on just 

considerations. 

1.3 Objective 

Therefore, this study intends to predict the energy efficiency and the air quality of fresh air 

cooling systems for data centres through computational simulations, and focusses on data centres in 

the Dutch climate with mission critical operations. The primary objective is to find the energy 

efficiency and particle contamination of fresh air cooling systems and come with recommendations 

for practical design. In order to fulfil this objective, the following research questions are answered: 

1. What are suitable systems for the fresh air cooling concept? 

2. What are the relevant factors regarding the air quality of IT equipment? 

3. Which metrics best express the cooling systems’ energy efficiency and particle 

contamination for mutual performance comparison? 

4. What are the performance differences between the concepts of vapour-compression cooling 

systems and fresh air cooling? 

5. What are the key factors of fresh air cooling systems influencing the performance? 

6. What is the trade-off between energy efficiency and particle contamination of fresh air 

cooling systems? 
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1.4 Methodology 

This study can be divided into two parts: a literature study, and modelling and computational 

simulations. 

A. Literature 

Scientific journals and online articles are studied to find the general system concept of the fresh 

air cooling method. From the literature, a standard fresh air cooling system is derived to act as the 

starting point for the fresh air cooling system investigations; also three other foreseeable system 

variants are constructed to cover the diversity of possible fresh air cooling systems. Three industry 

standards and guidelines are studied to find the factors relevant to the cooling air quality of data 

centres. Literature is used to find the best suitable metrics used by the industry to express the 

performance of the simulated systems. 

B. Modelling and simulations 

The four constructed fresh air cooling systems from literature are translated into models. A 

vapour-compression cooling system is also modelled to act as the reference for current data centre 

cooling practices. A fictional 36kW medium-sized data centre located in Eindhoven, The 

Netherlands acts the data centre context. MATLAB version R2012b (8.0.0783) software was used to 

build the models from scratch, to simulate them and to present the results. Additionally, curve-fitting 

toolbox version 3.3 was used for the derivation of the component parameter values. The five cooling 

systems are simulated over a 6-year period to predict their seasonal energy efficiency and particle 

contamination. Different Dutch local climates are used, set points are varied, and wide-ranging 

component ‘quality’ is used to find the performance (patterns) of the fresh air cooling concepts, 

systems and components. 
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1.5 Report outline 

Figure 4 overviews the layout of the study in this report. Chapter 2 describes the literature study. 

Chapter 3 describes the modelling and chapter 4 the simulations and their results. Chapter 5 describes 

the discussion and chapter 6 the conclusions. 

 

 

 

 
Figure 4: The schematic representation of this study’s structure. 
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2  

Fresh air cooling concept, energy efficiency 

and air quality 

Within the fresh air cooling method the apparent dilemma is the trade-off between energy 

efficiency and cooling air quality; using (more) outside air for cooling draws in (more) outside 

contamination. Therefore, this study aims to find the energy efficiency and cooling air quality of 

fresh air cooling systems in order to support system design. 

 

This chapter describes the background of the fresh air cooling method and systems, energy 

efficiency and cooling air quality. As some of the terms used in literature were found to overlap 

and/or confuse, the terms are discussed first in order to come to a clear definition within this study. 

Next, the fresh air cooling concept, a standard system and its variants are defined. Then, the energy 

efficiency of cooling systems is discussed and a suitable metric is adopted. Lastly, air quality is 

investigated to determine its relevant factors within this study’s scope. Along, a metric to express 

particle contamination is adopted. 

2.1 Fresh air cooling 

2.1.1 Terminology 

Fresh air cooling is only one term found describing the particular cooling method. In literature is 

also spoken of ambient cooling, air-side economizer, or free cooling. The variety of terms may be an 

indication of the relative novelty of the cooling method. 

In general, economizers refer to methods intended to reduce the operating costs of cooling 

systems, mostly by relieving mechanical cooling machines through the utilization of readily available 

cold sources in the direct vicinity of the data centre. Air-side economizers do this by drawing outside 

air directly into the facility, also placing fresh air cooling into this category. Water-side economizers 
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utilize an additional intermediate water circuit maintaining a closed-loop cooling air circuit inside the 

facility. Due to the intermediate water circuit, water-side economizers can also utilize available 

sources such as surface and ground water. Free cooling is found to be a term used for both types of 

economizers, and refers primarily to the free availability of the cold course. 

For ambiguity reasons, this study uses the term fresh air cooling for the method of directly 

drawing in outside air and using it directly as cooling air for the IT equipment, without intermediate 

circuits. 

2.1.2 General system concept 

Several cases of fresh air cooled data centres were found in literature (Table 2). Although detailed 

information about their systems is lacking, the differences between the system designs are within 

component type and arrangement. 

 

Table 2: List of experiments and applied data centres using fresh air cooling. 

Data centre  

(grouped by purpose) 
Backup strategy Period Location 

Intel 

[Atwood and Miner 2008] 
None 2007-2008 New Mexico, USA 

Dell 

[Dell 2012] 
- 2009 Europe 

Microsoft  

[Josefsberg 2009], [Bhandarkar 2012] 

backup chiller 

(compression cooling) 
2009- Dublin, Ireland 

NetApp 

[Robbins and Skiff 2010] 

backup chiller 

(cooling tower) 
2009- 

Raleigh, North 

Carolina 

Hewlett Packard 

[Hewlett-Packard 2012] 

backup chiller 

(compression cooling) 
2010- Billingham, England 

National Renewable Energy Laboratory 

[Miller 2011] 
- 2010- Golden, Colorado 

Facebook  

[Bratach 2011]  
- 2011- Prineville, Oregon 

 

From these cases a ‘standard’ fresh air cooling system is derived (Figure 5, bottom). Comparing 

this ‘standard’ system to a ‘traditional’ vapour-compression cooling system (Figure 5, top) shows 

that the ‘standard’ fresh air cooling system in essence is an extended ‘traditional’ vapour-

compression cooling system. Therefore it entails a higher complexity than the ‘traditional’ vapour-

compression system. The numbers in the main text correspond to the numbered HVAC component in 

the schematized systems of Figure 5. 

The ‘standard’ fresh air cooling system draws outside air into the data centre by HVAC fans (❻) 

and propels the air into the IT room. After it is passed over the IT equipment removing its excess 

heat (❶), the now ‘hot’ cooling air is exhausted though a façade outlet into the outside air, or 

(partially) recirculated into the supply flow again by a mixing box (❸). Additional HVAC 

components adjust the supply air to meet its desired conditions. These processes vary between air 

filtration (❷), humidification (❹) and mechanical cooling (❺) – dehumidification is not yet seen. 
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 ITrecirculation air

supply air

IT room

data centre

cooling system

❶

❷

❺

return air

‘standard’ fresh air cooling system

exhaust air

fresh air

❷ ❸
❹

❻

IT IT IT IT

❼

❼

❼

❼

❼

 IT

supply air

IT room

data centre

cooling system

❶

❷

❺

return air

‘traditional’ vapour compression cooling system

❻

IT IT

❶ racks / IT equipment

❷ air filter

❸ mixing

❹ adiabatic humidification

❺ mechanical cooling

❻ air fan

❼ distribution channel

 IT IT

❼

❼
from central HVAC

from central HVAC

 
Figure 5: In comparison to the ‘traditional’ vapour-compression cooling system (top), the ‘standard’ fresh air 

cooling system (bottom) is more complex and in essence an extended ‘traditional’ system. The numbered HVAC 

components are explained in the main text. 

 

To provide insight in possible system variations on the ‘standard’ system, each HVAC 

schematized component is defined and discussed. 

❶ IT equipment and IT room 

The IT room houses the IT equipment, the primary purpose of the data centre. All other 

equipment and systems are either infrastructure or supporting systems (e.g. cooling system). 

Commonly IT equipment consists of a wild variety of servers, storage, and networking devices, and 

although different in function, from this study’s point of view these devices all act the same: 

inconveniently converting electricity into excess or ‘waste’ heat. Most devices tolerate roughly 

similar temperatures and humidity conditions as cooling air, with exclusion of more sensitive tape 
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storage device [ASHRAE TC 9.9 2012]. Therefore, no distinction between device types is made; all 

devices are seen as being the same thing: IT equipment.  

The IT equipment is typically mounted in metal racks with perforated front and back doors that 

act as air inlet and outlet. The racks, in turn, are typically placed face to face and back to back in 

rows creating alternating corridors of supply and return air, forming a cold or hot-corridor layout 

(Figure 6). 

 

 
Figure 6: An example of a typical IT room. The racks holding the IT equipment are laid out in alternating aisles 

of supply and return air [Wikimedia Commons 2010]. 

❷ Mechanical cooling machines 

In ‘traditional’ systems cooling, mechanical machines remove the heat from the cooling air and 

reject the heat via condensers into the outside air. In fresh air cooling systems mechanical cooling 

machines are used to complement the cooling capacity whenever the outside air does not meet its 

required conditions – although alternative strategies for these situations exist and are discussed in the 

next section. Fresh air cooling system variants can be made on the type of cooling machine. But as 

shown earlier, mechanical cooling will only be necessary 9% for the Dutch climate annually 

[Harvey, Patterson, and Bean 2012]. This relative small fraction of time may favour the use of a 

relative simple/cheap DX unit over more complex/expensive cooling machines. 

Simulation results of this study show that the DX unit’s evaporators induce a significant pressure 

loss. To minimize the system’s pressure loss, another possible variation is the bypass of the DX unit 

altogether by the cooling air. In addition, the bypass also avoids unnecessary clogging of the 

evaporator by airborne particle matter. 

❸ Air filters 

One of the main concerns expressed by ASHRAE on the use of outside air as cooling air is 

particle matter
1
 floating around in the cooling air settling on the IT equipment. When particle matter 

                                                           
1 This study uses the umbrella term particle matter to refer to any droplets or solids suspended in the air (e.g. airborne 

dust, aerosols, particulate contamination or microbial contamination). 
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settles on IT equipment, it promotes deterioration of the IT equipment, ultimately increasing the 

likelihood of failures [ASHRAE TC 9.9 2011]. System variations on air filters are possible on its 

type (box, pleated or bag), their numbers, and position in the system, but the most significant 

variation is the filtration efficiency and pressure loss. Various international standards categorize the 

filter efficiency: European filter classification EN779 divides air filters into groups of either ‘coarse’ 

(G), ‘medium’ (M) or ‘fine’ (F) and subdivides further into more detailed numbered classes. 

American filter classification ANSI/ASHRAE 52.2 describes filters in a similar classification system. 

Reasonable similarities can be found between both classifications (Appendix F). In general, high-

efficiency filters categorized as EPA, HEPA, and ULPA are not applied in data centre cooling 

systems due to their very limited flow rate capacities and are therefore not considered in this study. 

The filters may be located in the fresh air path to filter particle matter from the outside air and in 

the recirculation path to filter particle matter originating from internal data centre sources – inside 

sources may consist of wear product of mechanical components such as fan belts [Roth 2005], fibres 

and metal whiskers from building material [Brusse and Sampson 2004], re-entrained particle matter 

by user activity [Shields and Weschler 1998] and particle matter brought in by users themselves (i.e. 

hairs, clothing fibres and footwear). Although inside sources do contribute to the contamination of IT 

equipment, their magnitude proved to be not significant compared to the contamination of  the 

outside air [Shehabi et al. 2008], and moreover, they are not induced by the cooling system itself, but 

by the way the IT room is used. Inside sources are therefore not included in the study. 

❹ Humidifier 

Humidifiers raise the humidity content of the air, mainly to minimize the likelihood of 

electrostatic discharges [ASHRAE TC 9.9 2011]. The most seen humidification method is adiabatic 

humidification (i.e. humidifying without adding heat) for its very large additional cooling effect. On 

the other hand, evaporative humidification usually requires the use of demineralized water which in 

its turn requires a reverse osmosis filter. Also, to prevent its un-vaporized water droplets corroding 

the IT equipment some type of droplet eliminator needs to be installed downstream (e.g. ceramic 

tiles, air filter or fan) or a sufficiently long air path has to be included to allow for completion of the 

evaporation process. Thirdly, caution is advised since the very local wet conditions create an ideal 

environment for bacterial and mould growth. 

All evaporative humidifiers rely on the generation of miniscule water droplets that can be 

entrained into the airflow. This can be done by ultrasonic vibrators or impellers, although high 

pressure spray nozzles are most frequently seen. 

❺ Fan 

Fans operate by creating a positive pressurization downstream, ultimately creating airflow and 

keeping the IT room the set positive pressurization to prevent outside air from unintentionally 

leaking into the building. Fans need to compensate for the pressure lost due to friction along the 

airflow’s path. Particularly air filters and evaporators proved to cause significant pressure loss. 
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❻ Distribution channels 

Distribution channels confine and direct the airflow along its path. This keeps cold supply and hot 

return air separated. Distribution channels commonly consist of a mix of metal ducting, floor/ceiling 

plenums and/or corridors, and all induce pressure loss due to friction in some degree. 

❼ Mixing box and air dampers 

The mixing box controls the mixing fractions of outside air and return air based on their 

enthalpies, combining it into the supply airflow of the right conditions. Motorized air dampers adjust 

both inlet orifices and therewith the mixing fraction of both flows. In the case of fully recirculating 

return air, any leaked air is be replaced by air from the central HVAC system. 

2.1.3 Alternative cooling backup strategies 

As mentioned before, one way to deal with unsuitable outside air conditions (too hot or too moist) 

or when physically isolating the data centre from the outside world in case of an emergency is for 

mechanical cooling machines to provide the necessary cooling. Alternative backup strategies were 

also found in literature. 

Evidently, backup cooling is necessary as continuing to cool with air beyond acceptable 

conditions is far too reckless for mission critical data centres; continuing operations not only risks 

destroying equipment, but also data loss. Alternatively, it can be chosen to stop operations all 

together, but this also leads to unavailability of its data. 

Another strategy is to reroute IT services to other data centres. This requires coordinated 

operation of multiple data centres in different climatic locations. An example of such distributed 

strategy is dubbed “follow the moon” – this strategy aims to benefit from cooler night-time 

temperatures around the globe by only operating at distributed data centres at night [Perry 2008] 

[Urquhart 2008]. This solution proposes a more systematic avoidance of high outside air 

temperatures. For data centres not in this ‘luxury’ position the most obvious backup strategy is to 

utilize traditional onsite mechanical cooling. 

2.2 Energy efficiency 

To be able to compare the performance of various cooling systems, a general metric is necessary. 

This section describes the investigation of the energy efficiency metric. One single metric is required 

that quantifies the energy efficiency regardless of the cooling method (e.g. compression-based, fresh 

air, etc.). This metric provides the measure on which any cooling method or systems can be judged 

based on the same definition. Only this way, cooling systems are mutually comparable and can 

ultimately support design decisions. 

Many energy efficiency metrics already exist in the field of HVAC and data centre which may 

suit this purpose. Literature is surveyed to list the possible suitable metrics.  
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To evaluate the suitability of each found metric, it is checked to three criteria: 

    

 The metric includes the ‘benefit’ of the cooling system (i.e. cooling load, or heat removed 

from the IT equipment). 

 The energy efficiency metric includes the ‘cost’ of the cooling system (i.e. energy consumed 

by all the system components contributing to the heat removal). 

 The metric considers the energy efficiency of the system in particular climatic/operational 

circumstances, and considers its entire annual operating period (i.e. ‘cooling-season’). 

 

The literature survey resulted in the following six existing energy efficiency metrics: PUE, DCiE, 

EUE, EER, SEER, and COPR. They are individually described in Appendix C.  

 

For quantifying the momentary and seasonal energy efficiency of a cooling system the EER and 

SEER values match the three criteria of incorporating the ‘cost’, ‘benefit’ and time scale. But the 

EER and SEER metrics proved to be fairly un-intuitive in the way they insinuate absolute energy 

savings. For example, improving a cooling system with an energy consumption of 250W per 1000W 

of removed heat (i.e. SEER of 4) in four consecutive steps of 50W will appear as if each next 

improving step is significantly better than the previous one, while the absolute energy savings of 

each step remain the same (Figure 7, left). 

 

As a solution, inversing the SEER metric leads to a more intuitive visual representation regarding 

absolute energy savings (Figure 7, right) – likewise the DCiE inverses the PUE. Also, with the use of 

the inversed SEER an ideal value of ‘0’ is re-introduced that does not exist with SEER. 

A handy side-effect of using the inversed SEER is that it simultaneously ‘mitigates’ or 

‘understates’ the inaccuracy of a crude (energy) models. As a cooling system get more energy 

efficient (i.e. high SEER value) the details of its model become far more significant and modelling 

has to be more detailed to yield accurate results. For example, ignoring the small air leaks or 

distribution channels for the simulation of high-efficient systems affects the margin of error of their 

SEER values in the in a more dramatic way than low-efficient cooling systems. By expressing the 

energy efficiency in the terms of ‘inversed SEER’ the model does not improve its accuracy, but its 

inaccuracy is visually mitigated, arguably leading to less misinterpretations. 
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Figure 7: On the left, the steps of the SEER values appear to increase more with each step, while on the right 

the energy savings of each improvement visually seem equal when expressed as the inversed SEER. The 

‘distorted’ appearance on the left may lead to false energy savings interpretations, while the inversed SEER 

metric displays a far more intuitive representation of the energy savings. 

 

Therefore, this study adopts both the EER and SEER metrics for expressing the cooling system’s 

momentary and seasonal energy efficiency, and uses the ‘inversed SEER’ for visual presentation of 

results, denoted by ‘1/SEER’. 

2.3 Air quality 

Using outside air directly promises to be an energy efficient method to cool IT equipment. On the 

other hand, poor outside air quality promotes IT equipment failures [ASHRAE TC 9.9 2011]. To take 

this in consideration during simulations, an investigation is conducted to determine the factors of air 

quality relevant within this study’s scope. Secondly, an investigation is conducted to adopt metrics 

expressing the relevant air quality factors. Both are done by a survey of three industrial guidelines on 

cooling IT equipment, being ASHRAE, NEBS and ETSI. 

2.3.1 Air quality factors by industry guidelines 

American Society of Heating, Refrigerating and Air Conditioning Engineers (ASHRAE)  

ASHRAE recently published two guidelines on the air quality of data centres, and are partially 

dedicated to fresh air cooling systems; both guidelines are the work of a committee comprising the 

industry’s key IT equipment manufacturers [ASHRAE TC 9.9 2011] [ASHRAE TC 9.9 2012]. The 

guidelines specify the cooling air quality in the factors of 
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 temperature,  

 humidity, 

 gaseous composition 

 and air cleanliness. 

 

Data centre temperature and humidity (set point) conditions are defined by seven environmental 

classes [ASHRAE TC 9.9 2012]; air cleanliness and gaseous contamination are defined by single 

thresholds [ASHRAE TC 9.9 2011].  

The temperature and humidity conditions of the cooling air are categorized in seven classes, each 

one more relaxed than the previous one (Table 3). Although up to six classes are provided by the 

guideline, it advises any data centre to operate according the ‘recommended’ class, which is most 

stringent of them all. Only when IT equipment explicitly can withstand more ‘harsh’ environments or 

higher risk on failures is acceptable, a more relaxed class can be adopted to achieve higher energy 

efficiency. Herewith ASHRAE implies that more relaxed classes may simultaneously lead to higher 

energy efficiency and higher failure rates of the IT equipment. 

Respectively, ASHRAE’s ‘A1’ and ‘A2’ classes describe the more relaxed classes; classes ‘A3’ 

and ‘A4’ are primarily added for data centres with the ambition to avoid mechanical cooling 

machines all together by exclusively using the fresh air method. This study neglects its ‘B’ and ‘C’ 

classes since they go beyond data centre applications. 

In their guideline ASHRAE states that there exists misconception about the strictness of these 

classes and explicitly mentions that the ‘recommended’ class is established by the idea that “within 

this envelope the most reliable, acceptable and reasonable power-efficient operation could be 

achieved”, and in addition state that “it is acceptable to operate outside the recommended envelope 

for short periods of time without affecting the overall reliability and operation of the IT equipment” 

[ASHRAE TC 9.9 2012]. 

 

Table 3: ASHRAE’s progressive environmental classes describing their typical equipment, controls and 

operating types [ASHRAE TC 9.9 2012]. 

Class IT equipment Environmental control Space type and operation type 

Recommended - Tight control 
Data centre with mission critical 

operations 

A1 
Enterprise servers, storage 

products  
Tight control 

Data centre with mission critical 

operations 

A2 

Volume servers, storage 

products, personal 

computers, workstations 

Some control 
IT space or office or lab 

environment 

A3/A4 

Volume servers, storage 

products, personal 

computers, workstations 

Some control 
IT space or office or lab 

environment 

B 

personal computers, 

workstations, laptops, and 

printers 

Minimal control 
Office, home, transportable 

environment, etc. 

C 

Point-of-sale equipment, 

ruggedized controllers, or 

computers and PDA’s 

No control 
Point-of-sale, industrial, factory, 

etc. 
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The ASHRAE guideline on the gaseous and air cleanliness factors of air quality also states that 

air consists of many reactive gas species and particle matter which are mainly involved in corrosion 

mechanisms. On gaseous composition the guideline refers to standard ANSI/ISA-71.04.1985 on the 

concentration thresholds of various harmful gaseous species (Appendix B) [ASHRAE TC 9.9 2011]. 

But at the same time, ASHRAE explicitly states that these concentrations thresholds are not useful 

for controlling a ‘healthy’ operating environment. First of all, it stresses that analysis of the air’s 

composition is far too complicated for practical application, and moreover, corrosion mechanisms are 

too complex to be predictable from compositions. Instead, ASHRAE recommends determining the 

corrosivity of air by reactive monitoring with coupons of bare metal exposed to the air for practical 

applications – also defined in ANSI/ISA-71.04.1985. This standard recommends a maximum copper 

coupon corrosion rate of 300 Å/month. Additionally, a maximum silver coupon corrosion rate of 200 

Å/month is recommended. 

 

ASHRAE addresses air cleanliness (i.e. concentration of particle matter floating in the air) by 

referring to ISO 14644. ISO 14644 is an international standard on classification of air cleanliness 

intended for industries such as microelectronic fabrication, pharmaceutical, medical devices and 

health care. ISO 14644 defines the maximum allowed number of particles per litre of air based on 

their diameter (Appendix B). ASHRAE recommends all data centres to at least conform to the air 

cleanliness of ISO 14644 level 8. According to ASHRAE, this is easily achieved by filtering of the 

recirculation air with MERV 8 filters and the fresh outside air with MERV 11-13 filters [ASHRAE 

TC 9.9 2011]. 

Network Equipment-Building System (NEBS) 

Network Equipment-Building System (NEBS) also provides a set of recommendations which can 

be used for electronic telecommunications equipment. NEBS natively consists of multiple standards 

of which the GR-63 “Physical requirements” and GR-3028 “Thermal Management In 

Telecommunications Central Offices” are applicable. GR-63 includes topics on temperature and 

humidity conditions, but also fire, shock and vibration resistance. It applies the same ‘recommended’ 

temperature ranges as ASHRAE, but defines a more relaxed ‘allowable’ range (Appendix B). NEBS 

also defines maximum gaseous mass concentrations, but no recommendation is defined on the air 

cleanliness. 

European Telecommunications Standards Institute (ETSI) 

The European Telecommunications Standards Institute (ETSI) is an organization of 

telecommunications equipment manufacturers and operators. This standard defines three operating 

environment classes for ‘temperature-controlled’, ‘partly temperature-controlled’, and ‘not 

temperature-controlled’ environments. Data centres commonly fall into the first class together with 

telecommunication centres and computer halls, but also offices, shops and living and working areas. 

Another class is designed for spaces that are dedicated to “telecommunication control rooms” 
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intended to be used for small specialized peripheral equipment such as workstations, test equipment, 

storage media and printers. Besides its thermal and hygric ranges, it specifies gaseous mass 

concentrations and air cleanliness subdivided into sand, suspended dust, and depositing dust rate 

(Appendix B). 

2.3.2 Cooling air quality factors during steady state simulation 

From the previous section can be concluded that the air quality factors for cooling IT equipment 

are temperature, humidity, gaseous composition and air cleanliness. According to [ASHRAE TC 9.9 

2012], data centre typically control their temperature and humidity levels tightly (Table 3). In 

practice, this tight control on temperature and humidity results in only minor deviations from their set 

points and are often the result of non-ideal operating HVAC components or control. In contrast to 

these small fluctuations, quasi-steady state simulations assume HVAC components to operate ideally 

in the sense that they do include these short-lived flaws. Consequently none of the temperature and 

humidity derivations will occur during steady state simulations, and leaves temperature and humidity 

only a matter of choice of set points.  

2.3.3 Air cleanliness 

Similar as to energy efficiency, quantifying the air cleanliness of the cooling system with a 

generic metric is necessary. The survey of the industrial guidelines revealed that the air cleanliness is 

expressed by both number and mass concentrations of airborne particle matter. This dissimilarity is 

looked at in more detail by investigation of the deterioration mechanisms that the particle matter is 

involved in. 

 

ASHRAE’s guideline on gaseous and particulate contamination describes that particle matter is 

malign to IT equipment when settled on the IT equipment in both its dry and moist state. 

Dry particle matter is involved in clogging of air paths and abrasion of mechanical parts 

[ASHRAE TC 9.9 2011] which require relative much particle matter before failures occur. 

According to ASHRAE this is easily avoided by adequate filtering, and is therefore regarded as 

harmless. 

Moist particle matter is predominantly involved in corrosion and reduced surface resistance 

mechanisms [ASHRAE TC 9.9 2011]. Both mechanisms are performed by individual electrical 

charged particles: ions
2
. The ions are created when salt molecules break-up (or ‘disassociate’) in the 

presence of moisture. The moisture can be brought along by the airborne particles themself or by 

leakage, condensation and/or deliquescence. Deliquescence is the attraction and absorption of 

moisture from the air by the same salt molecules and is most likely to occur. 

For example, deliquescence by ammonium sulphate ((NH4)2SO4) already occurs at a relative 

humidity of 80-82%, and at 72-81% by sodium nitrate (NaNO3) [Tang and Munkelwitz 1993] 

                                                           
2 Ions are molecules with an electron deficit or surplus, giving them an overall positive or negative electrical 

charge. 
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[Racine 2005]. Both species are only two examples of many salts species commonly found in 

airborne particle matter. [Schaap et al. 2010] found that, on average, Dutch airborne particle matter 

consists of ~65% of salts. Their high concentration is due to their fuel combustion origins – 

combustion gases condense high up in the air and randomly collide/stick onto each other ultimately 

‘growing’ into large particles (Figure 8) [Seinfeld and Pandis 2006]. 

The particle matter composition measurements by [Schaap et al. 2010] were done by lengthy 

chemical analysis methods in laboratory environments. These measurements are unsuitable for 

practical data centre application; every airborne particle has to be treated as the same, regardless of 

their potential harmfulness or harmlessness to the IT equipment. 

 

Concluded is that airborne particles mainly consist of many potential harmful salts ions – the 

physical form in which they may cause damage. As a result the ‘harmless’ airborne particles are of 

much interest, but instead the potentially harmful salt ions in them are. A simple indicator of the 

number of salts ions in airborne particle matter is the mass of the airborne particles. Therefore it is 

reasoned that the mass concentration of airborne particle matter is a better and indicator of its 

potential harmfulness. 

 

 
Figure 8: Scanning electron microscope images of various airborne particles [Weinbruch et al. 2002].Most 

particles are an accumulated mix of many species. 

 

2.3.4 Air cleanliness/particle contamination metric 

The air cleanliness comprises the mass concentration of particle matter coming from all sources, 

both outside and inside the data centre. However, inside sources cannot be attributed to the cooling 
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and are not taken into account when assessing the fresh air cooling system. Therefore, in this study 

air cleanliness is regarded as the mass of particle matter of the cooling air originating from the 

cooling system, or in other words, it is defined as the mass of particle matter drawn into the IT room 

by the cooling system as part of the cooling air, here called the particle contamination of the cooling 

system. 

 

The industrial guidelines provide no off-the-shelf metrics expressing this particle contamination 

of this sort. Therefore, a new metric is defined based on the three criteria below, very similar to the 

criteria of the energy efficiency metric: 

 

 The metric includes the ‘benefit’ of the cooling system (i.e. cooling load, or heat removal 

rate from the IT room). 

 The metric includes the ‘cost’ of the cooling system (i.e. particle contamination, or the total 

mass of the particle matter drawn into the data centre by the cooling system). 

 The metric considers the particle contamination in particular climatic/operating 

circumstances, and considers its entire annual operating period (i.e. ‘cooling-season’). 

 

The self-made metric expressing the system’s momentary particle contamination is the called the 

“particle penetration ratio” (PPR). It is defined as the ratio of the rate of particle matter mass drawn 

into the data centre (  pen) in micrograms per second to the cooling load of the cooling system (  c) 

in kW at any moment in time: 

 

    
  ̇   

 ̇ 
 [

    

  
] Eq. 1 

 

The self-made metric expressing the system’s seasonal particle contamination is called the 

“seasonal particle penetration ratio” (SPPR). It is defined as the integral of PPR of its cooling-

season, or the ratio of the summed particle matter mass drawn into the data centre (PMpen) to the 

entire cooling load (Qc) of its cooling-season in kWh: 
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 ̇ 
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] Eq. 2 
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3  

Energy efficiency and particle contamination 

model 

This study aims to predict the performance of fresh air cooling systems through quasi-steady state 

simulations. The simulation results are compared to the ‘traditional’ vapour-compression cooling 

system for reference. The previous chapter found that energy efficiency and particle contamination 

are the most relevant factors within the scope of this study. The EER, PPR, SEER and SPPR metrics 

are adopted to express the momentary and seasonal values of these factors, respectively. From 

literature four different fresh air cooling systems were constructed to cover the fresh air cooling 

concept. This chapter describes the models used to predict their energy efficiency and particle 

contamination over a 6-year operating period. 

3.1 The (fresh air) cooling systems 

This study considers four fresh air cooling systems constructed to cover the concept of fresh air 

cooling. The four fresh air cooling systems use the same components, but differ from each other in 

the arrangement of their components resulting in different operating behaviour. Each cooling system 

is represented by a simple data centre model that is a composition of an IT room and a cooling 

system. 

3.1.1 The ‘traditional’ system 

The ‘traditional’ cooling system consists of a simple vapour-compression refrigeration cycle 

cooling machine with its evaporator directly in the return airflow and a dry condenser outside the 

data centre (DX unit). This system represents the current practice of most data centres nowadays. In 

Figure 9 the cooling system is schematized; the numbered components refer to the numbers in the 

main text. 
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 ITP-3467
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cooling system
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❽

❻

return air

‘traditional’ vapour compression cooling system

❼

IT IT IT IT

 

Figure 9: Schematic representation of the data centre model with the ‘traditional’ vapour-compression cooling 

system. 

❶ IT room/IT equipment 

The data centre’s IT room is heavily abstracted to minimize the number of specific characteristics 

of this IT room – any remaining characteristics narrows its results to the only the data centre with 

exactly that characteristic. The IT room is reduced to its most fundamental characteristic in this 

matter: its cooling load. Since ~100% of the supplied power is converted into heat by the IT 

equipment, the IT room’s cooling load can also be seen as its IT load. Nevertheless, the SEER metric 

normalizes for the IT room’s scale in the form of the IT load; this makes the room’s scale essentially 

arbitrary. Thought, it is chosen to model a small to medium-sized IT room: two rows of both nine 

racks nominally operating at 2kW each, resulting in a nominal IT load of 36kW. This categorizes the 

IT room as a ‘localized data centre’ according to Table 4. As part of the cooling system, the IT room 

has a positive pressurization, temperature and humidity set point. This IT room is used in 

combination with all cooling systems in all the data centre models. 
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Figure 10: The IT room layout of the IT racks on a grid of 600x600mm floor tiles, the size of the IT room itself is 

10,8 x 6 x 3m; this brings the IT load to floor surface ratio to 550W/m2. The camera symbol refers to the photo. 

The corridor contains the supply air and separates it from the return air; a typical rack has 80% perforated 

front and back doors (bottom).  

 

Table 4: Classification of typology data centre spaces [Shehabi et al. 2011], [Masanet et al. 2011] 

 Space type description 
Size  

[m2] 

IT load footprint 

[W/m2] 
Typical IT devices 

N
o

n
-i

n
d

u
st

ri
a

l 

Server closet <18,6 

 

- 

 

A few servers 

No external storage 

Server room <46,5 

 

430 

 

A few to dozens of servers 

No external storage 

In
d

u
st

ri
a

l 

Localized data centre <92,9 

 

650 

 

Dozens to hundreds of servers 

Moderate external storage 

Mid-tier data centre <464,5 

 

860 

 

Hundreds of servers 

Extensive external storage 

Entreprise-class data centre >464,5 

 

1100 

 

Hundreds to thousands of servers 

Extensive external storage 
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❻ DX unit 

The DX unit is modelled to a commercially available product
3
 with a nominal sensible cooling 

capacity of 54,4kW and a flow rate capacity of 4,4m
3
/s. It has dual refrigeration circuits, each one 

consisting of an evaporator, condenser, condenser fan and compressor. Their parameter values are 

derived from the manufacturer’s engineering support software
4
, thereby an evaporator temperature of 

15°C and a condenser temperature of 45°C were used resulting in a COPR of 4,24. The condenser 

fans are modelled as an on/off control and operate both at an power consumption of 0,44kW. The 

evaporators have a combined flow resistance of 17,6(Pa·s
2
)/m

6
. For convenience, it is illustrated as a 

single circuit DX unit. This model of the DX unit is used for all other cooling systems. 

❼ Fan 

The fan’s power consumption has an average energy efficiency of 70%. The fan is controlled to 

maintain the positive pressurization set point for a required airflow. The same fan is used for all other 

cooling systems. 

❽ Recirculation filters 

The recirculation filters are a set of 4 parallel F5 filters equivalent to MERV 8 filters (Appendix 

F) with a total flow rate capacity of ~4m
3
/s. Its filter efficiency and pressure loss parameter values 

are modelled based on its filter characteristics dust load derived from their EN779 reports. The filters 

are replaced at a final pressure loss of 450Pa. The same recirculation filters are used for all other 

cooling systems. 

  

                                                           
3
 Stulz 552A 

4 StulzSelect 1.7.0 
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3.1.2 The ‘standard’ system 

A ‘standard’ fresh air cooling system is modelled to the fresh air cooling systems found in 

literature and complemented by the fresh air and recirculation filter recommendations of ASHRAE. 

This system is therefore named the ‘standard’ system. 

 

 IT

recirculation air

supply air

IT room

data centre

cooling system

❶

❽

❻

return air

‘standard’ fresh air cooling system

exhaust air

fresh air

❷

❹

❺
❼

IT IT IT IT

❸

 
Figure 11: Schematic representation of the data centre model with the ‘standard’ fresh air cooling system. 

 

This cooling system is simplified to a set of pre-filters (❷) and a set of fresh air filters (❸) at the 

outside air inlet. In series a mixing box (❹), spray humidifier (❺), DX unit (❻) condition the 

cooling air to meet its temperature and humidity set points. An fan (❼) propels the air into the IT 

room and builds a positive pressurization in the IT room. A set of recirculation filters (❽) clean the 

recirculating air. The cooling system has a capacity of 133% of the nominal IT load; this is 

parameterized by the number of parallel filters of each set, since the filters have a limited flow rate 

capacity. The cooling system has a nominal flow rate of ~3m
3
/s and a maximum flow rate of ~4m

3
/s. 

The distribution channels of the system and the injection air from the central HVAC system are 

omitted. Their influences on the whole of the system were estimated to be insignificant and are 

therefore omitted for simplicity. 

❷ Pre-filters 

The set of pre-filters consist of 4 parallel coarse G4 filters with a total flow rate capacity of 

~4m
3
/s. The filtering of this filter set is not modelled, but instead it is assumed that the filters 

perfectly filter out any dust with a diameter larger than 10μm (dp > PM10) such as dirt and pollen 

(Figure 12). These large forms of particle matter are usually highly local of character and are 

therefore not included for generic reasons. It is assumed that they induce high dust load and their low 

final pressure loss of 250Pa will result in relative short service life. The pressure loss across the pre-

filters is model and is based on their dust load average over their life time. Parameter values are 
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derived from their EN779 test reports. For example, the G4 filters have an average dust load of 250g 

resulting in a pressure loss of 81Pa at their maximum flow rate of ~1m
3
/s. 

 

 

Figure 12: The typical diameter ranges for various particle matter categories. 

❸ Fresh air filters 

The fresh air filters are a set of 4 parallel F7 filters with a total flow rate capacity of ~4m
3
/s, 

equivalent to MERV 11-13 filters (Appendix F). Its filter efficiency and pressure loss parameter 

values are modelled derived from their EN779 test reports. The filters are replaced at a final pressure 

loss of 450Pa. 

❹ Mixing box 

The mixing box mixes the fresh outside air and return air based on their enthalpy: it mixes both 

inlet airflows to an enthalpy equal to that of the IT room’s set points and corrects for the additional 

heating absorbed along its path to the IT room (e.g. frictional and waste heat). When the outside air is 

too moist (i.e. beyond the humidity set point) or the enthalpy of the outside air is higher than that of 

the return air, the mixing box will re-use return air only. When the enthalpy of the outside air is in-

between the set points enthalpy and the return air enthalpy, the mixing box uses the outside air only. 

❺ Spray humidifier 

The spray humidifier consists of a reverse osmosis filter pump and a spray pump. It moistens the 

airflow to the specific humidity set point of the IT room. The average energy consumption of the 

reverse osmosis pump is 0,02kWh/kg and 0,0026kWh/kg for the spray pump. These parameters are 

derived from literature and manufacturer’s data. [Mohamed et al. 2006] [JS Humidifiers 2012]. It is 

assumed that 90% of the spray is entrained in the airflow; the remaining 10% is drained. 
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3.1.3 The ‘single filter’ system 

The ‘single filter’ fresh air cooling system is nearly identical to the ‘standard’ system; the fresh 

and recirculation filter are swapped for a single filter set positioned in the supply air path. This 

arrangement may save on physical space of a third filter set. On the other hand, the higher flow rates 

through in the supply path may increase the system pressure and diminish its filtration efficiency 

resulting in low energy efficiency and high particle contamination. 
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❼
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‘single filter’ fresh air cooling system

 
Figure 13: Schematic representation of the data centre model with the ‘single filter’ fresh air cooling system. 

 

❸ Supply air filters 

The air filters in the supply path are F7 filters, identical to the fresh filter set of the ‘standard’ 

system. 
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3.1.4 The ‘retrofit’ system 

The ‘retrofit’ fresh air cooling system is considered as a retrofit of the ‘traditional’ vapour-

compression cooling system. In this system the DX unit remains at its original position (in the 

recirculation path) which eliminates the possibility to operate exclusively on fresh outside air. The 

rest of the system is identical to the ‘standard’ system. 

 IT

recirculation path

supply path

IT room

data centre

cooling system

❶

❽

❻

return pathexhaust path

fresh air path
❸❷

❹

❺

❼

IT IT IT IT

‘retrofit’ fresh air cooling system

Figure 14: Schematic representation of the data centre model with the ‘retrofit’ fresh air cooling system.  
 

3.1.5 The ‘bypass’ system 

The ‘bypass’ fresh air cooling system is used to investigate the influence of a DX unit bypass. 

This system is identical to the ‘standard’ system, but with the addition of a bypass of the DX unit 

when it is not operating. It is expected that that this significantly reduces the pressure loss of the 

system and therefore will result in higher energy efficiency. 
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Figure 15: Schematic representation of the data centre model with the ‘bypass’ fresh air cooling system.  
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3.2 Airflow and component models 

To calculate the energy consumption of the cooling system, simulations calculate how the 

temperature, humidity and pressure set points are met to cool the IT equipment. The airflow’s 

temperature (T), specific humidity (x) and pressure (p) are calculated per system step along its path 

through the data centre using a simplified equation of the 1
st
 thermodynamic law for open systems. In 

theory this law can only be used with ideal gasses. Moist air however is not an ideal gas, but since 

the vapour saturation pressure is never reached during simulations (i.e. non-condensing) and the 

pressure variations (<500Pa) are well within the absolute atmospheric air pressure (101325Pa, or 1 

atm), it is assumed that moist air approximates the behaviour of an ideal gas well enough to be 

treated like one. 

The 1
st
 thermodynamic law for open systems is based on the conservation of mass and energy 

principles (during steady state conditions). The energy content of any airflow consists of its internal 

energy (U) – sum of its sensible energy (Esen) and latent energy (Elat) – and its mechanical energy 

(Emech) – sum of its flow work (p  ), kinetic energy (Ekin) and potential energy (Epot): 

 

∑ (       )

      

 ∑ (       )

       

  ̇   ̇ 

            
        ̇            

Eq. 3 

 

Within data centre context, however, the kinetic and potential energy terms proved to be far less 

significant than the other terms and are therefore omitted (Appendix A). Another simplification is the 

treatment of air as an incompressible gas: the assumption that the density of air does not change 

during the step (ρi = ρo). Both simplifications resulted in a reduced balance only containing enthalpy 

(H) - sum of its internal energy and flow work – heat transfers and work performed:  
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Since the flow work term is the only remaining mechanical energy term, each component 

performing work (e.g. fan) converts its efficiently used power directly into flow work. As a 

consequence the pressure of the air rises across the component (po > pi): 
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Logically, the inefficiently used power is converted into ‘waste’ heat (  waste): 

(   )     ̇      [ ] Eq. 8 

 

Air experience loss of pressure due to friction; this loss of flow work is converted into ‘frictional’ 

heat (  fric): 

 

 ̇ (
     
 

)   ̇     [ ] Eq. 9 

 

Both ‘waste’ and ‘frictional’ heat are absorbed by the airflow and result in  a temperature rise: 

 

 ̇       ̇      ̇ (    [     ]  
 

    
    [     ])  [ ] Eq. 10 

 

These equations show that all the power supplied to the HVAC components is eventually 

converted into a rise of temperature of the airflow (Figure 16). 

 

 
Figure 16: Schematic representation of the energy flows in the data centre. Power enters the system (dashed 

arrow) and is fed to the mechanical HVAC components and IT equipment and is either converted into a 

temperature rise indirectly due to friction (dotted arrow) or directly via waste heat (solid arrow). 

 

3.2.1 IT room/IT equipment model 

From rough estimations using rules of thumb is concluded that the conductive heat transfer 

through the façades of the data centre is very limited compared to the IT load; 10W/m
2
 compared to 

550W/m
2
 of floor surface. ‘Waste’ heat from lighting or human activity is also found very small, 

10W/m
2
 of floor surface and 6,5W/m

2
 compared to 550W/m

2
. The calculation can be found in 

Appendix A. It is assumed that no moisture transfer takes place through its walls. Therefore the IT 

room is assumed to be perfectly insulated from its surroundings. 

In practice, it is very common that the supply air unintentionally heats up another 1-2°C along its 

path through the IT room before reaching the IT equipment due to air/heat leakages. But since this 

heat originates from the IT equipment, it is already accounted for by the model. In practically, this 

phenomenon affects only the choice of temperature set point. This allows the hot/cold-corridors of 

the IT room to be modelled as being perfectly insulated: no air or heat leaks from the return air path 

into the supply air path, or vice versa. 

The next assumption is that the IT equipment’s own built-in fans neutralize the flow resistance of 

their own internals and the doors of the rack in which they are mounted. This means an equal air in 

   po – pi Ẇ P To > Ti 
1-η η ṁ,ρ 

friction 

ṁ,x 
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front and back of the rack, and consequently the whole IT room. Under this premise it can be 

concluded that the IT equipment is completely neutral in terms of work performed. Concluded is that 

the entire IT load (PIT) is converted into waste heat: 

 

 ̇      (     )    [ ] 

      
Eq. 11 

 

In contrast to older equipment, modern IT equipment has variable speed fans; it cools the 

equipment without creating too much forced airflow. Some of these control mechanisms respond to 

component temperatures (e.g. CPU, memory or hard disks), its IT load or the temperature of the 

cooling air. Whatever way, the fans are speeded up when the equipment is loaded more and slowed 

down when loaded less: it is the IT equipment itself that dictates the flow rate of the supplied air. 

Therefore, the total flow rate of the cooling system is determined by the assumption that the IT 

equipment only needs so much air that the supply air is heated up to a constant temperature rise, a 

rule-of-thumb of 10°C is used: 
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Eq. 12 

3.2.2 Air filter model 

The air filter model consists of the calculation of the filter efficiency and the pressure loss across 

the filter. It is assumed that the filters do not leak, there is no change in humidity of the airflow and it 

is evenly distributed across the parallel filters of the set, and full filters are replaced by clean filters at 

the moment they reach their set final pressure loss. 

As air filters gradually clog due to dust their pressure loss and filter efficiency change: the 

pressure loss rises and the filter efficiency improves. A brief description of the mechanisms involved 

is given in Appendix F. 

 

The pressure loss model is adapted from [Montgomery et al. 2012] which describes an 

exponential relation to the dust load (i.e. total mass of collected dust) of the filter. The momentary 

pressure loss is described by the initial pressure loss of the clean filter at the rated volume flow rate 

(pc), dust load (M) and filter specific (fitting) coefficients (c1 and c2): 

 

            
    [  ] Eq. 13 

 

This exponential equation provides good fits to experimental pressure loss data of the filter used 

during this study (Appendix F), but it only provides the pressure loss at the exact flow rate of the 

experiment. [Al-Attar 2011] reviewed many existing pressure loss models and therefrom is 

concluded that the pressure loss is also linearly proportional to the volume flow rate of the air. 

Incorporating this linear relation into the previous equation results in: 
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Eq. 14 

 

The filter efficiency model consists of the calculation of the total mass of particle penetrated 

through the filter (PMpen) and arrested by the filter (PMarr). This is done by the calculation of the 

filter’s efficiency curve (E(dp)) which is challenged by a mass concentration distribution curve 

(pm(dp)): 
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Or per units of mass: 
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[     ] Eq. 18 

 

Most filter efficiency curve models are based on the approach of Lee and Lui [Al-Attar 2011], 

which describes the filter efficiency by the filter parameters filter thickness (Z) and its fibre diameters 

(f), packing density (α) and fibre efficiency (Ef), and flow parameters volume flow rate (  ) and air 

temperature (Ta) [Lee and Liu 1982a] [Lee and Liu 1982b]. This way, it implements the three 

filtration mechanisms diffusion, interception and impaction over the particle diameter range of 0,01-

90μm. 

A study by Kowalski et al. used this model for the simulation of filtration of airborne 

microorganisms with MERV filters [Kowalski, Bahnfleth, and Whittam 1999]. For their study they 

selected the Liu and Rubow model because of its good fit to their experimental data and for its 

relative lightweight computations. On the other hand, the study also mentions that comparable results 

were obtained with alternative filter models, making the choice of model somewhat arbitrary 

[Kowalski, Bahnfleth, and Whittam 1999]. Moreover, a later refined model by Kowalski and 

Bahnfleth additionally addressed filter’s inhomogeneity and increased the support for curve fitting 

[Kowalski and Bahnfleth 2002]. They used MERV filters that are equivalent to EN779 G4-F9 filters. 

Due to the similarity of the context, application, and satisfactory results of Kowalski et al. their 

filter efficiency model is used; model equations can be found in Appendix F. The EN779 test report 

data of the filters used in this study were fitted to these model equations to obtain their filter 

parameter values. This way the filter efficiency curves are expanded over the particle diameter of 

interest (i.e. 0,01-100μm). Every filter efficiency curve made this way is restrained to a particular 
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dust load. This means that the efficiency curve is split up into a particular number of discrete steps, 

instead of a continuous function. 

3.2.3 Mixing box/air dampers 

The air dampers of the mixing box vary the pressure loss across each inlet to result in the desired 

air mixture; the resulting mixture depends on the desired enthalpy of the outlet airflow. Its dampers 

are controlled in the way that at any moment at least one of the dampers is fully opened to minimize 

the overall pressure loss of the system; the other damper is adjusted by an electric actuator to result in 

the desired air mixture. The power consumed by this actuator is assumed to be negligible. 

The mixture is calculated by the fresh air mixing fraction (f). It is defined as the fraction of the 

mass flow rate of outside air (ṁfresh) that makes up the system’s mass flow rate (ṁ): 

 

   ̇      ̇⁄  [ ] Eq. 19 

(   )   ̇      ̇⁄  [ ] Eq. 20 

 

Since the mixing process itself is assumed to induce no pressure loss, the fresh air mixing fraction 

is calculated by the enthalpy balance of the inlet airflows and the system’s enthalpy set point: 
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Eq. 21 

 

The pressure loss across any of the two inlet dampers is increased to restrict its flow resulting in 

the desired mixture. The inlet airflow with the lowest air pressure is the decisive inlet – the other the 

indecisive one. The damper of the decisive inlet is fully opened to minimize the overall pressure loss 

and the damper of the indecisive inlet is smothered to match the pressure of the decisive one: 

 

                  {
                             
                             

 [  ] Eq. 22 

 

The airflow of the indecisive inlet will therefore result in some frictional heating. 

3.2.4 Spray humidifier 

The spray humidifier evaporates the demineralized water at an average evaporation efficiency 

(ηevap) and induces no pressure loss of the airflow. The necessary water vapour production rate ( ) to 

reach the specific humidity set point (xsp) is calculated by: 
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The flow rate of the demineralized through the humidifier is calculated using its evaporative 

efficiency: 

 

 ̇   ̇      ⁄  [  ⁄ ] Eq. 24 

 

The resulting air temperature due to the evaporative cooling effect is calculated by the enthalpy 

balance: 
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 [  ] Eq. 25 

 

The power consumed by the humidifier (Phum) is calculated using the average efficiency ratios of 

the spray pump and reverse osmosis filter pump: 

 

      ̇ (                ) [ ] Eq. 26 

3.2.5 DX unit 

The model of the DX unit comprises the frictional heating by the evaporator, the cooling load and 

energy consumption of the DX unit. It is assumed that during this step the specific humidity of the 

airflow does not change. The pressure loss across the evaporator is calculated by using the flow 

resistance of the evaporator (Revap): 

 

           ( ̇  ⁄ )  [  ] Eq. 27 

 

With this pressure loss the temperature rise due to frictional heating is calculated. The cooling 

load (  c) is determined the excess of internal energy of the airflow: 
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    [     ])  [ ] Eq. 28 

 

The energy consumption of the compressor (Pcomp) is calculated by assuming the average COPR of 

the compressor: 

 

       ̇     ⁄  [ ] Eq. 29 

 

Since the condenser fans are controlled by a simple on/off mechanism, its power consumption is 

calculated by: 
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             ̇    
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  [ ] Eq. 30 
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The power consumption of the entire DX unit is the sum of the compressor and fan: 

 

                   [ ] Eq. 31 

3.2.6 Fan 

The work performed by the fan is calculated by the pressure difference of the inlet airflow and the 

pressure necessary to remain the data centre at the positive pressurization set point at the system’s 

mass flow rate: 

   

 ̇ (
     
 

)   ̇    [ ] Eq. 32 

 

Assuming the average fan efficiency the fan’s power consumption (Pfan) is calculated by: 

 

      ̇        ⁄  [ ] Eq. 33 

 

Since the fan is only partially efficient the remaining power is converted into ‘waste’ heat: 

 

 ̇      (      )     [ ] Eq. 34 

3.2.7 Distribution channels 

The effect of pressure loss of distribution channels proved to have an insignificant effect on the 

system compared to the air filters: straight metal ducting induced only ~5Pa per running meter in 

extremely ill-designed ducts leading to pressure difference of smaller than 25Pa. Compared to the 

pressure losses at air filters and the evaporators (>>25Pa) this is negligible. Distribution channels are 

therefore not modelled for simplicity. 

3.3 Simulation approach and calculation procedure  

The data centre is simulated using a quasi-steady state approach with hourly time steps of a 6-

year period. The quasi-steady state approach calculates each simulation time step until the calculated 

states have reached equilibrium – its steady state conditions. Therefore, these conditions are uniform 

throughout each time step. The use of a quasi-steady state approach is justified by the relative steady 

characteristics of data centres and fast responses of the cooling system: 

 relatively flat IT loads of data centres (Figure 23), 

 tightly controlled temperature and humidity [ASHRAE TC 9.9 2012] and 

 high ventilation rates of more than 100 air changes per hour. 
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Figure 17: A screenshot from the real-time Forest City Facebook data centre PUE shows its relative steady 

energy use through the day (top) and the last 30 day period (bottom) [Facebook 2013]. 

 

The calculation of each simulation time step is started at the outside air inlet and proceeds 

downstream per system component. Each time step calculation is done iteratively since return air 

may be recirculated affecting earlier calculated states. Iterations are stopped when the temperature 

and specific humidity have converged within the tolerance of 0,1°C and 0,1g/kg of its set point, 

respectively. Analysis of 160 random simulation time steps revealed that five additional calculation 

cycles were needed for all calculations to reach equilibrium.  

3.4 Model input data 

The data centre model requires input data on the conditions of the outside air: temperature, 

specific humidity and the particle matter concentration distribution. The model does not need 

absolute outside pressure levels since pressure is referenced to the pressure of outside air set at 0Pa. 

 

Temperature and humidity data of the Royal Netherlands Meteorological Institute (KNMI) is 

used [KNMI 2013a]. No significant difference in performance of the ‘standard’ fresh air cooling 

system was found using 6-year periods of climate data (i.e. 2007-2013) from 9 different Dutch 

locations (Figure 18 and Figure 19); the best and worst location in seasonal energy efficiency 
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differed less than 5% of each other (i.e. Hoogeveen and Vlissingen respectively). For convenience, 

the Eindhoven station was used for its close proximity to a PM measurement location. 

 

 

Figure 18: Nine Dutch locations of KNMI climate data, from left to right: Vlissingen, Hoek van Holland, De 

Kooy, De Bilt, Eindhoven, Maastricht, Lauwersoog, Hoogeveen, and Enschede (from: Google Maps). 

 

 

Figure 19: Simulating the ‘standard’ fresh air system with 9 different local Dutch climates influences the 

performance of the ‘standard’ fresh air cooling system only in a very small degree.  
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To convert relative humidity, RH, to the specific humidity, x, using dry-bulb temperature, T, the 

following equations are used [Magnus 1844] [Buck 1981] and [Pelxoto and Oort 1996] [Ross and 

Elliott 1996]: 
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Eq. 36 

 

Due to the limited data on particle matter, 2-years’ time of Eindhoven’s climatic data is used and 

is repeated three times to form a 6-year simulation period: from noon 7 January 2011 to noon 7 

January 2013; simulations proved that at least a 6-year period was needed to clog the filters for all 

simulations. From Figure 20 can be seen that tripling the 2-year climatic period (2011-2013) results 

in the same seasonal energy efficiency and particle contamination as the single 6-year climatic period 

(2007-2013). For the unavailability of a 6-year period of PM data, the 2-year climatic and PM data 

(2011-2013) is tripled to form the 6-year simulation input. According to KNMI, the Dutch climate in 

2011 was “very warm”, “relatively dry” and had “long sunny periods”, 2012 had a “normal 

temperature” and was “quite wet” and “sunny” [KNMI 2013b]. Characteristics of the data sets can be 

found in Appendix D. 

 

 

Figure 20: Comparison of simulations of different climatic input shows that triple 2-year climate data results in 

nearly the same seasonal energy efficiency and particle contamination.  
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Particle matter concentration distribution data in the range of particle diameter of 0,01-100μm of 

Dutch air quality measurements is used for the calculation of the particle contamination of the 

cooling system [Noord-Brabant 2010]. These measurements monitored hourly-averaged PM10 and 

PM2,5 mass concentrations of the outside air. PM10 expresses the collective mass of all airborne 

particle matter with a diameter smaller than 10μm within a cubic meter of outside air; PM2,5 

expresses the collective mass of all airborne particle matter with a diameter smaller than 2,5μm, 

referred to as fine dust. Note that PM10 logically contains PM2,5. To make better distinction between 

both values, PM10-2,5 is used as the collective mass of all airborne particles with a diameter in the 

range of 2,5-10μm, referred to as coarse dust: 

 

        ( )      ( )       ( ) Eq. 37 

 

Presumably due to the relative high inaccuracy of the PM10 and PM2,5 measurements (±25%), 

some PM10-2,5 values resulted in a negative value. These values are corrected to zero. Characteristics 

of the data sets can be found in Appendix D. 

 

The PM10-2,5 and PM2,5 data is used to reconstruct a particle matter mass concentration 

distribution. According to [Seinfeld and Pandis 2006], distributing the mass evenly across their 

respective particle diameter ranges does not reflect distributions observed in reality (Figure 21). 

Instead, observations typically show a number of peaks of concentrated particle matter around certain 

particle diameter sizes. This is the case for either number, surface and volume distribution. These 

distinct peaks/modes are the result of the particles coagulating into/sticking onto other particles while 

incidentally colliding with each other. 

The peaks’ diameter locations typically differ for geographical regions. In urban environments 

two peaks are found, called the accumulation mode (peak at ~2,5μm) and the coarse mode (peak at 

~6μm). Assuming an average particle matter density (i.e. 1,5g/cm
3
) the volume distribution can be 

simply translated to mass distribution [Seinfeld and Pandis 2006].  
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Figure 21: On the left a typical urban particle matter concentration is illustrated in the forms of number 

distribution (top), surface distribution (middle) and volume distribution (bottom). On the right the generation, 

transfer and deposition mechanisms of particle matter are schematized illustrating the cause of these particle 

matter concentration peaks [Seinfeld and Pandis 2006]. 

 

Earlier studies found that these particle matter distributions are well-described by simple 

mathematical lognormal functions [Seinfeld and Pandis 2006]. Using the lognormal descriptions, the 

peaks are more conveniently described by only the parameters mass median diameter (Dpg), 

geometric standard deviation (σg) and mass concentration scale (PM): 
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 [     ⁄ ] Seinfeld and Pandis 2006 Eq. 8.34 

 

Also, [Seinfeld and Pandis 2006] shows that each typical geographical region has its own average 

distributions characteristic. The average parameters values of the identified geographical regions are 

listed in Table 5 shows that their distributions do not differ much from each other. This shows that 

the mass concentration distribution of the particle matter (pmm(dp)) – required for the simulations – is 

described by as a sum of the lognormal functions: 
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These equations are solved with known PM10 and PM10-2,5 from the Dutch measurements and the 

use of typical urban average lognormal parameters.  

 

Table 5: Overview of the shape parameters for lognormal particle matter mass-distributions of typical 

geographical regions [Seinfeld and Pandis 2006]. 

Geographical region 

Accumulation mode Coarse mode 

Dpg 

[μm] 

σg 

[-] 

Dpg 

[μm] 

σg 

[-] 

Marine background 0,3 2,0 12,0 2,7 

Clean continental  background 0,35 2,1 6,2 2,2 

Average background 0,32 2,0 6,04 2,16 

Background and aged urban plume 0,36 1,84 4,51 2,12 

Background and local sources 0,25 2,11 5,6 2,09 

Urban average 0,32 2,16 5,7 2,21 

Urban and freeway 0,25 1,96 6,0 2,13 
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4  

System performance 

This study predicts the seasonal energy efficiency and particle contamination of four fresh air 

cooling systems and compares them to a traditional vapour-compression cooling system. With the 

use of the models described in the previous chapter these systems are simulated. This chapter 

describes the simulations and their results.  

First, the operating modes of the ‘standard’ fresh air cooling system are investigated. Then the 

influence of its set points on the system’s seasonal performance is investigated. Next the influence of 

the arrangement of components of a fresh air cooling systems in found by simulating all four fresh 

air cooling systems. Finally, the choice on the ‘quality’ of the individual system components and 

capacity are investigated. 

4.1 Operating modes 

The interconnectivity of the components and their control rules make that the ‘standard’ system 

operates in one of three modes (fresh air, assisted fresh air, or mechanical cooling) depending on the 

outside air conditions. The ‘standard’ fresh air cooling system is simulated for a broad variety of 

outside conditions to find the performance pattern of each of three modes in relation to outside air 

temperature and humidity conditions. Figure 22 shows the results of the momentary energy 

efficiency versus outside air (temperature and humidity) conditions in a Mollier diagram. For this 

system an temperature and humidity set point of 25°C and 50%, and PM10 and PM2,5 concentration of 

27 and 17μg/m
3
 are used, respectively. 
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Figure 22: The momentary energy efficiency of the ‘standard’ fresh air cooling system versus outside 

temperature and humidity conditions shows the three clear operating modes and their energy efficiency pattern. 

The fresh air (I) mode is far more energy efficient than the others. The energy efficiency quickly drops during 

the assisted fresh air (II) mode. The energy efficiency of the mechanical cooling (III) mode is similar to any 

vapour compression cooling system. The grey dashed line indicates the line of the dissection. 

 

 
Figure 23: Dissecting the energy efficiency Mollier diagram across the specific humidity of 8kg/g shows the 

power consumption pattern of each system component (i.e. fan, DX unit and humidifier) during all three 

operating modes. The red lines (isenthalpic and constant humidity) indicate the modal switching points and are 

derived from the system’s set point and return air conditions. High energy consumption of the fresh air cooling 

system is mainly induced by the load of the DX unit. A slight -0,5°C offset of the lower switching point can be 

seen due to friction and waste heating of the system itself.  
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During the fresh air (I) mode ‘cold’ outside air and ‘hot’ return air are mixed to come to the 

desired cooling air conditions. From Figure 22 can be seen that the highest momentary energy 

efficiency of the system is achieved during this mode with outside air conditions at the dew point 

near the specific humidity set point. This mode does not require mechanical cooling to meet the 

temperature set point and this makes its energy efficiency superior to other two operating modes 

(Figure 23). Figure 23 also shows that the differences in energy efficiency within this mode are due 

to the increase of the fan’s power consumption with rising outside temperatures. This is caused by 

the increasing fresh air fraction inducing higher pressure losses across the fresh air filter. A small 

negative offset of ~0,5°C can be seen between the theoretical and the actual modal switching point is 

due to frictional and waste heat absorbed by the cooling air. This offset slightly lowers the range of 

outside air conditions in which the system operates in this mode. 

The ‘assisted fresh air’ (II) mode exclusively uses outside air (i.e. no return air). The energy 

efficiency pattern shows a linear increase of energy use with higher outside air enthalpy. This 

increase is due to the amount the additional mechanical cooling that is required to meet the 

temperature set point. Its linearity originates directly from the simplifications of the DX unit model; 

in practice a more intricate behaviour can be expected. The energy consumption of the fan remains 

constant since the supply air mixture does not change throughout this mode. Although on average the 

fresh air cooling system operates most inefficient during the third (III) mode, the worst momentary 

energy efficiency may be reached during the second (II) mode due to unfavourable dust load 

conditions of the fresh air filter and the need of humidification. 

The ‘mechanical cooling’ (III) mode exclusively recirculates return air (i.e. no outside air) and 

relies solely on the mechanical cooling of the DX unit to meet its temperature set point. The 

humidifier is not used during this mode due to the assumption that no moisture is added or lost while 

recirculating cooling air. This mode is similar to the workings of a vapour-compression cooling 

system and its energy efficiency is independent of the outside air conditions since it is assumed that 

no outside influences are involved during the closed-loop cycle. 

 

Across the three modes the worst and best energy efficiency differ roughly a factor 10 (i.e. EER 

ranges between ~3 and ~30). This means that during the most ideal outside air conditions, 90% of 

energy is saved compared to the mechanical cooling (III) mode. These patterns illustrates that the 

momentary energy efficiency of the ‘standard’ fresh air cooling system is mainly determined by the 

mode it operates in, in favour of the fresh air (I) mode. From an energy savings perspective, the 

strategy for maximizing the energy efficiency of the fresh air cooling system throughout a year is to 

use the fresh air (I) mode as much as possible. It is clear that in combination with the local climate, 

the system’s set points are the key factors in the occurrence of the modes. 

 

Investigating the momentary particle contamination of the fresh air cooling system in the same 

manner, Figure 24 and Figure 25 show that the particle contamination pattern is very closely related 

to the amount of outside air drawn in by the cooling system: the particle contamination during the 
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fresh air (I) mode increases with higher fresh air fractions. The highest particle contamination is seen 

during the assisted fresh air (II) mode when the system exclusively uses outside air. During this 

mode the small effect of high air temperatures on the diffusion filtering mechanism (Appendix F) can 

be seen; the particle contamination slightly increases (i.e. filter efficiency diminishes) with higher air 

temperatures while the amount of outside air remains constant. 

 

It is concluded is that the momentary particle contamination of the system is predominantly 

determined by the use of fresh air and thus the operating mode it is runs in. This disfavours of the use 

of the assisted fresh air (II) mode. From an air cleanliness perspective, the strategy for minimizing 

the particle matter contamination is minimizing the occurrence of the assisted fresh air (II) mode.  

This shows that the system’s set points are the key factor in the performance of fresh air cooling 

systems. The simulation results show that there are no optimal outside air conditions regarding high 

energy efficiency and low particle contamination. But since the fresh air cooling system is a method 

in the first place intended to achieve high energy efficiency, operating in the fresh air (I) mode is 

most desirable. 
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Figure 24: The momentary particle contamination increases proportionally with the use of outside air. Since the 

fresh air use is directly related to the enthalpy of the outside air, the particle contamination pattern rise 

exponentially towards the assisted (II) mode. During the latter mode, the particle contamination is potentially 

the highest, since the cooling system exclusively uses outside air. During the mechanical cooling (III) mode the 

cooling system exclusively recirculates return air, so no contamination takes place.  

 

 

 
Figure 25: During the fresh air (I) and assisted fresh air (II) mode the particle contamination rises 

proportionally to the fresh air use and is amplified by the diminished filter efficiency induces by high flow rates 

and air temperatures. The latter effect is best illustrated by the increasing particle contamination during the 

assisted fresh air (II) mode while the fresh air use remains constant. 
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4.2 System set points 

It is clear that the occurrence of (un-)favourable operating modes is determined by the 

combination of the local climate, and secondly, the system’s set points.  Since different local Dutch 

climates proved to be of little influence on the system’s performance, the pattern of the system’s set 

points versus seasonal performance of the ‘standard’ fresh air cooling system is investigated. Using a 

broad range of 113 temperature and humidity set points the cooling system is simulated over a 6-year 

period to find its seasonal energy efficiency and particle contamination performance. 

 

The seasonal energy efficiency versus system set points results can be seen in the diagram of 

Figure 26. It illustrates that – at least within ASHRAE’s ‘recommended’ and ‘A1’ classes – the 

seasonal energy efficiency of the ‘standard’ system almost exclusively depends on the specific 

humidity set point and paradoxically not on its temperature set point; the higher the specific humidity 

set point the more energy efficient it seasonally performs. This is due to the relative ‘cheap’ 

evaporative cooling of the humidifier compared to the mechanical cooling of the DX unit. For 

example, evaporative cooling contributes for ~70% of the total cooling load of a system with a set 

point of 9,7g/kg specific humidity, and should therefore be regarded as the primary cooling 

component of the system. Figure 27 shows the dissection of the seasonal energy efficiency across the 

constant temperature set point of 25°C of Figure 26 and shows the annual energy consumption per 

system component. The steepest gradient in the energy savings is found between the specific 

humidity set point of 4-9g/kg and it is almost exclusively caused by the increase/decrease of required 

mechanical cooling. The difference in seasonal energy efficiency within ASHRAES’s 

‘recommended’ class already ranges between a SEER of 5 and 17. 

This pattern advocates the use of a high specific humidity set point (>9g/kg) to achieve high 

seasonal energy efficiency relatively easy. In this matter the choice on the temperature set point is 

essentially arbitrary. 

 

Similarly, Figure 28 shows the seasonal particle contamination versus system set points. It shows 

that the worst seasonal particle contamination is seen at a low temperature and high relative humidity 

set points, peaking around the dew point of ~13°C. As can be seen from Figure 29, this is directly 

related to the high fresh air use. These results, again, make clear that the fresh air use no indicator for 

the system’s energy efficiency, but is a good indicator of the particle contamination. To achieve low 

seasonal particle contamination a combination of a high temperature and a low specific humidity set 

point is favourable. 

 

Again, no ideal system set points can be chosen in regard of both high seasonal energy efficiency 

and low particle contamination. Since the fresh air cooling system is a method intended to achieve 

high energy efficiency, a high humidity set point and temperature system set point is favourable. 
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Figure 26: It shows that within ASHRAE’s recommended and allowed (A1) guidelines the system’s seasonal 

energy efficiency primary depends on its specific humidity set point: the higher the specific humidity set point 

the more energy efficient it overall performs. 

 

 
Figure 27: The dissection of the energy efficiency diagram across the temperature set point of 25°C shows the 

actual energy consumption pattern of the fan, DX unit and humidifier versus the specific humidity set point 

across the three operating modes. The steepest gradient of energy savings is seen between the specific humidity 

of 4-9g/kg and is predominantly determined by necessity of mechanical cooling of the DX unit. 
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Figure 28: Mapping the particle contamination of the ‘standard’ system for various temperature and humidity 

set points reveals a pattern with a global peak around the dew point of ~13°C and decreases at lower relative 

humidity set points for the regions of interest, being ASHRAE’s ‘recommended’ and ‘A1’ class conditions. 

 

 
Figure 29: Mapping the fresh air use of the ‘standard’ system for various temperature and humidity set points 

reveals a similar peak pattern around the dew point of ~13°C as with particle contamination which shows that 

they are closely related. 
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4.3 Component arrangement 

The way the components are arranged in a fresh air cooling system influence the system’s 

performance: system pressures and filter efficiency may vary significantly and also may limit the 

possible operating modes. To predict the performance of various system arrangements the 

‘traditional’ vapour-compression cooling system and the four fresh air cooling systems (‘standard’, 

‘single filter’, ‘retrofit’, ‘bypass’) are simulated fivefold over the 6-year simulation period, each time 

with a different fresh air filter class (i.e. none, F5, F6, F7 and F9) to cover a broad range of fresh air 

cooling system variations. 

During the simulations, the ‘traditional’ vapour-compression cooling system represents the 

industry’s current cooling practice. The ‘standard’ fresh air cooling system is used as the starting 

point in the fresh air cooling concept and is based on literature and guideline recommendations. The 

‘single filter’ fresh air cooling system is a variation where the fresh air and recirculation filters are 

combined into one filter set, primarily for the investigation of its increased pressure loss and 

diminished filter efficiency. The ‘retrofit’ system is investigated to as a relatively easy 

retrofit/upgrade of the ‘traditional’ cooling system to a fresh air cooling system, but as a 

consequence lacks the assisted fresh air (II) mode. The ‘bypass’ system is similar to the ‘standard’ 

system but is additionally has a bypass around the DX unit to minimize the system’s pressure loss 

during the fresh air (I) mode. 

It proved that the choice on temperature set point is essentially insignificant considering the 

energy efficiency of the fresh air cooling systems. Therefore, the temperature set points of all the 

simulated systems are chosen at 25°C for the reason of minimizing the particle contamination. This 

temperature set point is situated well within the ASHRAE ‘recommended’ envelope while leaving a 

2°C margin of error for any practical system deviations due to non-ideal control and behaviour. The 

humidity set point for the system is chosen at 50% relative humidity (i.e. ~9,8 g/kg at 25°C) leaving 

a specific humidity margin of error of ~1,1g/kg for the same practical reasons. A positive 

pressurization of 5Pa of the IT room is chosen. These set points will be used for all the system 

simulations. The other parameter values can be found in Appendix D. 
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The simulation results of the vapour-compression and fresh air cooling systems can be seen in 

Figure 31. The figure clear reveals a general performance range of the fresh air cooling concept. 

From this can be concluded that the fresh air cooling concept is far superior over the ‘traditional’ 

vapour-compression cooling system in terms of seasonal energy efficiency. Roughly spoken, the 

fresh air cooling concept performs a factor 10 better than the ‘traditional’ cooling system in terms of 

seasonal energy efficiency (i.e. SEER of ~30 versus ~3). In terms of energy savings, the fresh air 

cooling concept saves 75-95% of energy compared to the ‘traditional’ vapour-compression cooling 

system. The class of the fresh air filter does not have a major influence on the energy efficiency of 

the fresh air cooling systems; it is most energy efficient with no fresh air filter installed and worsens 

only slightly with higher filter class. 

The results also show that the seasonal particle contamination of the fresh air cooling systems is 

mainly determined by the fresh air filter class; the system arrangement has almost no influence on its 

seasonal particle contamination. Figure 30 underlines this by illustrating that all four fresh air cooling 

systems draw nearly equal amounts of fresh air drawn into the IT room. The seasonal particle 

contamination of the fresh air cooling concept ranges from ~2.6mg/kWh for the fresh air cooling 

systems with no fresh air filters (i.e. only coarse pre-filters) to ~0.1mg/kWh for system with high 

class F9 fresh air filters.  

This shows that (high class F9) filters have only a small negative effect on the seasonal energy 

efficiency while they are able to prevent particle contamination being drawn in very effectively. 

Compared to systems without a fresh air filter, a system with a F5 filter already prevents half of 

particle matter drawn in. Improving the fresh filter per EN 779 filter class roughly halves the particle 

contamination each step. Ultimately, the F9 class filter prevents 98% of the particle matter being 

drawn in. 

 

 
Figure 30: Volume of outside air used by each fresh air cooling system with F7 fresh air filters during its 6-year 

simulation period. 
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Figure 31: The simulations results combined give a good indication of the performance range of the fresh air 

cooling concept. Its seasonal energy efficiency is far superior over the ‘traditional’ vapour-compression cooling 

system and its seasonal particle contamination can very effectively be reduced by high class fresh air filters 

without compromising the energy efficiency much. The percentages indicate the filtering effectiveness of each 

fresh air filter class. 
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Looking in more detail to only the results of the fresh air cooling systems, Figure 32 illustrates 

that within the fresh air cooling concept itself the differences in performance appear  significant; 

SEER values range from ~16 to ~60. Figure 33 shows that these differences are almost only caused 

by the average system pressure; the energy consumption of the DX unit and humidifier are nearly 

equal across the four systems. Since the mass flows of each system are equal by simulation, the 

higher/lower work load of the fan is caused by higher/lower average system pressures. For example, 

compared to the ‘standard’ system bypassing the DX unit during the fresh air (I) mode of the 

‘bypass’ system results in substantial relief of the fan and consequently in the highest seasonal 

energy efficiency. Similarly, the ‘single filter’ system results in the lowest seasonal energy efficiency 

due to the high flow rates through a single filter set causing higher system pressures. In terms of 

energy savings, the ‘bypass’ system saves 73% of energy compared to the ‘single filter system’.  

 

Although small, this shows that the system arrangement does have influence on the energy 

performance of the fresh air cooling system and that minimizing the average system pressure is the 

way to improve the cooling system. This is clearly illustrated by the ‘retrofit’ system. Although the 

‘retrofit’ system lacks the assisted fresh air (II) mode, its energy efficiency is even better than the 

‘standard’ system due to lower average system pressure (Figure 33). This shows that a fixed 

evaporator (i.e. with no bypass) is best placed in the recirculation path for low system pressure. 

 

 
Figure 32: Looking in more detail to only the fresh air cooling systems, reveals that there exist relative large 

difference within the fresh air cooling concept. The ‘bypass’ system saves nearly 60% of energy compared to the 

‘single filter’ system. The fresh air cooling systems do not very much in particle contamination. 
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Despite the higher flow rates through the single filters of the ‘single filter’ system diminishing the 

filter efficiency, its seasonal particle contamination is only slightly worse than the other fresh air 

cooling systems. Nonetheless, the seasonal filtering efficiency as predicted through the simulations is 

not simply found in the EN779 test reports of the used filters. 

 

With the assumption of a constant IT load of 36kW and an electricity price of 0,08€/kWh, an 

comparison can be made about the predicted annual electricity costs of the cooling systems (Table 6). 

The annual electricity costs of the ‘traditional’ vapour-compression cooling system will be €7864 

(i.e. ~98MWh) on average, and for the ‘standard’ fresh air cooling system the average annual costs 

are €1067 for electricity (i.e. ~13MWh). This once more indicates that the fresh air filter class does 

not influence the performance of the cooling systems very much. 

 

Table 6: Predicted average annual cooling system electricity costs per system and fresh air filter class of an 

36kW data centre at an electricity price of 0,08€/kWh . 

 Annual electricity costs [€] 

Cooling system F9 F7 F6 F5 none 

Traditional - - - - 7864 

Standard 1124 1067 1037 1024 957 

Single filter 1570 1367 1203 1216 851 

Retrofit 731 707 692 693 648 

Bypass 583 530 497 484 415 
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Figure 33: The difference in seasonal energy efficiency of the fresh air cooling systems is mainly determined by 

the energy consumption of the fan (top). In its turn, the energy consumption is determined by the average system 

pressure of the system (bottom). 

 

The fresh air filter class does have a very significant impact on its number of filter replacements 

(Table 7). From Figure 30 was already concluded that the cooling systems drawn in nearly equal 

amounts of fresh air annually, so the difference in replacements is solely due to the differences in 

filter characteristics. Any fresh air cooling system with F9 class filters needs almost 1 replacement 

per year, while systems with lower class filters only need one replacement every 3 or 6 years (Table 

7). 

 

Table 7: The number of fresh air filter replacements during the 6-year simulation 

period for each system and fresh air filter class. 

Fresh air cooling system 
Filter replacements [-] 

F7 F5 F6 F9 none 

Standard 2 1 1 5 - 

Single filter 2 1 1 6 - 

Retrofit 2 1 1 5 - 

Bypass 2 1 1 5 - 
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4.4 Capacity and component quality 

The influence of individual component quality and system (over-)capacity on the performance of 

the ‘traditional’ and ‘standard’ cooling systems is investigated. The ‘standard’ fresh air cooling 

system is simulated over the 6-year period per fresh filter class (i.e. none, F5, F6, F7 and F9) where 

the components’ ‘quality’ (11 simulations) and over-capacity (2 simulations) are varied (i.e. total of 

65 simulations). To form a reference, the ‘traditional’ vapour-compression cooling system’s 

components’ ‘quality’ (9 simulations) and over-capacity (2 simulations) are varied (i.e. total of 11 

simulations). Each component variation represents either low-end or high-end region of that 

components individual ‘quality’ range. Since the capacity of the cooling system is limited by the 

number of parallel filters, the (over-)capacity of the ‘standard’ cooling system is investigated by 

varying the number of parallel filter per filter set. The ‘standard’ system has 4 parallel filters per 

filter set resulting in a 133% over-capacity, at minimum capacity 3 filter are required, and ‘double’ 

capacity has 6 parallel filters. The system’s ‘base’ and variant parameter values can be found in 

Appendix D. 

 

Figure 34 shows the results of the simulations. In contrast to the ‘traditional’ vapour-compression 

cooling system, it shows that the component ‘quality’ variations of the ‘standard’ fresh air cooling 

system have far less effect on its performance. In terms of energy savings the ‘traditional’ system 

approximately ranges within ¼ of the IT power, while the ‘standard’ system variance ranges only 

within 
1
/60 of the IT load. Therefore is concluded that lower ‘quality’ components can be used 

without much compromise of the system’s performance (i.e. excluding the fresh air filters). And also, 

when components’ performances degrade over time, the system’s performance as a whole is only 

influenced in a very small degree. 

Figure 35 shows the results of the ‘standard’ system’s variations in more detail. It can be seen 

that the component ‘quality’ variations occur across a straight line. This also illustrates that, besides 

fresh air filter class, both the fan efficiency and the flow resistance of the evaporator are the most 

important components to consider while optimizing design or doing maintenance. Although the 

effects are minor, over-capacity of the ‘standard’ cooling system also affects both the seasonal 

energy efficiency and particle contamination across a linear trend. 
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Figure 34: The performance results of the component quality variations show that the ‘traditional’ cooling 

system is far more sensitive to the ‘quality’ of its individual components than the ‘standard’ fresh air cooling 

system is. Any variation of the ‘standard’ fresh air cooling system remains in the same performance region. 

 

 
Figure 35: The results of the component quality and system capacity variations show their linear trend lines. 

The fan and evaporator influence the seasonal energy efficiency the most. Over-capacity of the system leads to 

both better seasonal energy efficiency and seasonal particle contamination along a clear line. 
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The ‘standard’ system achieve an average SEER of 23,6 at 25°C and 50% relative humidity set 

points. Considering initial costs of system components, improving the fan’s average efficiency from 

70% to 80% (‘high fan efficiency’) results in a SEER of 26,2. Assuming the constant IT load of 

36kW and an electricity price of 0,08€/kWh, this leads annually to an energy saving of 1,3MWh and 

€103 of the fan alone. In contrast, using a ‘low fan efficiency’ fan (i.e. 60% average fan efficiency) 

leads annually to 1,7MWh of electricity consumption and €137 electricity costs extra. 

 

Over-capacity mainly influences the number of filter replacements (Table 8). The number of filter 

replacements is roughly proportional to the total dust load capacity of the fresh air filter set. Low 

final pressure loss of the fresh air filter (i.e. 250 or 350Pa) results only in a few cases in more filter 

replacements during the 6-year simulation period. Especially the single filter system with F9 fresh air 

filters required significant more filters replacements. 

 

Table 8: Number of filter replacements for the four systems variants per fresh air filter variant. 

Component variant 
Standard system Single filter system Retrofit system Bypass system 

F7 F5 F6 F9 F7 F5 F6 F9 F7 F5 F6 F9 F7 F5 F6 F9 

base & others1 2 1 1 5 2 1 1 6 2 1 1 5 2 1 1 5 

minimum capacity +1  +1 +2 +1  +1 +4 +1  +1 +2 +1  +1 +2 

double over-capacity -1 -1 -1 -2 -1 -1  -3 -1 -1 -1 -3 -1 -1 -1 -2 

250Pa final pressure loss    +1 +1  +1 +4    +1    +1 

350Pa final pressure loss        +1         

1 component variants not explicitly mentioned resulted in the same number of filter replacements as with its system with ‘base’ 

parameters and is described as ‘others’. 
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4.5 Filter leakage 

As the fresh air filters mainly determine the seasonal particle contamination, a leaking filter can 

dramatically worsen that performance. Filter leakages can be caused by poor filter placement or 

ruptured filter media due to high flow velocities. An investigation is done where the fresh air filter 

set of the system is simulated with a small percentage of air flow bypass (i.e. this air does not flow 

through the filter media). From [Ward and Siegel 2005] is seen that the bypass flow may take up to 

20% of the total airflow for gaps up to 10mm. Therefore, the fresh air filter air flow bypass is 

simulated at 5%, 10%, 15% and 20% of the ‘standard’ system with an F7 fresh air filter set.  

 

The results can be seen in Figure 36. It shows that the leaking fresh air filter set only influences 

the seasonal particle contamination of the system; the seasonal energy efficiency is almost not 

influenced by the air bypass. A small 5% leaking F7 filter already makes a big difference in the 

particle contamination, and with increasing leakages the performance worsens proportionally. 

Ultimately, the performance of the leaking F7 filters with a bypass of 20% is nearly identical as the 

non-leaking F6 filters. This shows that in practice great caution is advised when using, replacing and 

maintaining the fresh air filters; a small gap of 10mm may already undo the effect of one higher filter 

class. 

 

 
Figure 36: Filter leakage induced by a small 10mm gap lead may lead to a performance deterioration of a 

complete higher filter class. 
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5  

Discussion 

The intend of the study was to predict the energy efficiency and the air quality of fresh air cooling 

systems for data centres. Although the study falls short on predicting the air quality as a whole, the 

prediction of the particle contamination of the cooling system provides good insight in this aspect. 

Especially the mechanisms of gaseous contamination are still too complex to predict; practical 

monitoring strategies are recommended by industry guidelines, but they are reactive of character. 

Also, the air quality factors of temperature, humidity and thermal cycling were not taken into account 

due to the use of quasi-steady state simulation approach. On the other hand, the system deviations 

regarding these factors may only be minor in practice and therefore not significant. Experimenting 

with a practical fresh air cooling system may clarify the relevance of the unconsidered air quality 

factors. 

  

The primary point of discussion is that the constructed data centre models are only theoretical. 

The models are not validated and its accuracy is untested. Although crude insights were sought and 

ultimately obtained, the absolute results are arguable. Moreover, the models are mainly based on 

rules-of-thumb and are used in combination with parameter values derived from manufacturer. This 

way of modelling can thus be regarded as crude and its results opportunistic.  

By the lack of experimental validation, the results have to be interpreted with caution; none of the 

results should be regarded as accurate and are crude predictions at best. The results do give good 

insight into the performance differences between the vapour-compression and fresh air cooling 

systems (variants) and the influence of the quality of system components on the performance. To 

provide validation and to improve the accuracy experiments with fresh air cooling systems are 

needed. 

 

Even though fresh air cooling systems are more complex than traditional vapour-compression 

cooling systems, they still are relatively simple in theory. This study did not include the phenomenon 
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that may pose challenging for such a system in practice (i.e. control and maintenance). Also, 

simplifications such as omitting distribution channels and air leakages in the models may bias the 

results even more, especially since the system pressure has proven to be the main factor in the 

performance within the fresh air cooling concept.  

 

Another point of discussion may be modelling of the air filters, which does not incorporate the 

effect of air humidity. A more comprehensive filter model may provide more accurate results. 

Moreover, the parameter values of the filters were derived from EN 779 test reports. This led to a 

limited number of discrete efficiency curve steps throughout its service life, instead of a continuous 

function. Both these aspects likely cause underestimation of the efficiency the filters.  

 

The availability of Dutch PM2,5 and PM10 measurement data is very scarce. Therefore, this study 

only used Eindhoven as its data centre location. It may be possible that different Dutch locations 

have significant other particle matter concentrations and/or characteristics. For example, coastal 

locations may have different distribution forms and higher/lower levels of particle matter. This 

possible may lead to geographic recommendations that could not be concluded from the temperature 

and humidity data alone.  

Also due to the limited particle matter concentration data, a 2-year period of particle matter 

concentration data is tripled to a 6-year period in order to have all filters replaced at least once during 

simulations. Repeating the 2-year data set may lead to biased model input. Moreover, the 

measurements on particle matter concentrations are not very accurate (±25%). A genuine 6-year 

measurement data set may lead to more realistic results.  
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6  

Conclusions and recommendations 

The novel method of fresh air cooling of data centres is a practice surrounded with uncertainty. 

Dramatic energy savings over ‘traditional’ vapour-compression cooling system are expected, but at 

the same time this way of cooling draws in outside contaminants deteriorating the cooling air quality 

and leading to increased IT equipment failure. This study predicts the energy efficiency and the air 

quality of fresh air cooling systems through crude computational simulations and gives insight into 

its energy efficiency and particle contamination. Hereby the focus is on data centres with mission 

critical operations in the Dutch climate. 

 

From literature on practical cases and industry guidelines four fresh air cooling systems were 

derived that are regarded to cover the general concept of fresh air cooling (‘standard’, ‘single filter’, 

‘retrofit’ and ‘bypass’). All four cooling systems consist of air filters, a mixing box, spray 

humidifier, fan and a mechanical cooling machine. The latter proved to be required as a back-up for 

the moments when the outside are is too hot or too moist to be used for cooling purposes and/or in 

case of emergencies. Therefore all four fresh air cooling systems can be regarded as extensions to a 

vapour-compression cooling system. As a reference a ‘traditional ’vapour-compression cooling 

system was included in the study to be able to compare results to the current practice of data centre 

cooling. 

Metrics were found expressing the energy efficiency and particle contamination to be able to 

mutually compare the performance of the (fresh air) cooling systems. Of the many off-the-shelf 

energy efficiency metrics used by the industry nowadays, the most suitable metrics to express the 

momentary and seasonal energy efficiency of a cooling system is the energy efficiency ratio (EER) 

and seasonal energy efficiency ratio (SEER). However, the latter was transformed to the self-made 

‘inversed SEER’ (1/SEER) metric. It was suggested that this metric provides a more intuitive 

representation of the energy efficiency results, essentially minimizing the chance of 

misinterpretations. 
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It was reasoned that the potential harmfulness of particle contamination is in the number of 

chemically reacting ions floating in the air. The metric found best suitable expressing that potential 

harmfulness in a simple manner is the mass concentration of the particle matter. By the lack of such 

an off-the-shelf industry metric, the self-made metrics expressing the momentary and seasonal 

particle contamination of a cooling system are the particle penetration ratio (PPR) and seasonal 

particle penetration ratio (SPPR). 

Each of the five cooling systems were translated into a fictive data centre model with a medium-

sized IT room of 36kW by way of simplified thermodynamic equations, rules-of-thumb and 

parameter values derived from the component manufacturers. The five data centres were simulated 

with particle matter and climate data as input over a 6-year period to complete at least one filter 

service life. Eindhoven was chosen as the location of data centres for the availability of particle 

matter data; other Dutch local climates did not lead to significant performance differences. 

 

Simulation results showed that the four fresh air cooling systems may operate in one of three 

operating modes in respect of the outside air conditions and the system’s set points: fresh air cooling 

(I), assisted fresh air (II), and mechanical cooling (III). The fresh air (I) mode is the most favourable 

since the energy consumption pattern of the cooling system is the lowest under any circumstance and 

its particle contamination is limited. The most optimal outside air conditions are found at the lowest 

possible temperature near the humidity set point of the cooling system. The assisted fresh air (II) 

mode is seen as a transitional mode between the first and third mode; at least some mechanical 

cooling is required. The occurrence of this mode proved limited, and eliminating this mode from the 

cooling system led to better performance due to the possibility to re-arrangement the mechanical 

cooling machine to a more favourable position (‘retrofit’ system). The mechanical cooling (III) mode 

is essentially identical to any vapour-compression cooling system, and is therefore the most 

unfavourable due to high energy use of the mechanical cooling, although the particle contamination 

is nihil. 

 

Since the Dutch local climates did not lead to significant performances difference, it was the 

choice of set points that determined the potential of the seasonal energy efficiency of the fresh air 

cooling systems. From simulations with a broad range of set points was concluded that the specific 

humidity set point of the cooling system exclusively determines the potential seasonal energy 

efficiency, and paradoxically the temperature set point essentially is arbitrary. The seasonal energy 

efficiency of the ‘standard’ system was found between a SEER of 5 and 17 within ASHRAE’s 

‘recommended’ class. Especially a specific humidity set point above ~9g/kg resulted in high 

potential energy efficiency by maximization of the occurrence of the fresh air (I) mode. Hereby the 

evaporative cooling effect of the humidifier was found very substantial, up to 70% of the total 

cooling load, and was therefore regarded as the primary cooling component of the system. 
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The potential seasonal particle contamination of the four systems was found to be directly related 

to the amount of fresh air used; the peak of seasonal particle contamination was found with the set 

points at the dew point of 13°C. 

It was also concluded that there exist no optimal set points at which both seasonal energy 

efficiency and particle contamination are optimal, and that the amount of outside air used by the 

fresh air cooling systems is no indication for its seasonal energy efficiency, but instead it is a good 

indicator for its particle contamination.  

 

Simulation results of the four fresh air cooling systems with 25°C and 50% relatively humidity 

(9,8g/kg specific humidity) set points showed a seasonal energy efficiency performance far superior 

over the vapour-compression cooling system, ranging approximately from a SEER of 14-80 

compared to 2-4, respectively. For the simulated 36kW data centre, 85MWh of 98MWh of energy 

use was saved annually by the ‘standard’ fresh air cooling system over the ‘traditional’ vapour-

compression cooling system.  

The seasonal particle contamination of the four fresh air cooling systems ranged from a SPPR of 

2,7mg/kWh (no fresh air filters) to 0,1mg/kWh (with high-class F9 filters). This showed that the 

fresh air filters can very effectively reduce the particle contamination with only very small 

compromise of its energy efficiency. Optimization of the particle contamination of fresh air cooling 

systems was almost exclusively down to choice of filter class.  

It was therefore concluded that fresh air cooling systems provide no trade-off between energy 

efficiency and particle contamination, as the fresh air filter can be chosen with only minor effect on 

the energy use of the system. On the other hand, the F9 fresh air filters were predicted to be replaced 

almost every year, while low class filters only needed a replacement every 3 or 6 years. 

Optimization in terms of energy use through (re-)arranging system components proved almost 

exclusively a matter of minimizing the average required system pressure, however the improvements 

were small. Most improvement was found where the fresh air filters were placed in the fresh air path 

(‘standard’, ‘retrofit’ and ‘bypass’ systems) and the evaporator of the DX unit in the recirculation 

path (‘retrofit’ system). Moreover, simulations of the ‘bypass’ system proved that removing the 

evaporator from the airflow when not needed leads to the best results; the ‘bypass’ system resulted in 

73% energy savings over the ‘single filter’ system. Therefore is recommended to place the high-

resistive components outside of the supply airflow. 

 

The ‘quality’ of the individual system components (excluding the fresh air filters) proved to be of 

far less influence on the performance of the ‘standard’ fresh air cooling system than on the 

‘traditional’ vapour-compression cooling system, 
1
/60 versus ¼ of the data centre’s IT load 

respectively. Therefor was concluded that also lower ‘quality’ components can be used without much 

compromise of the system’s performance. Or in other words, when components’ performances 

degrade over time the system’s performance is only influenced in a small degree. Of all the 

component parameters the fan efficiency and the flow-resistance of the evaporator proved to have the 
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most impact on the performance. It is therefore recommended to focus design and maintenance 

efforts on these components. Also, over-capacity up to double the required capacity improved the 

four systems only in a minor degree.  

Simulations with filter leakages showed that the particle contamination performance is very prone 

to well-functioning air filters. Simulated air leakages up to 20% of the airflow led to a complete class 

degradation of the fresh air filters. This failure was not noticeable through the energy use of the 

system and therefore frequent filter monitoring in practice is recommended. 

 

 

Figure 37: Schematic overview of fresh air cooling system design in relation to its seasonal energy efficiency 

and particle contamination. 

 

 

Seasonal particle contamination, SPPR [mg/kWh]

S
ea

so
n

al
 e

n
er

g
y

 e
ff

ic
ie

n
cy

, 
1
/ S

E
E

R
 [

-]

 

 

0 0.5 1 1.5 2 2.5 3
0

1/80

1/40

1/30

1/25

1/22

1/18

1/16

1/14

1/12

Fresh air cooling range

average seasonal system pressure 

specific humidity set point

fresh air filter class



 Fresh air cooling for data centres – energy efficiency and particle contamination 

 

Appendix A - 67 

7 References 

Al-Attar, I.S. 2011. “The Effect Of Pleating Density and Dust Type on Performance of Absolute Fibrous 

Filters.” Loughborough University. 

ANSI/AHRI. 2011. “Performance Rating of Unitary Air-Conditioning & Air-Source Heat Pump Equipment.” 

Standard, Air-Conditioning, Heating and Refrigeration Institute. 

ANSI/AHRI. 2012. “Performance Rating Of Water-Chilling and Heat Pump Water-Heating Packages Using the 

Vapor Compression Cycle.” Standard, AHRI. 

ASHRAE. 2005. Datacom Equipment Power Trends and Cooling Applications. 

ASHRAE TC 9.9. 2011. “2011 ASHRAE Gaseous and Particulate Contamination Guidelines For Data Centers.” 

ASHRAE. 

ASHRAE TC 9.9. 2012. “Thermal Guidelines for Data Processing Environments.” ASHRAE. 

ASHRAE TC 9.9. 2012. “Voting Members & Other Positions.” ASHRAE Technical Committee 9.9. Retrieved 

October 24, 2012 (http://tc99.ashraetcs.org/membership.html). 

Atwood, D. and J.G. Miner. 2008. “Intel.” (http://www.intel.com/content/dam/doc/technology-brief/data-center-

efficiency-xeon-reducing-data-center-cost-with-air-economizer-brief.pdf). 

Belady, C. 2008. “Green Grid Data Center Power Efficiency Metrics: PUE and DCiE.” The Green Grid. 

Bhandarkar, D. 2012. “Microsoft’s Dublin Data Center Grows with Enhanced Efficiency and Sustainability.” 

TechNet Blogs. Retrieved October 24, 2012 

(http://blogs.technet.com/b/msdatacenters/archive/2012/03/05/microsoft-s-dublin-data-center-grows-with-

enhanced-efficiency-and-sustainability.aspx). 

Brabant, Provincie N. 2010. “Envista Resources Manager.” Ons Brabant. Retrieved May 4, 2013 

(http://www.brabantluchtmeet.net/Default.ltr.aspx). 

Bratach, Pete. 2011. “Specs and Designs.” Open Compute Project. Retrieved October 24, 2012 

(http://opencompute.org/wp/wp-content/uploads/2011/07/DataCenter-Mechanical-Specifications.pdf). 

BroadGroup. 2012. “Data Centres Europe IV.”. 

Brusse, J. and M. Sampson. 2004. “Zinc whiskers: hidden cause of equipment failure.” IT Professional (6):43-

47. 

Buck, A.L. 1981. “New equations for computing vapor-pressure and enhancement factor.” Journal of Applied 

Meteorology 20:1527-1532. 

Dell. 2012. “Fresh Air Cooling Research Test Results.” 

(http://en.community.dell.com/techcenter/extras/m/white_papers/20102656.aspx). 



Appendix A - Reduction of the 1st thermodynamic law for open systems 

 

Appendix A - 68 

ebm-papst. 2011. “Product overview.” ebm-papst. Retrieved January 13, 2013 

(http://www.ebmpapst.com/media/content/info-

center/downloads_10/brochures/update_2011_03/produkt_bersicht/Product_overview_EN.pdf). 

Energy Star. 2009. “Data Center Infrastructure Rating Development Update.” Energy Star. 

Facebook. 2013. “Forest City, NC Data Center.” Facebook. Retrieved May 17, 2013 

(https://www.facebook.com/ForestCityDataCenter/app_288655784601722). 

GGD. 2011. “Luchtkwaliteit Amsterdam.” Gemeente Amsterdam. Retrieved June 25, 2012 

(http://www.luchtmetingen.amsterdam.nl/pool/3/documents/11-

1113%20Met%20One%20BAM%201020%20equivalentie.pdf). 

Harvey, T., M. Patterson, and J. Bean. 2012. “Updated Air-side Free Cooling Maps: The Impact of ASHRAE 

2011 Allowable Ranges.” The Green Grid. 

Hewlett-Packard. 2010. “HP Environment.” Hewlett-Packard. Retrieved October 24, 2012 

(http://www.hp.com/hpinfo/globalcitizenship/environment/commitment/wynyard.html). 

Hewlett-Packard. 2012. “HP Videos.” Hewlett-Packard. Retrieved October 24, 2012 

(http://h20621.www2.hp.com/video-gallery/us/en/4fde9b9dab96664b74e2f13552bf28aa99ed2e9c/r/video). 

Hutten, I.M. 2007. Handbook of non-woven filter media. 

Josefsberg, A. 2009. “Dublin Data Center Celebrates Grand Opening.” TechNet Blogs. Retrieved October 24, 

2012 (http://blogs.technet.com/b/msdatacenters/archive/2009/09/24/dublin-data-center-celebrates-grand-

opening.aspx). 

JS Humidifiers. 2012. “Condair Dual 2 in-duct hybrid humidifier.” JS humidifiers. Retrieved april 5, 2012 

(http://www.jshumidifiers.com/condair-dual-2-in-duct-hybrid-humidifier-811-details/). 

KNMI. 2001. “Handboek waarnemingen.” KNMI. Retrieved June 25, 2012 

(http://www.knmi.nl/samenw/hawa/download.html). 

KNMI. 2013. “Metadata KNMI-stations.” KNMI. Retrieved May 4, 2013 

(http://www.knmi.nl/klimatologie/metadata/eindhoven.html). 

KNMI. 2013a. “Uurgegevens van het weer in Nederland.” KNMI. Retrieved January 9, 2013 

(http://www.knmi.nl/klimatologie/uurgegevens/selectie.cgi). 

KNMI. 2013b. “KNMI.” Klimatologie. Retrieved January 9, 2013 

(http://www.knmi.nl/klimatologie/maand_en_seizoensoverzichten/). 

Kowalski, W.J. and W. Bahnfleth. 2002. “MERV Filter Models for Aerobiological Applications.” Air Media 23-

17. 

Kowalski, W.J., W.P. Bahnfleth, and T.S. Whittam. 1999. “Filtration of Airborne Microorganisms: Modeling 

and Prediction.” ASHRAE Transactions 105(2):1-14. 

Kumar, S., E. Dolev, and M. Pecht. 2010. “Parameter selection for health monitoring of electronic products.” 

Microelectronics Reliability 50:161-168. 

Lawrence Berkeley National Laboratory. 2009. “High-performance Buildings for High-tech Industries.” 

Benchmarking: Data Centers - Case Study Reports. Retrieved May 12, 2012 (http://hightech.lbl.gov/dc-

benchmarking-results.html). 

Lee, K.W. and B.Y.H. Liu. 1982a. “Experimental study of filtration by fibrous filters.” Aerosol Science 

Technology 1(1):35-46. 

Lee, K.W. and B.Y.H. Liu. 1982b. “Theoretical study of aerosol filtration in fibrous filters.” Aerosol Science 

Technology 1(2):147-161. 

Liu, B.Y.H. and K.L. Rubow. 1986. “Air filtration by fibrous media.” Fluid Filtration: Gas 118(1-2):149-159. 

Magnus, G. 1844. “Versauche uber die Spannkrafte des Wasserdampfes.” Ann. Phys. Chem. 61:225. 

Masanet, E.R., R.E. Brown, A. Shehabi, J.G. Koomey, and R. Nordman. 2011. “Estimating the Energy Use and 

Efficiency Potential of U.S. Data Centers.” Proceedings of the IEEE 99(8):1440-1453. 

Miller, R. 2011. “U.S. Energy Lab Uses Subterranean Cooling.” Data Center Knowledge. Retrieved October 24, 

2012 (http://www.datacenterknowledge.com/archives/2011/09/21/u-s-energy-lab-uses-subterranean-

cooling/). 



 Fresh air cooling for data centres – energy efficiency and particle contamination 

 

Appendix A - 69 

Mohamed, E. Sh., G. Papadakis, E. Mathioulakis, and V. Belessiotis. 2006. “An experimental comparative study 

of the technical and economic performance of a small reverse osmosis desalination system equipped with an 

hydraulic energy recovery unit.” Desalination 194:239-250. 

Montgomery, J.F., I.S. Green, S.N. Rogak, and K. Bartlett. 2012. “Predicting the energy use and operation cost 

of HVAC air filters.” Energy and Buildings 47:643-650. 

Noord-Brabant, Provincie. 2010. “Station Rapport.” Ons Brabant. Retrieved January 13, 2013 

(http://www.brabantluchtmeet.net/Default.ltr.aspx). 

Pelxoto, J.P. and A.H. Oort. 1996. “The Climatology of Relative Humidity in the Atmosphere.” Journal of 

Climate 9(12):3443-3463. 

Perry, G. 2008. “Gigaom.” (http://gigaom.com/2008/06/21/on-clouds-the-sun-and-the-moon/). 

Racine, M. 2005. “The Effects of Temperature on the Deliquescence of Atmospheric Aerosols.” Division of 

Engineering and Applied Sciences, Harvard University, Cambridge. 

Robbins, D. and M. Skiff. 2010. “Breaking Down the Glass House: NetApp Global Dynamic Lab Delivers 

Higher Power Density, Greater Efficiency, and Lower Capital and Operating Costs.” White Paper, NetApp. 

Retrieved October 24, 2012 (https://communities.netapp.com/servlet/JiveServlet/previewBody/8391-102-1-

14260/Breaking%20Down%20the%20Glass%20House%20-%20NetApp%20GDL.pdf). 

Ross, R. and W.P. Elliott. 1996. “Tropospheric Water Vapor Climatology and Trends over North America: 

1973-93.” Journal of Climate 9(12):3561-3574. 

Roth, J. 2005. “Contamination issues from belts in critical environment cooling.” Data Center Journal. 

Schaap, M., E.P. Weijers, D. Mooibroek, L. Nguyen, and R. Hoogerbrugge. 2010. “Composition and origin of 

Particulate Matter in the Netherlands.” ECN Energy research Centre of the Netherlands. 

Seinfeld, J.H. and S.N. Pandis. 2006. Atmospheric chemistry and physics. 2nd ed. Hoboken, New Jersey: John 

Wiley & Sons. 

Shehabi, A., S. Ganguly, L.A. Gundel, A. Horvath, T.W. Kirchstetter, M.M. Lunden, W. Tschudi, A.J. Gadgil, 

and W.W. Nazaroff. 2010. “Can combining economizers with improved filtration save energy and protect 

equipment in data centers.” Building and Environment 45:718-726. 

Shehabi, A., A. Horvath, W. Tschudi, A.J. Gadgil, and W.W. Nazaroff. 2008. “Particle concentrations in data 

centers.” Atmospheric Environment 5978-5990. 

Shehabi, A., E. Masanet, H. Price, A. Horvath, and W.W. Nazaroff. 2011. “Data center design and location: 

Consequences for electricity use and greenhouse-gas emissions.” Building and Environment 46:990-998. 

Shields, H.C. and C.J. Weschler. 1998. “Are indoor air pollutants threatening the reliability of your electronic 

equipment?” Heating, piping and air conditioning 70(5):46-54. 

Sijpheer, N.C. 2008. “Energy saving at data hotels.” ECN. 

Sutherland, K. 2008. Filters and Filtration Handbook. 5th ed. Burlington: Elsevier. 

Tang, I.N. and H.R. Munkelwitz. 1993. “Composition and Temperature Dependence of the Deliquescence 

Properties of Hygroscopic Aerosols.” Atmospheric Environment 27A(4):467-473. 

The Green Grid. 2008. “Green Grid Data Power Efficiency Metrics: PUE and DCIE.” The Green Grid. 

The Green Grid. n.d. “Members List.” The Green Grid. Retrieved Oct 23, 2012 

(http://www.thegreengrid.org/en/about-the-green-grid/member-list.aspx). 

Tronville, P. and R.D. Rivers. 2005. “International standards: filters for vehicular applications.” Filtration & 

Separation 42(9):24-27. 

Urquhart, J. 2008. “The Wisdom of Clouds.” (http://blog.jamesurquhart.com/2008/06/follow-law-

computing.html). 

Ward, M. and J. Siegel. 2005. “Modeling Filter Bypass: Impact on Filter Efficiency.” ASHRAE Transactions 

(111):1091-1100. 

Weinbruch, S., P. van Aken, M. Ebert, Y. Thomassen, A. Skogstad, V.P. Chashchin, and A. Nikonov. 2002. 

“The heterogeneous composition of working place aerosols in a nickel refinery: a transmission and scanning 

electron microscope study.” Environmental Monitoring 4:344-350. 



Appendix A - Reduction of the 1st thermodynamic law for open systems 

 

Appendix A - 70 

Wikimedia Commons. 2010. “World Wide Web.” Wikimedia Commons. Retrieved August 10, 2012 

(http://commons.wikimedia.org/wiki/File:Cern_datacenter.jpg). 

 

 



 Fresh air cooling for data centres – energy efficiency and particle contamination 

 

Appendix A - i 

Appendices 

Appendix A - Reduction of the 1
st
 thermodynamic law for open systems 

To investigate the significance of each specific energy term, the parameters of each specific 

energy term are varied within a broad data centre context to determine how much each term 

contributes to any energy change. If the variation of a term proves to be very minor compared to 

others, it is eliminated from the equation since it has insignificant effect on the ultimate result. This 

elimination of terms leaves only the relevant terms in the equation. The law is described as: 
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Eq. 40 

 

Left of the equation,    represents the rate of heat transfer added to the system during this process; 

a positive value describes that heat is added, a negative value describes that heat is removed. The last 

term on the right of the equation, Ẇ, represents the work rate being done to the system during that 

step. In contrast to the rate of heat transfer, a positive value states work being done by the system, a 

negative value states work being done to the system. 

Between the brackets, the remaining terms are the five forms of specific energy of the moist air, 

being sensible heat, latent heat, flow work, kinetic energy and potential energy respectively. The sum 

of the first two terms is called the internal energy of the air; the sum of the first three terms is called 

the enthalpy of the air. 

Internal energy 

The parameters in this combined term of sensible heat and latent heat are air temperature, T, and 

specific humidity, x. Dutch outside temperatures roughly range between -15 and 40°C and its specific 

humidity ranges between 0-10g/kg, approximately. During cooling, temperatures of the cooling air 

set points are commonly somewhere between 18-27°C and specific humidity set points between 5,6-

10,5g/kg [ASHRAE TC 9.9 2012]. These extremes result in a possible variation of 0-50kJ/kg of the 

specific internal energy term: 
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Eq. 41 

 

Flow work 

The parameters of flow work are air pressure, p, and density, ρ. Not uncommon, pressure 

differences can vary up to 500Pa to atmospheric pressure; air densities can change up to 0,15kg/m
3
 

given the previous mentioned temperature and humidity ranges. As a result, the specific flow work 

term may vary with 0-3333J/kg: 
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Kinetic energy 

Air speed, v, is the only parameter in the specific kinetic energy term. In buildings in general, air 

speeds are usually restricted due to comfort considerations; as a rule of thumbs air speeds are 

restricted to 2,0m/s in occupant spaces (e.g. IT room) and 8,0m/s inside HVAC components. Within 

this variation, the possible change in specific kinetic energy is up to 32J/kg: 
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Potential energy 

Height difference, z, is the only parameter of the potential energy. Typically, data centres have a 

limited change in height. This makes that specific potential energy will vary up to 59J/kg over a 

height difference of 6m: 
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Eq. 44 

 

The above rough estimations illustrate that internal energy is by far the most dominant energy 

term; work flow has only a very minor influence; both kinetic energy and potential energy 

experience no significant change to the total energy content of the air (Figure 38). The latter two 

terms are therefore eliminated from the equation. 
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Figure 38: Maximum estimated change of each specific energy term of the data centre cooling air. This 

illustrates the dominant influence of internal energy and very minor influence of work flow on the total energy 

content of the air. Kinetic and potential energy are totally insignificant. 

 

 

Calculating the cooling source induced by lighting, conduction and human activity is done by 

simple rules-of-thumb. 

Lighting 

On the basis of an illuminance of 500lux by fluorescent tubes, the cooling load footprint of this 

lighting is approximately 10W/m
2
.  

Conductive heat transfer through façade 

A façade construction with a minimum required thermal resistance of 2,5m
2
K/W and an 

temperature of 25°C inside and 35°C outside, which is here considered worst case, results in a 

conductive heat flow rate of 4W/m
2
 of façade. For the fictive 10,8 x 6 x 3 IT room with the collective 

facade surface of ~165m
2
 (i.e. 4 walls and a roof), this is on average 10W/m

2
 of floor area. 

Human activity 

The average metabolic rate involving medium working activity by an adult is 2,0Met, which is 

equivalent to 209W/person. 2 persons working comes down to a heat source of 6,5W/m
2
 of floor 

area. 

 

It can be seen that these three potential sources are far less than the 550W/m
2
 heat source of the 

IT equipment, and are therefore considered insignificant.  
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Appendix B - Industrial guidelines and standards 

ASHRAE’s classes and temperature and humidity envelops 

 
Figure 39: ASHRAE’s thermal and hygric class envelops defined in a psychrometric chart [ASHRAE TC 9.9 

2012]. 

 

Table 9: Temperature and humidity envelops of various guidelines and classes. 

Class 

Dry-bulb 

temperature 

[°C] 

Humidity range, 

non-condensing 

[°C DP] or [%RH] 

Maximum 

dew point 

[°C] 

Maximum 

elevation 

[m] 

Maximum rate 

change  

(tape drives / 

disk drives) 

[°C/h] 

ASHRAE 

Recommended 18-27 5,5°C - 60% 15   

A1 15-32 20% - 80% 17 3050 5/20 

A2 10-25 20% - 80% 21 3050 5/20 

A3 5-40 -12°C & 8% – 85% 24 3050 5/20 

A4 5-45 -12°C & 8% – 85% 24 3050 5/20 

NEBS 

Recommended 18 - 27 Max 55% 28 4000 - 

Allowable 5 - 40 5 - 85% 28 4000 - 

ETSI 

Temperature-

controlled (3.1) 
10 - 35 

1,5g/m3 & 10% – 

20g/m3 & 80%  
- 106kPa 

0,5°C/m  

(5mins average) 

Telecommunication 

control room (3.6) 
15 - 30 

2g/m3 & 10% - 

22g/m3 & 75% 
- 106kPa 

0,5°C/m  

(5mins average) 
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Table 10: Gaseous concentration thresholds of various standards. 

Gaseous specie 

ANSI/ISA 71.04-1985 

[µg/m3] 

NEBS GR-63  

[µg/m3]  

ETSI EN 300 019 

[µg/m3] 

SO2 26 131 1000 

H2S 4 55 500 

NOx 78 - 1000 

Cl2 3 14 300 

HCl - 7 500 

O3 4 245 100 

NH3 348 348 3000 

CxHx - 500 - 

HF - - 30 

 

 

Table 11: Weight concentration thresholds of ETSI standard. 

Parameter ETSI EN 300 019 

Sand 30mg/m3 

Dust (suspension) 0,2mg/m3 

Dust (sedimentation) 1,5mg/(m2h) 

 

 

Table 12: Number-concentration thresholds of airborne particle matter in N/m3 of ISO 14644-1:1999. 

Class >0,1μm >0,2μm >0,3μm >0,5μm >1μm >5μm 

ISO 1 10 2 - - - - 

ISO 2 100 24 10 4 - - 

ISO 3 1000 237 102 35 8 - 

ISO 4 10000 2370 1020 352 83 - 

ISO 5 100000 23700 10200 3520 832 29 

ISO 6 1000000 237000 102000 35200 8320 293 

ISO 7 - - - 352000 83200 2930 

ISO 8 - - - 3520000 832000 29300 

ISO 9 - - - 35200000 8320000 293000 

 

The values of the ISO classes are derived from the following equation: 

 

  (  )    
 (
   

  
)

    

 [
 

  
] 

Eq. 45 

 

Here Cn is the maximum permitted number concentration of airborne particles, N is the ISO 

classification number, dp is the mean particle diameter. This number concentration can be converted 

to a mass concentration by:  

 

  (  )   (
 

 
   )   [

 

  
] 

Eq. 46 
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Assuming an average particle density of 1,5g/cm
3
 for each bin results in a maximum PM10 of 

~208μg/m
3
 (Figure 40). This mass-concentration threshold is fairly comparable to the ETSI guideline 

on suspended dust of 200μg/m
3
 (Table 11). 

 

 
Figure 40: ISO 14644 maximum number concentration bin limits converted to mass concentrations assuming 

spherical particles with a density of 1,5g/cm3. 
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Appendix C - Cooling system energy efficiency metrics 

Power usage effectiveness (PUE) 

The energy efficiency of data centres can be expressed by the power usage effectiveness (PUE), a 

metric introduced by a consortium of IT corporations [The Green Grid n.d.]. This metric is already 

adopted by the majority of the industry and frequently used in data centre reports [Belady 2008]. The 

PUE metric is defined as the ratio of power consumed by the facility to the power consumed by the 

IT equipment at any moment in time [The Green Grid 2008]: 

 

    
         

   
 
                                             

   
 [ ] Eq. 47 

 

The higher the PUE value, the less efficient the data centre is; it has an ideally value of ‘1’ (i.e. all 

the electricity of the facility is consumed by the IT equipment and none by its infrastructures and 

supporting systems). The IT equipment power is described as “the load that is associated with all of 

the IT equipment, such as compute, storage, and network equipment, along with supplemental 

equipment such as switches, monitors, and workstations/laptops used to monitor or otherwise control 

the data centre” [The Green Grid 2008]. Facility power is described as all of the power consumed by 

the facility as a whole. Typical values of PUE are between 1,1-2. 

 

Data centre infrastructure efficiency (DCiE) 

The data centre infrastructure efficiency (DCiE) is another metric proposed by the same 

consortium. The DCiE is calculated as [The Green Grid 2008]: 

  

     
   

         
     [ ] Eq. 48 

 

The same definitions for IT equipment power and facility power are used as with PUE. In fact, 

the DCiE metric is the inverse of PUE and additionally expressed as a percentage. The DCiE is more 

intuitive in the way that the closer it is to ‘100%’, the more efficient the data centre is. However, the 

DCiE is seldom used. Typical values of PUE are between 50-90%. 

 

Energy usage effectiveness (EUE) 

The energy usage effectiveness (EUE) metric is defined by Energy Star, an institute concerned 

with energy efficiency of electronic products in general. The EUE metric expresses energy efficiency 

by the ratio of the total energy consumed by the facility to the total amount of energy consumed by 
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the IT equipment over a more prolonged period of time [Energy Star 2009], which makes it the 

integral of PUE: 

 

    ∫      ∫
         

   
   [ ] Eq. 49 

 

Therefore, the EUE metric also has an ideal value of ‘1’. Also, the EUE metric is seldom used. 

 

Energy efficiency ratio (EER) 

The Energy efficiency ratio (EER) metric is defined by the Air-Conditioning, Heating, and 

Refrigeration Institute (AHRI) and is “the ratio of the average rate of space cooling delivered to the 

average rate of electrical energy consumed by the air conditioner or heat pump” [ANSI/AHRI 

2011]: 

 

    
 ̇ 
  
 

 ̇ 
        

 [ ] Eq. 50 

 

The EER metric expresses the energy efficiency of a cooling system at any moment in time. The 

EER has no ideal value, but the higher the EER value, the more energy efficient it operates.  

 

Seasonal energy efficiency ratio (SEER) 

The seasonal energy efficiency ratio (SEER) metric is defined as “the total heat removed from the 

conditioned space during the annual cooling season, expressed in Btu’s
5
, divided by the total 

electrical energy consumed by the air conditioner or heat pump during the same season, expressed in 

watt-hours” [ANSI/AHRI 2011], and is the integral of the EER value: 

  

     
  
  
 ∫      ∫

 ̇ 
  
   [ ] Eq. 51 

 

The SEER expresses the average energy efficiency over its entire cooling-season. And similarly 

to the EER metric, the SEER value has no ideal value and higher the value the more energy efficient 

the cooling system is. From the study of [Sijpheer 2008] can be seen that typical values are between 

2-7. 

 

Coefficient of performance (COPR) 

In the field of heat pumps and vapour evaporation cycle compressors, the coefficient of 

performance (COPR) metric is frequently used to express the energy efficiency in particular operating 

                                                           
5 1Btu (British thermal unit) = 1055,056J or 1,055kJ 
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circumstances. The COPR is defined as “the ratio of the net refrigerating capacity
6
 in watts to the 

power input values in watts at any given set of rating conditions expressed in watts/watt” 

[ANSI/AHRI 2012]: 

 

     
 ̇ 
     

 [ ] Eq. 52 

 

The higher the COPR value the more energy efficient the heat pump is. Vapour evaporation cycle 

compressors typically operate between a COPR of 3-5. 

 

Table 13: Overview of metrics expressing energy performance categorised to scale and considered period. 

Building/system level 
Time scale 

Momentary Seasonal 

Data centre facility (building) PUE, DCiE EUE 

Cooling system (supporting system) EER SEER 

Heat pump/compressor (component) COPR - 

                                                           
6 net refrigerating capacity is the capacity of the evaporator available for cooling of the thermal load 
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Appendix D - Input data characteristics 

The both climatic and particle matter measurement locations are located in the vicinity of the 

airport of Eindhoven within close proximity of each other (<500m), on the edge of the city of 

Eindhoven, The Netherlands (Figure 41). 

 

 
Figure 41: Locations of the weather and air quality measurement locations. The green ‘A’ marker indicates the 

airport of Eindhoven; the locations of both measurements (from: Google Maps). 

 

     
Figure 42: The KNMI station ‘370 Eindhoven’(left) [KNMI 2013a] and Brabant Meetnetwerk (right) [Brabant 

2010]. 
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Table 14: Characteristics of the temperature, specific humidity and dust data. 

 

Temperature 

[°C] 

Relative humidity 

[%] 

PM2,5 

[μg/m3] 

PM10 

[μg/m3] 

Source KNMI KNMI 
Provincie Noord- 

Brabant 

Provincie Noord-

Brabant 

Resolution 0,1 1% 1 1 

Accuracy ±0,11 ±31 ±25%2 ±25%2 

 Eindhoven 2011 

Minimum -7,2 21 0 0 

Maximum 34,1 100 125 202 

Median 11,4 83 12 22 

Mean 11,4 78,8 17,7 26,9 

Standard deviation 6,5 16,7 16,3 18,6 

Variance 42,3 277,7 266,4 347,1 

Missing data points 0% 0% 12,9%3 6%3 

 Eindhoven 2012 

Minimum -19,5 24 0 0 

Maximum 34,5 100 134 953 

Median 10 85 11 21 

Mean 10,5 80,8 16,0 26,5 

Standard deviation 7,2 16,1 14,8 26,4 

Variance 51,3 259,8 218,0 695,6 

Missing data points 0% 0% 1,6%3 0,4%3 
1 Source: [KNMI 2001] 
2 Source: [GGD 2011] 
3 missing data is linearly interpolated  

  

 

Table 15:Eindhoven 2011 data correlation values 

Eindhoven 2011 Temperature 
Relative 

humidity 

Specific 

humidity 
PM2,5 PM10 

Temperature 1 -0,51 0,79 -0,16 -0,28 

Relative humidity -0,51 1 0,09 -0,08 0,03 

Specific humidity 0,79 0,09 1 -0,22 -0,27 

PM2,5 -0,16 -0,08 -0,22 1 0,87 

PM10 -0,28 0,03 -0,27 0,87 1 

 

Table 16: Eindhoven 2012 data correlation values 

Eindhoven 2012 Temperature 
Relative 

humidity 

Specific 

humidity 
PM2,5 PM10 

Temperature 1 -0,47 0,85 -0,04 -0,25 

Relative humidity 0,47 1 -0,03 -0,05 0,10 

Specific 0,85 -0,03 1 -0,02 -0,16 

PM2,5 -0,04 -0,05 -0,02 1 0,64 

PM10 -0,25 0,10 -0,16 0,64 1 
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Appendix E - Cooling system component parameter values 

 

Table 17: Base parameters and variants of the ‘traditional’ cooling system. 

System 

component 
Parameter Unit Base Var1 Var2 

IT room Installed nominal IT load [kW] 36 - - 

 Temperature set point [°C] 25 - - 

 
Specific humidity set 

point (relative) 
[g/kg] (%) 

9,8 

(50) 
- - 

 
Positive IT room 

pressurization 
[Pa] 5 - - 

 IT cooling effectiveness [°C] +10 - - 

DX unit Compressor’s COP [-] 4,24 3,24 5,24 

 
Evaporator’s flow 

resistance 
[Pas2/m6] 17,6 10,8 - 

 
Condenser fan’s power 

consumption 
[kW] 0,88 0,44 0,66 

Fan Average fan efficiency [%] 70 60 80 

Recirculation 

filters 

Number of parallel filters 

(capacity) 
[-] 

4 

(133%) 

3 

(100%) 

6 

(200%) 

 EN779 filter class [-] F5 G4 - 

 Average dust load [g] 284,5 248,5 - 
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Table 18: Base parameters and variants of the ‘standard’ cooling system. 

System 

component 
Parameter Unit Base Var1 Var2 Var3 Var 4 

IT room Installed nominal IT load [kW] 36 - - -  

 Temperature set point [°C] 25 - - -  

 
Specific humidity set point 

(relative) 
[g/kg] (%) 

9,8 

(50) 
- - -  

 
Positive IT room 

pressurization 
[Pa] 5 - - -  

 IT cooling effectiveness [°C] +10 - - -  

Spray humidifier 
Specific desalination 

energy ratio 
[kWh/kg] 0,02 - - -  

 
Specific spraying energy 

ratio 
[kWh/kg] 0,0026 - - -  

 
Average evaporation 

efficiency 
[%] 90 - - -  

DX unit Compressor’s COP [-] 4,24 3,24 5,24 -  

 
Evaporator’s flow 

resistance 
[Pas2/m6] 17,6 10,8 - -  

 
Condenser fan’s power 

consumption 
[kW] 0,88 0,44 0,66 -  

Fan Average fan efficiency [%] 70 60 80 -  

Pre-filters 
Number of parallel filters 

(capacity) 
[-] 

4 

(133%) 

3 

(100%) 

6 

(200%) 
-  

 EN779 filter class [-] G4 - - -  

 Average dust load [g] 248,5 - - -  

Fresh air filters 
Number of parallel filters 

(capacity) 
[-] 

4 

(133%) 

3 

(100%) 

6 

(200%) 
-  

 EN779 filter class [-] F7 F5 F6 F9 none 

 Initial dust load [g] 0 - - -  

 Final pressure loss [Pa] 450 250 350 -  

Recirculation 

filters 

Number of parallel filters 

(capacity) 
[-] 

4 

(133%) 

3 

(100%) 

6 

(200%) 
-  

 EN779 filter class [-] F5 G4 - -  

 Average dust load [g] 284,5 248,5 - -  
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Appendix F - Air filters 

This appendix describes the principles and modelling of air filters. First, the mechanisms and 

filtration modes are explained, and then an overview of pressure loss and efficiency models is 

presented. 

Diffusion and interception 

Air filtration by fibrous filters is not done by a single mechanism – as many as four mechanisms 

are identified contributing to the removal of particle matter from the airflow. These four mechanisms 

are inertial impaction, direct interception, diffusion (or Brownian motion) and electrostatic 

attraction (Figure 43). 

 

Figure 43: Schematic representation of filtration mechanisms at a fibre cross section [Hutten 2007] 

 

Impaction occurs when the particle inertia is so high that it breaks from its streamlines and 

impacts on the fibre. Interception occurs when a particle in a streamline comes within the contact 

range of a filter fibre and ultimately gets stuck to the fibre. The flow of air passes through so many 

fibres that the probability of such an interception is high. This mechanism predominately affects the 

particles larger than 1μm due to their relative high weight. Diffusion is the removal mechanism that 

dominates for particles smaller than 0,1μm. Since these lightweight particles are far more subject to 

Brownian motion, they randomly pass through airstreams and this way cover much more areas than 

heavyweight particles. Consequently, low weight and low air velocities increase the probability of 

removal of particles by diffusion, since the particles then spend more time in the between the fibres 

of the filter [Kowalski, Bahnfleth, and Whittam 1999]. Electrostatic attraction is driven by the 

electrostatic charge on the particle or fibre and ‘pulls’ on each other and attaches it to the fibre. But 

neutralization of the charge may entrain the particle into the airflow again. 
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Of these four mechanisms, only interception and diffusion are typically considered during filter 

modelling, and it is commonly assumed that each mechanism acts simultaneous and independently 

from one another. The effect of impaction is considered very minor for common air speeds and its 

mechanism is therefore not modelled. Instead, interception satisfactorily compensates for it (see 

Figure 44) [Kowalski, Bahnfleth, and Whittam 1999]. 

 

 
Figure 44: The influence on the filter efficiency of the filtration mechanisms. 

 

Both included diffusion and interception mechanisms affect the efficiency in an uneven degree 

throughout its entire lifetime. The change of efficiency is due to the order of the different modes of 

air filtration; a clean filter starts out filtering by depth filtration and ends by cake filtration. The 

change of these modes is caused by increased clogging process of the filter. 

Depth and cake filtration  

Cake filtration is performed by all of the filter’s fibres (the whole depth of the filter), hence depth 

filtration. Cake filtration only acts at the surface of the fibres. During this latter mode a dense ‘cake’ 

of dust builds up on the upstream layer of the filter. Due to these modes, fibrous air filters have 

different filter performance characteristics throughout their lifetime. 
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Figure 45: Schematic representation of depth (left) and cake filtration (right) [Sutherland 2008]. 

 

Both modes occur in a specific order. In the beginning a relative short period of depth filtration 

dominates the filtration process; the filter attaches particle matter to its clean fibres and while 

gradually new fibres, called dendrites, grow from that collected particle matter. But from a certain 

point on – presumably when these fibres reach a certain degree of clogging – cake filtration takes 

over, building a layer of cake on the filter. Since these two modes act one after another, these modes 

can also be seen as two different phases of air filtration.  

In reality, however, no such clear cut between these phases exists. An additional transitional 

phase separates the both distinct filtering phases by a period in which both modes act concurrently. 

At which point in time during the clogging process this transitional phase starts is not yet clear. What 

is known is that these three filtration phases influence the performance of the filter throughout its 

lifetime, which is called filter evolution; both pressure loss and filter efficiency will gradually 

increase. 
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Filter classification standards 

 

Table 19: ASHRAE 52.2 and EN 779 filter classifications compared [Tronville and Rivers 2005] 
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The filter efficiency model 

The modelling of the filter efficiency curve, E(dp), according Kowalski et al. consists of the sum 

of the diffusion efficiency, ED, and the interception and impaction efficiency combined, ER, 

complemented with curve fitting coefficients and correction factors: 

 

 (  )    (   
 (         ) ) [ ] Kowalski and Bahnfleth (2002) Eq. (1)  

 

Here, LU is a correction factor and is equal to the highest filter efficiency at the high-end of 

experimental filter test data, ff is the fibre correction factor and S is the projected fibre area. Df is the 

counter-diffusion factor described by: 
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Kowalski and Bahnfleth (2002) Eq. (2) 

 

In this equation, z is a conversion factor and gm is the gas molecule size. 

 

   
     

   
 [ ] Kowalski, Bahnfleth, and Whittam (1999)  Eq. (2) 

 

L is the depth of the filter media, df is the diameter of the filter media’s fibres, and α is the filter 

media fibre volume fraction.  

 

The diffusion mechanisms efficiency, ED, is described by: 
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  [ ] Kowalski, Bahnfleth, and Whittam (1999)  Eq. (4) 

 

The Kuwabara hydrodynamic factor, FK, and Peclet number, Pe, are given by: 
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 [ ] Kowalski, Bahnfleth, and Whittam (1999)  Eq. (6) 

   
         

  
 [ ] Kowalski, Bahnfleth, and Whittam (1999)  Eq. (5) 

 

The particle diffusion coefficient, Dd, is described by the temperature of the airflow, T: 
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Kowalski, Bahnfleth, and Whittam (1999)  Eq. (7) 

 

kB is the Boltzmann’s constant and the particle mobility, μ, is given by: 
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Kowalski, Bahnfleth, and Whittam (1999)  Eq. (8) 

 

Above, η is the gas absolute constant and the Cunningham slip factor, Ch, is given by: 
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Kowalski, Bahnfleth, and Whittam (1999)  Eq. (9) 

 

λ is the gas molecule mean free path. 

 

The interception and impaction mechanisms efficiency, ER, are described by: 
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Kowalski, Bahnfleth, and Whittam (1999)  Eq. (10) 

 

ε is a correction factor for inhomogeneity and Nr is the interception parameter: 

 

       ⁄  [ ] Kowalski, Bahnfleth, and Whittam (1999)  Eq. (11) 

 

To speed up simulations, the filter efficiency curve is not constructed for the continuous particle 

diameter range 0,01-10μm, but is discretized in 40 particle logarithmically evenly spaced diameter 

bins. 
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Filter curve-fits 

 
Figure 46: Curve-fitted pressure loss data from EN 779 reports to an exponential function at the rated volume 

(0,944m3/s) provides very good fits for all the filters. 

 

Table 20: Parameters used to model the pressure loss across each filter. 

Filter class 

(EN 779) 

Vrated 

[m3/s] 

Anet 

[m2] 

Δp0 

[Pa] 

c1 

[-] 

c2 

[-] 

R-square 

[-] 

 EN 779 report data curve-fitting coefficients fit 

G4 0,944 2,5 41 9,212 0,005888 0,9957 

F5 0,944 4,5 66 4,798 0,007482 0,9996 

F6 0,944 6,3 63 8,462 0,007137 0,9988 

F7 0,944 6,3 101 16,43 0,00721 0,9952 

F9 0,944 6,3 179 19,31 0,01547 0,9895 
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Figure 47: Efficiency curves fits of the F7 filter; the initial ‘clean’ filter (blue) and at 155g dust load (red). 

 

 
Figure 48: Filter efficiencies of the same clean F7 filter at three different flow rates. 
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